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Vienna FES Workshops: 1983-2010 
 

Winfried Mayr 
 

Center for Medical Physics and Biomedical Engineering, Medical University of Vienna, Austria 
 

The Vienna International Workshop on Functional Electrical Stimulation (FES) is a triennial event that started 
in 1983 on initiative of Herwig Thoma. The workshop was held on varying locations in and near the Austrian 
capital Vienna. Colleagues from all over the world have joined us for this meeting over the years, many of them 
regularly. The workshop provides FES related information in actual and condensed form, always on an 
interdisciplinary basis integrating technical, biological and medical sciences in the whole spectra from basic to 
applied research. The workshop documentation is based on proceedings with short-papers. The meanwhile 10 
proceeding books cover 27 years of FES history including a lot of material that has never been published 
elsewhere and are completely available in digital form.  
Looking through this little FES library shows topics of permanent interest as well as coming and going trends. 
The two big success stories Cardiac Pacemaker and Cochlear Implants were strongly represented in the first 
workshops and disappeared to specific conferences, as they became wide and complex research fields of their 
own accompanied by an impressive commercial background. Spinal Cord Injury (SCI) Rehabilitation remained 
of constant importance throughout the years. The emerging success stories were smaller and commercially less 
spectacular, but nevertheless of unquestionable benefit for the users. E. g. Sacral Anterior Root Stimulator, 
Phrenic Pacing, Grasping- and Gait-Support Systems provide direct impacts in persons quality of live, and to a 
certain extend an equilibrium between availability on the market and still ongoing research efforts has been 
achieved. The same is true for many therapeutical approaches, traditionally pain and spasticity treatment or 
neuromuscular training. Those are more and more seen as complementary and synergic with functional 
restoration and over time we see a clear development from electrical braces versus therapeutic methods to 
integrative functional solutions taking advantage of plasticity of neural and neuromuscular structures. We see 
special application topics like Cardiomyoplasty or use of muscles to provide energy for cardiac assist devices, 
with extremely strong efforts for a limited time span ending as suddenly as they were started. Though the early 
high expectations were disappointed the research output remained valuable and supported other research 
branches. In parallel to the mentioned applications technological development is mirrored from miniaturization 
of electronics and power supply solutions via biomaterial research, sensors and control to biotelemetry.  
In our actual edition we notice a clear focus on spinal cord stimulation which is known from classical anti-pain 
and anti-spasticity therapy and the important Brindley sacral anterior root stimulation system. Novel 
approaches in part still address improvements in these classical applications, others develop more in direction 
of selective central stimulation of efferences to elicit specific peripheral motor functions. Stimulation of 
afferences at the spinal level to control and modify the activities of the “spinal brain”, the neuronal networks for 
movement control, known as e. g. central pattern generator (CPG), lumbar locomotion pattern generator 
(LLPG), seems extremely promising for the development of more efficient clinical rehabilitation strategies. 
Another topical accumulation is visible on the field of stroke and hemiplegia and in particular aiming in 
functional improvements of impaired upper and lower extremity. This research has been important throughout 
all our workshops and underlines the increasing actually needs of effective rehabilitation concepts for the 
growing population of elderly. A third trend we notice is a revival of implant technology. FES implants had been 
seen as a priority in the earlier years of FES. Due to limited achievements for many applications, high costs and 
lack of acceptance by the patients research topics drifted to non-invasive solutions in the 90th. In the actual 
reports we notice many attempts on implantable electrodes with optimized selectivity and complex electronic 
solutions based on contemporary capabilities. These developments are accompanied by advanced biosignal 
recording and sensor techniques and complex control strategies that give hope that this time “closing the loop” 
in complex neuroprostheses could have better chances then ever in history of FES.  
Finally let’s not forget the fresh and unconventional ideas that spice up the discussions and fertilize new 
development. They have accompanied us through all the years and many of them appeared just once, some 
developed to something greater. In older issues we find things like influencing the electrical field distribution in 
the tissue by injecting metal particles, artificial muscles – polymers that contract in electrical field or focused 
non-invasive stimulation by applying constant magnetic field in combination with focused ultrasound. In the 
2010 edition a neuroprosthesis for reactivation of the paralyzed eye lid and minimal invasive phrenic pacing via 
endovascular electrodes to support respiratory weaning strategies are examples for those special novelties.  
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Neuro-Motor Rehabilitation in reference to Control Theory

Vossius Gerhard

Institute of Biomedical Engineering, Karlsruhe Institute of Technology, Karlsruhe, Germany

Abstract

Rehabilitation of the Neuro-Motor-System incorporates the physical, neurological – and psychological – aspects of this 
domain. Whereas the treatment of the deficits of the physical part of the domain is already well developed, so far little 
attention has been paid to the structure of the networks built by the nerve cells to create the functional capabilities we 
observe. In order to execute its control tasks appropriately, the brain, CNS, has theoretically to provide sufficient per-
ceptibility of the surrounding environment and the internal state of the body as well as guidability of the body move-
ment. This comprises in our case a multilevel Closed Loop structure including appropriate References. In addition 
Dynamic Stability of the system, an Undirectional Information Flow and the creation of Reference Patterns have to be
granted.
At least two of these prerequisites are distinctly hurt: The noise accompanying the information flow through the com-
puting networks with their large number of nerve cells is fast adding up to large amounts of uncertainty. Assuming e. g. 
a realistic noise level of 1% per nerve cell and an average number of 500 000 cells per segment of the spinal cord it is 
quite obvious, that there have to be specialized structures to make up for this deficit of precision. –. There are indica-
tions that the spastic reactions, e. g .after an injury, are involving at this level. Secondly: The sufficient perceptibility 
does not adequately exist. The higher the level and the degree of complexity in the hierarchy of the system the more this 
effect is pronounced at the reference and control at level.
The regular and specific properties of the neuro-muscular control system can be related to the therapeutical and reha-
bilitation procedures. This way one gains a better insight into the background of the system which supports e. g. the 
treating of spasticity, the restoration of normal motor control, and the relieve of hurting, the patient bothering effects 
accompanying chronic diseases as MS, ALS or Parkinson disease. Using Electrical Stimulation the contact to the in-
flicted centres of the CNS may be made non invasively via the skin.

Keywords: Control theory, Electrical Stimulation, Free Will, Rehabilitation, Sensor-Motor-Control

Introduction

Life, also in its simplest form, foots on its basis at 
the cybernetic principles of order, of structure. 
This dimension of order is principally independent 
from the other physical dimensions WIENER [1],
it is orthogonal to the latter, as MARKO [2]
proved. The knowledge of the nature of this di-
mension of order evolved mainly from the devel-
opment of communication and control theory. 
WIENER named it Cybernetics and its basic qual-
ity Information. Its two major parts are Informa-
tion and System Theory.
There is a certain drive, to burry the cybernetic as 
a scientific discipline. When it evolved, it was fast 
loaded with fashionable expectations. Everyone 
tried to jump on the “band-wagon”. Now this bal-
last is being stripped off – as a fortune for science 
– and one returns to matter. And nature is going 
on to populate the earth on this principle.
Our universe foots completely on the other physi-
cal domains. The cybernetic structures including 
information flow and processing are imbedded in 

them for their realization. As a consequence this 
results in certain restrictions of the original inhe-
rent power of the cybernetic structures due to 
limitations of their physical host. 
The Sensor-Motor-System, the topic of this talk, 
is subject to these conditions. Its mode of opera-
tion is determined on this basis.
During recent years more and more effort has 
been made to improve the rehabilitation proce-
dures by establishing a more effective contact 
from the outside to the sensor-motor-centers of 
the CNS. This objective might be all the more 
achieved all the better one understands the 
processes generating the observable functions 
truly, by this being able to interact with the appro-
priate motor centers using matching loci and pat-
terns.
So far our knowledge about this topic is rather 
limited. We know a number of neurophysiologic 
modes of operation comprising limited numbers 
of nerve cells or some mathematical descriptions 
of specific motoric functions. But as soon as one 
approaches the domain of higher, more complex 
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functions, today one is able to locate them better 
and better refined within the brain, but is not able 
to find out how they are really attained. 
In Neuro-Motor Rehabilitation this latter aspect 
has not yet been too closely tackled. Therefore I 
shall start out by comparing the fundamental 
properties of system theory to their realization in 
the nervous system of man.

Cybernetic Aspects of the Sensor-Motor-
System

The physical basis of the system, the layout of the 
“hardware” structure, is encoded in the genes. The 
genetic level is determining the frame of what is 
functionally realizable. It is controlled by so-
called epigenes and other chemical structures in 
which the information is encoded. How far this 
control is open or closed loop and reaches into the 
neural domain or being also functional directly
effective is not yet known. This specifies the 
frame, the borderlines of the total hierarchy of the 
CNS with its information processing capability 
altogether attainable, as well as certain initial 
properties to start out and conduct the individual 
development of the anatomical structure of the 
brain, the functional faculties are embedded in. 
Looking on the CNS from a cybernetic aspect it 
consists as a system of self-contained components 
with unidirectional in- and outputs communicat-
ing by information flows. Evolution took great 
care of developing the nervous synapses granting 
unidirectionality. The computing, information 
processing is executed in an analog mode, which 
is unfortunately more susceptible to errors stem-
ming from noise and systematic errors, especially 
in systems comprising larger numbers of ele-
ments. These errors, attained to each decoupled 
element, are fast summing up. Taking in consider-
ation that every specific function has in most cas-
es being build up by combinations of multiply 
interconnected single nerve cells, one may im-
agine, how fast the error grows beyond being ac-
ceptable. This is especially the case if one keeps 
in mind that our brain consists altogether of about 
19 to 23 billions nerve cells and even one segment 
of the spinal cord contains averagely 500 000 
nerve cells, each with a modestly estimated noise 
level of 1%.
Technically one circulates this problem to a large 
extent by digitalization and gains this way also 
access to much higher resolutions, including 
another advantage:
Information structures may be implemented in 
hierarchical systems horizontally by adding struc-
tures with equal, vertically with higher, more 

complex, more powerful faculties. In systems 
based on analog procedures these properties are 
much more limited.

Basic Functions of the Nervous System

We are not familiar with the calculation proce-
dures the brain uses to organize the nerve cells 
with its synapses to fulfill its task. One may ob-
serve just the outcome. The brain has generally a 
stable mode of operation – otherwise life would 
not be possible – and it may on special requests 
produce high exactness. 
The true functional domain handling the on-line 
information processing of the internal state of the 
body is neural based in conjunction with chemical 
components, e. g. hormones. The higher the level 
in the hierarchy of the nervous system, the more 
complex the structures, the larger the body of 
nerve cells being involved, the more a neuronal 
base has to be established for reducing the “error-
pool” accompanying the lumped cooperation of 
the nerve cells and granting the background for 
domiciling the functional sphere. The increase of 
the supporting base might lead to a limiting cycle. 
Disorders at this level might lead to functional 
disruptions at the higher levels. E. g. spasticity 
can be such a reaction, preventing all normal ways
of action. Applying electrical stimulation pulses
of low frequency to the region afflicted, the spas-
ticity ceases accompanied by a carry-over effect. 
Subsequently the effect is consolidated by slowly 
raising the frequency and normal function is re-
turning. Stimulation of the healthy sensor-motor 
system does not produce any additional side ef-
fects if applied adequately [3].

Levels of Control
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A simple scheme of the control loop of the sensor-
motor system, fig. 1., shows its basic components. 
In the case of man we have well structured multi 
level control systems incorporated into a larger 
system unit finally coordinating the about 200 
degrees of freedom and the references which are 
gained from various sources inside and outside the 
moving body, creating a copy of the time chang-
ing conditions it has to operate in. 
For each effector, e. g. arm, the capability has to 
be established on the one side to direct it at any 
point in space within its range and on the other 
one to trace its movement to the same extends in 
order to control it adequately. In analogy to 
KALMAN´s specifically for linear situations in-
troduced terms “Controllability” and “Observabil-
ity” I want to use here as a general frame not re-
questing presuppositions “Guidability” and “Per-
ceptibility”. Guidability is sufficient if it is able to 
meet its attributed tasks perceptibility if it can 
ensure this.
The level of control itself is, simplified composed 
of a lower stage caring for the peripheral parts of 
the local control system and an upper one using 
evidently a variety of eligible strategies to estab-
lish sufficient guidability and perceptibility, by 
this resisting consistant descriptions. From here 
on at the latest commences a certain alternative to 
select from various modes of executing a move-
ment, although still unconscious but trainable. 
Looking at the control in man from this aspect the 
guidability is rather well equipped. At the lower
stages this is also true for the perceptibility. But 
higher up in the hierarchy the sufficiency of the 
latter is fading. The range between fast respon-
siveness, normal model based prediction to com-
pensate for the reaction-time and fast almost com-
pletely model dependent artistic or sports perfor-
mances exists an enlarging gap in the online-
perceptivity. This has more and more to be closed 
by copying and modeling support without ade-
quate feedback. One pictorial result of this short-
coming is the need of a trainer to improve perfor-
mance.
A missing secure representation of the state of the 
muscular system leads also to the so-called sleep-
ing functions: After a local damage in a motor
center causing a central paralysis, this might pers-
ist even when the damage has been cured com-
pletely. By adequate electrical stimulation the 
muscles can be “enlivened” again and further on 
integrated into the normal movement patterns [4, 
see also there for more lit.].
On the other hand the widespread interconnectivi-
ty of the various parts of the sensor-motor system 
having led to distinct dysfunctions being evoked 
by damage within one of them. These dysfunc-

tions can be corrected by electrical stimulation 
applied to the skin of the adjoined dermatomes.
An example may illustrate this: A patient suffer-
ing from ALS, Amyotrophic Lateral Sclerosis, the 
1. and 2. motor neurons are increasingly in num-
ber destroyed. This results in a central or peri-
pheral paralysis of the adjoined motor units. The 
paralysis is not only restricted to the cells af-
flicted, it is much more extended. By stimulation 
this secondary effect can be largely reversed. E. g. 
a patient being still capable of walking slowly and 
insecure on leveled ground can use again a stair-
case up and down quite naturally and unassisted 
without in need of hand-rails. The stimulation is 
accompanied by a longer after-effect. Therefore 
daily stimulation gives him a good part of func-
tional ability not yet restricted back.
Unfortunately the stimulation is by no way able to 
cure the cause of the disease, and the moveability 
is fading with its progress!!
But it allows him a better life in the frame of the 
still existing muscle force.
An analogous experience has been made with a 
patient suffering from Parkinson disease, being 
psychically and physically in a severely reduced 
state: She was completely emotionless with a col-
lapsed bearing, walking with short, slow, draping
steps being assisted by her father. She was a short 
while ago presented to Mrs. Eck and me, whether 
it might be possible to improve her bodily im-
pairment. In the beginning we had already a cer-
tain success applying stimulation. In the third 
session, by trying to improve the bearing of the 
trunk, during 15 min. of stimulation the patient 
started to erect the trunk, not only her trunk arose 
but also the entire muscular system gained tonus, 
she changed to a vivid, normal, merry mood,
stood up and walked quite naturally and even 
lively. Apparently after about three hours came a 
certain backlash with a return to the former state. 
Being obvious, that it had not been taken care for 
her too adequately, a special clinic solved her 
problem. She was able to return to work again. 
The stimulation was applied to the skin – non
invasively – as in all other cases mentioned here.
In general often it is possible to improve the mo-
toric situation of patients suffering from chronicle 
diseases, e. g. MS [3], especially by reducing
spasticity and improving mobility and, as a side 
effect, reducing pain. The method contains surely 
a quite not yet exploited potential, above all in 
cases otherwise not treatable.

Levels of Coordination and Reference
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The coordination and reference creating systems 
are in man confronted with the same problems as 
at the higher stages of control. The internal and 
external conditions are changing their characteris-
tics, valid perceptibility is limited and the gap has 
to be closed by restricted copying and time requir-
ing modeling procedures. In addition all of this 
has to be on-line adapted, updated. The coordina-
tion level has to be closely interconnected with the 
control and the reference level because it is de-
pendent from the state of the periphery and the 
guiding patterns generated by the reference level 
to create well organized outputs. 
In man a broad multi-multifold of references have 
to be generated to serve the belonging specific 
control loops and vice versa these states have to 
be reacquired because most of the reference val-
ues are not prefixed but have to be extracted from 
all the system parts being incorporated in the re-
spective tasks. This way the reference is also part-
ly generated using feedback from the output it has 
itself initiated. That may result in a state of free-
floating which might be dangerous, if the system 
is not caught in time. The higher the level the 
greater the danger to miss the real point.
All these considerations presented so far concern-
ing the sensor-motor-system are also analogous 
true up to the conscious high intellectual levels, 
taking into account their characteristics and boun-
dary conditions. E. g. one may notice the implica-
tions whether the real world is recognized truly or 
functionally – and how strongly one may cling to 
this in the latter case. 
In general man has been gifted with the domain of 
conscious objective abstraction and as a conse-
quence the enormous artificial enrichment of the 
sensory sphere permitting a complete new view of 
the world. This reduces also the lack of indepen-
dence at the reference level and the gap of the 
perceptivity remarkably, but can not close it com-
pletely, especially in the non abstract domain. 
However this topic will here not be covered fur-
ther.

Conclusions

One of the main purposes of this talk is, to turn 
the attention to the domain of control of the field 
of rehabilitation. Rehabilitation and its research 
background are intensively occupied by special 
parts of the field. But when treating patients suf-
fering from severe deficits it is always the com-
plete scope being asked for as a reference to judge 
the state of the patient and consequently to select 
and fit the therapeutic procedures into the total 
picture, to restore this as good as possible.

Control theory is the best possible background to 
serve the above objective because evolution de-
veloped it along the cybernetic line, being the 
principle to embed the task to be achieved in.
The levels of the total system are: (genetic) – neu-
ronal base – control – coordination – reference.
Due to the complexity of the total system, the 
flexibility within each level and in conjunction 
with the other levels, there exist no simple, unique 
solutions to describe more complex functions. 
Right now the therapeutic procedures are in most 
cases bound to use the sensory plain as an input to 
the sensor-motor-system, then to depend on the 
systems own information processing power and 
use the muscular motor-power, being restricted to 
choose the right input patterns and to load the 
muscles in an appropriate manner.
The more we want really to communicate interac-
tively with the nervous system, the more a drastic 
different approach would be required. Then one 
might be aware how powerful a tool control
theory can be, as it has already been proven in 
simpler cases.

Off the Track

The variability man possesses to create and ex-
ecute his movements and, which is not limited to 
this case but also to different motives for taking
action, rises the question, whether if he chooses 
consciously between different actions, does this 
happen on the base of his own “free will” or 
whether he does not at all have the possibility of 
choice because what he interprets as his own deci-
sion is already in advance genetically determined. 
From today’s point of view the natural scientific 
facts are: Life is based on the cybernetic prin-
ciples of order, of structure not depending upon 
the kind of substance the structures is made of. 
The information is encoded in the lay-out of the 
structure. In the beginning of evolution of life the 
carrier of the information was only chemical 
based, that is concerning the genes so till today. In 
the course of evolution this way to develop higher 
information structures was not too successful, for 
what reason is not known. Instead the nervous 
system is developing more and more, although 
this is a tedious way. It handles on-line all the 
enormous amount of information we foot on dur-
ing our life. But for reproduction the base of trans-
ferring information is solely chemical and the 
genes control the development of the new 
offspring including the frame of the functional 
capacity being available by the brain. 
Considering the functional state of the brain, pri-
marily the potential to execute his own free choice 
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exists, being extended upwards in the hierarchy of 
the brain, not being unlimited but being confined 
by its cybernetic, physiological, physio-chemical 
borderlines from a natural-scientific point of view.
Selecting the action is also modified by different 
motives e. g. moral ones and generally bounded 
by reasons as the intellectual capacity, education, 
experiences gained a. s. o.
But whatever releases the initiative to take action,
to decide about its goal, whether it is determined 
by a gene or by mans free will, this question can 
not be settled today. We are not yet able to detect, 
whether the decision is somewhere laid down 
genetically, preferable within the center control-
ling the process centrally, or whether it results 
from (carefully) considering there in. We know 
that the genes have a certain upward influence, 
but we don’t know whether there exists also a 
certain nervous feedback down to the genetic lev-
el to execute some control on its part or not. This 
is only to answer if we are able to describe the 
system structure exactly. Thus right now we have 
to live with the uncertainty – and act.
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The role of materials biocompatibility for FES-applications

Plenk Hanns Jr.

Bone & Biomaterials Research, Institute for Histology & Embryology, Medical University of Vienna, 
Austria

In functional electrical stimulation (FES), the materials in contact with the biological environment are primarily 
the implanted electrodes and their insulation, and secondarily the packaging of stimulator and leads connecting 
the stimulator with the electrode.  Choosing the electrode material, the tissue response to the material, a 
possible immunological reaction to the bulk material or released constituents, the resulting electrode-tissue 
impedance, and the radiographic visibility have to be considered.  Metallic electrodes, made of stainless steel, or 
of more inert gold, platinum, platinum-iridium, titanium nitride, tungsten and tantalum, are mainly used and 
readily visible on radiographs, but also conducting polymer coatings seem promising for better long-term 
performance. Increasing the surface area and roughness of the electrode will enhance the tissue contact and the 
signal delivery, but will also affect the tissue response. The growth of a fibrous tissue capsule around the 
electrode, determining the electrode to cell/tissue impedance, is due to the inevitable inflammatory tissue 
response which can be influenced by drug release from the electrode tip. Corrosion of electrode metals and 
alloys may be accompanied by allergic reactions, negatively affecting the tissue response. The preferred 
electrode insulating materials are polyimide and glass, both being more or less resistant and thus compatible in 
the aggressive biological environment. The packaging materials for stimulators and leads are mainly silicon- or 
polyurethane-based, and their long-term performance will also depend on relative motion in the various implant 
bed situations.
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Dropped Foot Stimulator: From the first idea to a patient satisfactory 
device

Taylor P.N

Department of Clinical Sciences and Engineering, Salisbury District Hospital, Salisbury, UK

p.taylor@salisburyfes.com

Abstract
The Odstock Dropped Foot Stimulator (ODFS) came about to address a clinical need: to improve the mobility of 
patients with stroke, MS and incomplete spinal cord injury.  This paper describes the journey from initial prototype 
through clinical trial, clinical service and commercialisation.   Significant factors in this journey are described.

Introduction

FES for correction for dropped foot in hemiplegia was 
first put forward by Liberson et al. in 1960.  They 
demonstrated the provision of dorsiflexion by 
stimulation of the common peroneal nerve timed to the 
gait cycle using a switch under the heel.  By provision 
of “function” from controlled electrical stimulation the 
term Functional Electrical Stimulation was coined and 
the rest as they say is history.  Despite promising 
clinical results significant clinical use of the techniques 
was limited to a few specialist centres and barely used at 
all in the UK.  

The Odstock Dropped Foot Stimulator (ODFS) was 
original designed as a solution to improve walking for 
an individual patient who had dropped foot due to 
incomplete C6 SCI in 1987.  We tried a commercial 
available device but found it did not have sufficient 
output for this individual.  Hence a bespoke device was 
made.  After about two weeks use of the device walking 
distance was increased from 2 or 3 steps to over 100m 
with a walking frame.  At about the same time a 2 
channel version of the device was constructed for 
another person with incomplete SCI Brown-Séquard 
syndrome who required knee extension in stance in 
addition to dorsiflexion in swing.   This device enabled 
short distance ambulation with a walking frame where 
no walking was possible without FES.  Both devices 
were constructed analogue and discreet logic circuitry 
and footswitches based on force sensitive resistors. 

Development

The devices were tried with other patients including 
those with MS and stroke.  The clinical engineer worked 
directly with the patients with the assistance of the 
physiotherapist allowing direct contact with clinical 
problems.  Hence solutions could be quickly devised, 
tested and further refined.  Through this process the 
functionality of the device was iteratively improved.  A 
test switch was added to allow easy adjustment of 
stimulation level and electrode positions.  The original 
fixed time of stimulation was replaced adaptive timing 

where the stimulation was ended as well as begun by the 
foot switch.  An “extension” facility was added that 
prolonged the stimulation past heel strike, providing an 
eccentric contraction of the anterior tibialis, lowering 
the foot to the ground.  Perhaps most significantly an 
adaptive threshold for detecting when weight was 
removed or returned to the foot switch was devised.  
This enabled stimulator to automatically search for a 
switching point, correcting for drift in FSR resistance 
over time and also automatically adjusting to the gait of 
a heavy adult or small child.  This innovation 
significantly improved the clinical usability and 
reliability of the devices.

RCT

In 1993 A randomized controlled trial (RCT) was 
conducted to evaluate the effect of the Odstock Dropped 
Foot Stimulator (ODFS) on effort and speed of walking 
in hemiplegic patients with dropped foot1, 2 . Thirty- two 
chronic post-stroke (>6 months) subjects were 
randomized to either a treatment group receiving 
stimulation with the ODFS and concurrent physical 
therapy or a control group receiving physical therapy 
alone. During the first month of the trial, all subjects 
received 10 sessions of physical therapy. Each session 
was approximately one hour. Evaluations of walking 
speed over a distance of 10 meters were collected at 
baseline, 4 weeks, and 12 weeks following the initial 
device set-up.   Comparisons were made between mean 
walking speed at baseline and mean walking speed at 
the conclusion of the study for each group. At 12-weeks 
follow-up, a mean increase in walking speed of 20.5% 
was observed for the treatment group (when the 
stimulator was in use) and 5.2% in the control group. 
The Physiological Cost Index (PCI), a measure of 
walking efficiency, was also evaluated in this study. 
Improvement was also demonstrated via a reduction in 
PCI at the conclusion of the study compared to baseline. 
The treatment group had a 24.9% reduction of PCI 
(when the stimulator was in use) whereas the control 
group had a 1% reduction. During the course of this 
trial, no significant carryover effect of stimulation with 
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the ODFS device was observed since there were no 
significant improvements in walking speed in the 
treatment group without the use of stimulation 

Clinical Service

Following the RCT the results were presented to the 
South and West Regional Health Authority 
Development and Evaluation Committee, the body that 
at the time was responsible for giving the go-a-head for 
new services in the Hospital.  Their evaluation included 
cost benefit QALY (Quality Adjusted Life Years) 
analysis.   The QALY gain was calculated using a 
combination of data including change in walking speed 
and physiological cost index, change in Hospital 
Anxiety and Depression Index (HAD) and change in a 
mobility score derived from a custom designed 
questionnaire closely aligned with the Health Related 
Quality of Life (IHQL).  After 12 weeks of intervention 
it was calculated that the FES group received a QALY 
gain of 0.065 while the physiotherapy group had a gain
of 0.023, a difference of 0.042.  At 1996 prices this gave 
a cost per QALY of £10,037 over 5 years.  In 2010 the 
report was re-examined and costs per QALY calculated 
for current prices15.   This gave a cost per QALY of 
£39,047 at one year and between £13,524 and £19,237 
at five years.  However, this analysis assumes that a 
comparison is made with an individual who receives 
physiotherapy.  In clinical practice the ODFS is used as 
a long term aid while physiotherapy is rarely received 
for more than a few weeks.  It may therefore be fair to 
attribute the whole of the QALY gain seen by FES users 
rather that the difference between FES and 
Physiotherapy interventions.  This gives a cost per 
QALY gain of   £25,230 at 1 year and between £8,738 
and £12,431 at 5 years.

Following permission, a clinical service was begun in 
1996.  However, the hospital’s rehabilitation department 
was not in a position to take up the service so instead 
the service was run by the Medical Physics Department 
and was provided by the same staff who had worked on 
the RCT, part time while working on other research.   
Unusually, this resulted in physiotherapists being 
directly employed by a clinical engineering department 
and clinical engineers being involved in service 
provision.   Mixing research and clinical service enabled 
researches to focus on real clinical issues and for 
intervention to be taken to the clinic more easily.  It was 
also decides to continue with the same main outcome 
measures as the RCT, walking speed and PCI 
(Physiological Cost Index).  This enabled audit of the 
FES service and it was subsequently demonstrated that 
results were at least as good as the RCT and for the first 
time a training benefit was demonstrated from using 
FES for the correction of dropped foot.  

Technology transfer

A condition for the funding of the RCT was that at the 
end of the project a two day training course would be 
given to teach clinicians from other centres the 
techniques we had learned.   This implies that the 

clinicians who were trained would have access to the 
ODFS for their own patients hence the department 
extended its small sale production of devices.  In fact a 
decision was made that devices would only be supplied 
to clinicians who had been trained in the use of FES.  
This was to ensure that clinical results obtained would 
remain at a high standard, protecting the reputation of 
the technique and the equipment.  In 1998 CE marking 
for medical devices became compulsory in the UK.  If 
we were to continue to supply these other clinics we 
either had to find a commercial partner to take over 
production and produce the devices under an approved 
quality system or become able to CE mark devices our 
selves.  As the market was small no commercial 
organisation was interested in what was seen as risky 
new technology, our best option was to establish our 
own quality system and become registered with the 
Medical Devices Agency as a manufacturer of medical 
devices.   (In 2005 FDA approval for the USA was 
obtained through the 510k procedure.)  As demand 
grew, production was subcontracted to local 
manufactures but control of quality and distribution 
remained with the department. 

Through word of mouth a demand for further courses 
was developed, resulting in a continuous series of 
courses, approximately 200 being run by 2010.  To 
support the clinicians using the devices, detailed device 
documentation describing the clinical application was 
developed.  This was further supported by a web page 
(www.salisburyfes), FES Newsletter and clinical 
meetings.  The intention was to create a community of 
FES clinicians who could support each other through 
sharing best practice.

In 2006 the Hospital created a spin out company 
Odstock Medical Limited (OML) to handle device 
production and sales and also clinical FES service 
provision.  OML was England’s first NHS (National 
Health Service) owned company.  This enabled greater 
commercial freedom to operate and for the first time 
advertising.  Up to that point promotion had been 
though educational activity only.  However, the FES 
courses remain to this day the main promotional tool 
and training is still compulsory.   Refinement of the 
ODFS and associated devices continued thought this 
period and in 2009 the latest version, the ODFS Pace 
was released, bringing together the experience of the 
previous years into a smaller digital unit.  The ODFS 
Pace is designed as a holistic clinical tool both for 
orthotic dropped foot correction and gait training in 
physiotherapy where other muscles such as gluteal,
quadriceps, calf or hamstring muscles can stimulated in 
active gait training or in cyclic exercise.

In 2009 the National Institute for health and Clinical 
Excellence (NICE) produced guidance recommending 
the use of FES for dropped foot within the NHS.   While 
this does not make it obligatory that the NHS funds 
FES, it does make it a recognized intervention for 
routine use.  In 2010 further analysis of the cost 
effectiveness of FES was produced indicating an almost 
identical QALY gain as calculated 14 years previously.  
Evidence for reduction of falls following FES use, 
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improvement in quality of life and efficacy in MS were 
also published in 2010.

Conclusion

The main drivers in the development of the ODFS have 
been the need to respond to clinical need and clinical 
demand, providing solutions at costs sustainable within 
the NHS.   In many ways, through necessity it has been 
a “cottage industry” approach to technology transfer and 
commercialisation.  However this has enabled 
establishment of a new clinical technique within the 
UK’s NHS system and enable many thousands of 
patients to benefit from FES. 
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The views of people with spinal cord injury about the use of 
Functional Electrical Stimulation

Burridge JH1, Donovan-Hall M1, Ellis-Hill C1, Dibb B2, Tedesco Tricas L1, and Rushton D3
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Abstract
This paper reports a qualitative study employing a focus group design. The study explored the views of people with SCI, 
healthcare professionals and researchers about the current and future use of FES, with the aim of identifying barriers 
to the translation of research into clinical practice and to provide qualitative data to inform the direction of future 
research. Eight focus groups were conducted with people with SCI, their carers and healthcare professionals. The 
groups included people with and without experience of FES. Five themes were identified: decision to use FES; physical 
improvements; lack of resources; importance of sensation and the future use of FES. From the perspective of people 
with SCI, benefits of FES extended beyond conventional measures of efficacy and cost-effectiveness to more subtle 
effects on well-being and participation in society. A need for a better appreciation of the psychosocial issues associated 
with the use of FES was identified by all groups. The information gathered in the focus groups will inform the design of 
a series of questionnaires currently being developed that will be applied to a large sample of the SCI community in the 
UK and the US. Questionnaires will be completed via the internet, telephone and snail-mail. Results of the 
questionnaire will provide the evidence needed to define guidelines for the direction of future clinical practice, research 
and development of FES for SCI. 

Keywords: spinal cord injury; rehabilitation; qualitative research; focus groups; users’ perceptions of FES

Introduction  
For nearly half a century Functional Electrical 
Stimulation (FES) has been used in the treatment 
and management of physical problems encountered 
by people with Spinal Cord Injury (SCI), such as 
bladder and bowel control, pain relief and 
management and improvement of movement.  
Despite intensive research and development, only a 
small percentage of people who could potentially 
benefit use FES do in fact use it; illustrating a 
problem in translating research into clinical 
practice.

Repair of the spinal cord by regeneration and 
obtaining the ultimate ‘cure’ is the greatest hope 
for people with spinal cord injury (SCI) [1]. 
However, in the absence of a cure, improving 
quality of life, function and mobility and 
enhancing self care are the day to day primary 
goals [2, 3]. A possible means of improving the 
everyday quality of life of people with SCI is the 
use of FES. 

It is important to ensure that future developments 
are user-led and fulfill the needs of people with 
SCI.

The aim of this study was to explore views of 
people with SCI, healthcare professionals and 
researchers about the current and future use of 

FES. The aim was to identify barriers to the 
translation of research into clinical practice and to 
provide qualitative data to inform the direction of 
future research. 

Material and Methods 
The design of the study was qualitative and 
employed a focus group approach.  A total of eight 
focus groups each lasting between 90 and 120 
minutes were carried out with the following groups 
of participants: 

One with researchers involved in the development 
of FES (n = 6),

Two with people with SCI who had experience of 
using FES (n = 11) and two with people with SCI 
who had no experience of using FES (n = 9)  

Two with clinicians currently using FES (n = 6) 
and one with clinicians with no experience of using 
FES (n = 2)   

 People with SCI and clinicians were recruited 
from spinal centres throughout the UK. 
Researchers were recruited from a FES 
researcher’s network. 

SCI participants were selected using a purposive 
sampling technique to ensure that the sample was 
diverse in terms of age, time from injury, level and 
severity of injury (including complete and 
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incomplete paraplegic and tetraplegic participants), 
whether they were wheelchair dependent or 
independent and whether they had or had not had 
previous experience of using FES. 

The data was analysed using thematic analysis [4].  

Results
The following five categories of themes were 
identified relating to: 

1. Decision to use FES. For example healthcare 
professionals discussed concerns over the 
suitability of patients for FES and screening issues.  
It was felt that caution was needed in initially 
presenting FES to patients and some healthcare 
professionals were fearful of raising patients’ 
hopes and expectations, or giving false hope.
Despite the need to be cautious in suggesting FES 
to participants with SCI, it was felt important to 
provide patients with an informed choice and give 
them enough information to be able to make this 
decision. It was clear from the discussions with 
both the healthcare professionals and the 
participants with SCI that the patient often initiated 
the use of FES.

The healthcare professionals also felt that 
‘commercial’ and ‘outside sources’ were often 
involved in initial suggestions of FES.  They talked 
about having to ‘deal’ with companies and cycling 
reps, and how patients could be at the risk of being 
given medical advice or sold equipment from 
people who may not have had the necessary 
training.

Some participants thought that the ‘hassle’ or
‘effort’ of using FES often outweighed the benefit. 
Concerns were raised about the use of implanted 
systems that would make an individual unsuitable 
for neuro-regeneration treatment in the future. 

2. Physical improvements

As would be expected, perceived physical benefits 
of using FES mainly related to improvements in 
muscle activity and function. Among the 
participants taking part, FES had been used to 
stimulate movement, help with standing and 
walking, strengthen and stimulate muscles, and 
improve bladder control and sexual function.  

Healthcare professionals viewed some FES devices 
as having preventative benefits, such as the 
prevention of pressure sores and use in cardiac 
pacing.  It was also found that purely cosmetic and 
physically improvements were important to 
patients with participants discussing improvements 
in reduction in ‘flabbiness’ and ‘A piece of 
equipment that would give a person with a SCI the 

opportunity of working at a greater cardiovascular 
level, for things like type 2 diabetes, obesity and 
coronary hear disease’.

Participants with SCI perceived that improvements 
in everyday quality of life were a key 
psychological benefit of using FES. One 
participant felt that they would have been 
‘housebound’ without the use of a drop-foot 
stimulator.  Another participant discussed how a 
bladder implant had ‘completely changed’ her life 
as she could sleep through the night and attend 
more social activities.  Healthcare professionals 
also described the psychological importance of 
being able to carry out activities of daily living, 
such as eating without help and performing 
activities such as FES rowing and cycling, which 
could help people with SCI feel able to participate 
in the same activities as able-bodied people.   

3. Lack of resources

Resource issues, such a lack of equipment and 
training, were a main barrier to the uptake and 
continuing use of FES.  This often led to concerns 
regarding parity between patients and the need to 
ensure FES was offered to all suitable patients and 
not just those who asked for it. Issues around 
screening and checking for suitability of patients, 
and the lack of agreed protocols and procedures 
regarding the application of FES were also 
identified as key areas that needed to be addressed.   

 4: Importance of sensation 

Some participants expressed the view that there 
was a desire for ‘sensation’ and not just motor 
function and talked about the importance of 
‘feeling’, especially when discussing the use of 
FES for sexual function.

5: Future use of FES 

Healthcare professionals discussed the need for 
further research and evidence supporting the 
efficacy of FES and how the research needed to be 
linked to clinical guidelines and application.  It 
was also discussed how FES needed to be 
developed to look less experimental and needed to 
be more user friendly and patient-led.   

Participants with SCI also made several 
suggestions for improving the design of FES 
systems.  It was felt that the size and shape of 
stimulators could be improved to make them 
smaller and less intrusive. Wires were often 
problematic and it was suggested that wireless and 
implanted devices were needed.
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Discussion
As with all qualitative research, the findings of this 
study have provided knowledge and understanding 
of the subject rather than definitive answers. The 
study has though provided the information needed 
to design a series of questionnaires which will be 
used to explore the extent to which the beliefs 
identified by the participants are held by the wider 
SCI community. The questionnaires are currently 
being developed and will be applied to a large 
sample of the SCI community in the UK and the 
US via the internet, telephone and snail-mail. 
Results of the questionnaire will provide evidence 
needed to define guidelines for the direction of 
future clinical practice, research and development 
of FES for SCI. 

Conclusions 

Four groups of participants from the SCI 
community: people with SCI, their carers, 
healthcare professionals and researchers have 
expressed their views on the current and future use 
of FES in SCI. Key barriers to use were identified: 
lack of knowledge about what is effective and 
available and when, and with whom, FES should 
be used. Provision of FES across the UK was 
thought to be uneven.  

From the perspective of people with SCI, benefits 
of FES extended beyond conventional measures of 
efficacy and cost-effectiveness to more subtle 
effects on well-being and participation in society. 
A need for a better appreciation of the 
psychosocial issues associated with the use of FES 
was identified by all groups. The information 

gathered in the focus groups will inform the design 
of a series of questionnaires. 

These findings can be seen as a starting point to try 
and understand issues regarding the current and 
future use of FES.  We have started to provide an 
understanding of issues related to the translation 
and application of FES research into clinical 
practice and illustrated some of the critical issues 
that require further investigation.
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Technical challenges with cochlear implants and the Medel cochlear 
implant company

Hochmair Erwin

Institute for Ion Physics and Applied Physics, Leopold-Franzens-University Innsbruck, Austria

Early cochlear implants (CI) were based on single site stimulation. The first widely used system, the House-
implant, may be thought of as being the secondary coil of a transformer directly driving a shallow intra-cochlear 
electrode. The stimulation signal – an amplitude modulated 16 kHz-carrier – generated by audio circuits in a 
body worn processor is supplied via the external primary coil mounted on an ear hook. CI-research at the TU in 
Vienna began in 1975 with the first successful implantation of an eight-channel microelectronic implant in 1977. 
In the following years especially the wideband-analog technology had been developed providing open speech 
understanding to a considerable portion of patients implanted. Advantages of the analogue system over 
contemporary systems using pulsatile multi-channel stimulation was its faithful representation of pitch – a large 
percentage of its wearers enjoyed listening to music – and its low power consumption, which in the early 90s 
allowed the development of the first BTE (= behind the ear) speech processor. Fortunately a number of 
developments paths which later turned out to be a dead-end road were not taken. These include modiolus 
hugging electrodes, bipolar stimulation, conditioner pulses, and parameter extraction from the speech signal. 
The latter method tries to avoid channel interaction problems by extracting a few parameters from the speech 
signal (e.g. pitch frequency, second formant and later additional formants and their respective amplitudes) to 
generate very simple low-rate stimulation pulses over several channels. After roughly eight years of a finally 
unsuccessful cooperation with the 3M-company in Minnesota, USA the Vienna CI Group moved to Innsbruck 
and founded the Medel Company there. In the course of its rapid growth Medel – in cooperation with the 
Institute of Applied Physics at the University of Innsbruck – developed power-thrifty multi-channel implants in 
hermetic ceramic and in titanium packages implementing the CIS-strategy, which is, despite many attempts 
worldwide to enhance or replace it, still the workhorse processing strategy in cochlear implants. Highlights and 
firsts of the development at Medel include the first multi-channel BTE-processor, the deep insertion electrode, 
bilateral implantation, parallel stimulation, and CIs for tinnitus suppression in unilaterally deaf patients. So far 
the speech understanding provided by the so called continuous interleaved sampling strategy (CIS-strategy) 
developed by B.W. around 1990 is unsurpassed. It provides adequate temporal and spatial resolution by 
sufficiently fast sampling of the envelopes of a number of band pass filtered signals. It addresses the channel 
interaction problem by interleaving non-simultaneous stimulation pulses. The signal processing for the CIS-
strategy is performed either on standard DSP-chips which, due to the fast development of integrated circuit 
technology consume less and less power, or else on especially designed application specific circuits which 
reduce power consumption even further and which, together with other improvements, have made ear level 
devices possible. An actual hot topic is “hearing preservation”, a combination of electrode design and surgical 
technique aiming to preserve residual hearing despite electrode insertion into the cochlea. This is the basis for 
the combined electric and acoustic stimulation via EAS, i.e. the combination of a hearing aid and a CI in one 
device. Future developments concern the addition of drug delivery systems to cochlear implants, the totally 
implantable CI, as well as the evolutionary development of existing CIs, like automatic and remote fitting. 
Presently Medel is a 900-employee company distributing its products worldwide. It developed into a “hearing 
aid company” offering a wide range of implants to improve hearing from middle ear implants and cochlear 
implants for a variety of etiologies to auditory brainstem implants. Besides of the development of cochlear 
implants several other possible application of electric nerve stimulation are under development.
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THE LIMITS OF HERMETICITY TEST METHODS FOR
MICRO-PACKAGES

Vanhoestenberghe A1 and Donaldson N1
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Abstract
Hermeticity is crucial for the long-term implantation of electronic packages. Pushed by advances in micromachining,
package volumes are decreasing and current leak detection methods are no longer sensitive enough. This paper
reviews the limits of the most common methods and exposes their inadequateness for medical electronic applications
where the device’s life is 50 years or longer.

Keywords: Micro-packaging, hermeticity, active electrode, functional electrical stimulation, long-term implantation.

Introduction
As detailed elsewhere in these proceedings [1], one
way to increase the number of stimulation channels
in an implant is by using active electrodes, where
some of the electronics is embedded with the
electrodes. The embedded IC may be protected
from corrosion by enclosing it in a dry atmosphere
in a hermetic micro-package. To minimise the
package size we propose to bond a silicon cap
directly onto the silicon wafer, covering only the
active area [2]. The choice of a sealing method is
crucial as it will directly influence the hermeticity
of the package, hence the lifetime of the implant.

Methods
Hermeticity testing
We are primarily concerned with the ingress of
water vapour from the environment into the
package over the implant’s lifetime (50 years).
Methods to measure the hermeticity of a package
and what values of the measured leak rate are
acceptable are defined in military standards
(method 1014.13 of MIL-STD-883, method 1071
of MIL-STD-750 and appendix C of MIL-PRF-
38534G). There are discrepancies between
standards but the most stringent limit, for internal
volumes smaller than 10 mm3, is a leak rate � 5
10�9 cm3.s�1 of dry air at 25 ºC and 1 atm. These
standards also suggest a maximum acceptable
moisture level of 5000 ppm at 100 ºC (6.7 %
relative humidity at 37 ºC), corrected (lowered) for
packages of internal volume smaller than 10 mm3

sealed in a furnace or with applied pressure. As
will be shown in this paper, the leak rates rejection
limits are not suitable for the lifetime expected
from an implant. Further, the physical detection

limits of the methods described in the standards are
too high for our application, i.e. a package with a
leak rate lower than the lowest detectable rate may
still let in too much moisture over time. This
statement only echoes what has been found in
other engineering disciplines [3–5]. Most of the
recent work on hermetical packaging has been
concerned with micro-electro-mechanical systems
(MEMS) where the focus is on the entrance of air
inside a cavity with a low internal pressure. Our
interest is to prevent (or estimate) the ingress of
water vapour inside a package that may, depending
on the sealing method, be filled with a dry gas at or
above atmospheric pressure. It is important, for the
advance of implant technology, to demonstrate
simply the limits of hermeticity testing in our fields
and encourage alternative thinking on the subject.

A note on leak rate units
The units used in the military standards,
atm.cm3.s�1, leads to rates only valid at the given
measurement temperature. If the device is used at a
different temperature, this rate must be converted
to mol.s�1 then translated to the new temperature.
Therefore, in the rest of this paper, leak rates will
be expressed in mol.s�1. For comparison, 1 mol.s�1

corresponds to a flow rate of 25.4*103 cm3.s�1 at 37
ºC and a partial pressure difference of 1 atm.

Table 1: Conversion factors for leak rates measured
using He

Gas He H2O Air

Molecular
weight (g) 4 18 28.7

Conversion 1 0.471 0.373
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The limits of fine leak tests: Helium detection
The most common method for fine leaks is the
detection of a tracer gas using a mass spectrometer.
Helium is often used due to its rarity in normal
atmosphere. The packages under test are “bombed”
in a helium chamber at high pressure for a given
time then quickly transferred to the detector. The
lower leak limit of a good helium detector is of the
order of 10�16 mol.s�1. Using a simplification of the
Howl and Mann equation, this limitation on the
measured leak rate may be converted to a
limitation on the “standard” or “true” leak rate.
That is the leak rate of helium for a partial pressure
difference of 1 atm at 25 ºC. The lowest true rate
that can be detected with this method is dependent
on the cavity volume, bomb time and pressure.
Assuming a cavity of a few mm3, a bomb time of
12 hours at 5 atm and a lowest detectable helium
leak rate of 2*10�16 mol.s�1, the lower limit of the
standard rate is of the order of 10�14 mol.s�1. An
alternative to the bombing method, known as
“backfilling”, is to fill the package with a fraction
of helium prior to sealing and test it shortly
afterwards. The true leak rate for helium may then
be approximated as the measured rate divided by
the helium fraction. So far, all rates are for the
leakage of helium, a gas with smaller molecules
than water. For the prediction of moisture ingress
the helium leak rate must be converted to a water
leak rate using the following formula:

He
OH

He
OH LM

ML
2

2
� .

The conversion factors for air, water and helium
are given in table 1. These conversions however
are of limited use as a leak channel may simply be
too small for a larger molecule, especially polar
ones as in H2O (over-estimation of L) and the leak
rate may be affected by chemical reactions
between the gas and the seal.

Other leak detection methods
There are two other fine leak detection methods
proposed in the MIL standards. Using a radioactive
tracer gas (mix of krypton-85 and air), equivalent
standard leak rates as low as 10�15 mol.s�1 may be
detected. Optical detection relying on the
deflection of the cap is popular for full wafer

bonding but the lowest reported equivalent
standard leak rates are in the range of 10�13 mol.s�1.
One further method that achieves lower leak rates
is cumulative helium leak detection (CHD), where
the helium leak rate is measured over time.
Manufacturers of detection equipment (Pernicka),
claim leak rates measurements limits as low as
10�14 atm.cm3.s�1 or 10-18 mol.s-1. However the
formula for conversion to a standard rate is not
given.

Other methods exist and Millar has reviewed a
total of 10 methods of hermeticity testing applied
to MEMS cavities [3]. She concludes that none of
the external methods set in the military standards,
nor those developed more recently, are suitable for
the small cavity volumes and high hermeticity
requirements typical of MEMS. Only in situ
methods, using some form of pressure sensor, can
achieve a relevant leak rate detection.

Results
The time taken for the partial water vapour
pressure inOHP ,2

inside a package of volume V,

leaking at a true rate OHL
2

to reach a given
pressure is calculated using equation:
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�

�
��
�

�
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1

0
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2
P
P
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where inOHoutOHi PPP ,, 22

�	 at instant ti and

outOHP ,2
is at all time the saturation pressure of

water vapour at 37 ºC. After testing a package, and
converting if necessary the measured rate to the
true helium rate LHe, V/LHe may be calculated to
find the time before inOHP ,2

reaches a set limit.
This fraction, at a given temperature and pressure
difference, is a useful parameter to compare the
performances of different packages. This is
illustrated in figure 1. For the purpose of
illustration, 5 partial water vapour pressure limits
are displayed on the graph. The first two limits,
2994 and 5000 ppm, are set in MIL-STD-883H,
5000 is a general value and 2994 is corrected for a
cavity smaller than 10 mm3 sealed in a heated
furnace (350 ºC in this case). Greenhouse suggests
using the partial pressure of a volume of water

Table 2: Leak testing methods and their lowest detectable leak rates (expressed as true helium leak rates).

Method Optical
deflection

He
bombing krypton-85 He

backfilling CHD

Comments
Pb = 5 atm,
tb = 12 h,
V=1 mm3

100 % He

True helium leak rate (mol.s�1) 10�13 10�14 10�15 10�16 10�18
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sufficient to form 3 monolayers of water on all
internal surfaces upon condensation [4]. This value
is dependent on the package’s inner surface area.
In fig.1, the package dimensions were: 4 x 2.5 x
0.1 mm. Finally, two relative humidity limits are
plotted, 10 and 99 %.

Fig. 1: Time to reach a given partial water vapour
pressure limit as a function of V/L for 5 different limits.

Discussion
For a set “time to limit”, whatever the limit be
defined as, a reduction of the cavity’s volume
requires an equivalent reduction of the leak rate.
However, what is the maximum relative humidity
inside the package before failure occurs? For
applications where corrosion is the most likely
cause of failure, the onset of corrosion related
damages needs to be linked to a relative humidity
inside the package. The presence of traces of salts
with low vapour pressure will encourage water
formation at low relative humidities [6]. Once a
maximum relative humidity is set, the highest
acceptable leak rate may be computed. To illustrate
this, table 3 shows the true rates acceptable to
guarantee that a 1 mm3 package will not reach a
given relative humidity within 50 years. These are
at the limit of what is currently achievable.

Conclusions
In packages where corrosion is the most likely
cause of failure, humidity should be kept low.
Currently, the lowest detectable leak rates are not
low enough to guarantee acceptable relative
humidity levels over the lifetime of the implant. If
the humidity cannot be estimated from tests prior
to implantation, one alternative is to monitor it
after implantation. Humidity sensors may be
integrated on the surface of the circuit with only a
small increase in overall package dimensions.
There are however major design challenges to
overcome if the sensors are to be sensitive, stable
and precise enough to detect very low humidity
levels and slow increases over years [7]. This
simple presentation of the issues related to
hermeticity testing relies on the assumption that a
safe limit for the relative humidity is known. This
safe limit will depend on the application, the
surface contamination and more.
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Table 3: Minimum true He leak rates for a time to
limit of 50 years at 37 ºC for a 1 mm3 internal cavity.

Limit L (mol.s�1)

Corrected ppm (2994) 1.03*10�18

5000 ppm 1.63*10�18

10% relative humidity 2.64*10�18

3 monolayers of water 2.17*10�17

99% relative humidity 1.14*10�16
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Abstract
This paper is about the stability of PEDOT coatings under high loads of current pulses. Test parameters were chosen to 
match many peripheral nervous system (PNS) applications in regard of charge injection, pulse width and repetition 
frequency. PEDOT coatings were characterized with electrochemical impedance spectroscopes (EIS) and pulse tests. 
No decrease in charge injection capacities could be detected after ten million pulses, suggesting a stable coating for at 
least this time frame with superior properties in regard of conventional platinum electrodes. 
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Introduction 
One of the most challenging aspects in functional 
electrical stimulation (FES) is the transfer of 
charge over the phase boundary of metallic 
conductor (electrode) and tissue. Since metallic 
conduction is based on electron flow and tissue 
conduction on ion flow, a transition has to occur 
which is mediated by the electrode in use. These 
reactions can basically be capacitive, i.e. charging 
and discharging of the electrode-electrolyte double 
layer, or faradic, which involves oxidation and 
reduction of surface confined species. Prominent 
examples for these mechanisms are titanium nitride 
(TiN) or tantalum/Ta2O5 for capacitive transition 
and iridium oxide or PEDOT (poly-
ethylenedioxythiopene) as faradic material. Pt and 
PtIr alloys are special cases since faradic reactions 
are restricted to a surface monolayer and, hence, 
are called pseudocapacitive [1]. In general, 
capacitive charge-injection is preferable to faradic 
injection since no chemical species are 
created/consumed during a stimulation pulse. 
Furthermore, changes of electrolyte composition 
and finite rates of faradic reactions can lead to 
irreversible processes which may cause electrode 
or tissue damage (i.e. corrosion and alteration of 
pH-value). However, charging the double-layer of 
an electrode-electrolyte interface by capacitive 
means yields in only small charge injection 
capacities (Qinj), since the charge per unit area at an 
interface is also small, and is often not sufficient to 
stimulate targeted structures like peripheral nerve 
fascicles [2]. Hence, it is of upmost importance to 
consider carefully which electrode material or 
coating is to be used and what restrictions, e.g. 

water window or stability under stimulating 
conditions, are implied.  

This paper reports on the stability of PEDOT as 
coating material for stimulating electrodes under 
high loads of current pulses which was reported 
earlier to turn the polymer into an insulator and, 
thus, limits the actual use of this coating [3]. The 
goal of this research is to determine the count of 
current pulses which can be safely injected into the 
electrolyte without loosing the conductive 
properties or passing the water window, 
respectively. 

Material and Methods 
Preparation of samples: 
Test electrodes were manufactured using 
micromachining techniques in a class 1000 
cleanroom. Samples consist of a polyimide-
platinum-polyimide stack (5�m-300nm-5�m in 
thickness), whereas active sites and 
interconnection pads are opened by reactive ion 
etching (RIE). Connection was done with zero 
insertion force adapters (ZIF), whereas the samples 
incorporate different electrode diameters ranging 
from 40 to 120 �m. In this study, however, 80 �m 
diameter electrodes were solely used. 

The electrolyte for deposition of PEDOT was 
made up with following recipe: 0.1 M EDOT (Cat 
# 483028 Sigma–Aldrich) was doped with 0.05 M 
pTS (Cat # 152536 Sigma–Aldrich) in a 1 part 
acetonitrile : 1 part deionised (DI) water solution 
and used within two months after synthesis [4]. 
The polymer coating was electrodeposited using 
galvanostatic mode of a gain-phase analyzer with a 
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potentiostat (Solartron 1260 & 1287, Solartron 
Analytical, Farnborough, Hampshire, UK) in 
combination with the software CorrWare (version 
3.1 by Scribner Associates Inc., Southern Pines, 
NC, USA) at 1 mA/cm2 for 10 min in a three 
electrode setup, consisting of a Pt counter electrode 
and an Ag/AgCl (3M) reference electrode. 

Characterization
Test samples were characterized by electrical 
impedance spectroscopy (EIS) and pulse testing. 
EIS measurements were done with the three 
electrode setup described above. Impedance 
spectroscopy was conducted with excitation 
amplitudes of 10 mV from 1 Hz to 100 kHz on a 
regular basis (e.g. immediately after deposition and 
after 3 million cycles) in phosphate buffered saline 
solution (PBS; 7.4 pH). To inject current pulses a 
custom made 12-channel pulse tester was 
developed, incorporating improved Howland 
current pumps and circuits to subtract the voltage 
drop over the access resistance [5]. Applied pulses 
were rectangular, biphasic and charge balanced in 
nature with a pulse width of 200 �s and a 
frequency of 25 Hz. Pulsing was done in non-
agitated PBS solution (0.5l, regularly refilled with 
DI water) against a large area stainless steal 
counter electrode; temperature and pH value of the 
electrolyte were measured once per day. For 
PEDOT an injected charge of 20 nC (100�A x 
200�s) was chosen and the voltage across the 
phase boundary (VPB) was continuously monitored. 
Since, loss of conductive properties within the 
coating yields in increased charging of the phase 
boundary, while the injected charge is held 
constant, VPB is expected to rise towards the limits 
of the water window. Hence, the criterion for 
exclusion is passing the limits of PEDOTs water 
window (-0.9-0.6V vs. Ag/AgCl). As reference 
material, a non-coated platinum electrode was 
tested in the same way, but pulsed to the safe limits 
of platinum’s water window (-0.6–0.8V vs. 
Ag/AgCl) and the required current was measured. 
Additionally, the access resistance RA of PEDOT 
and Pt was measured once per day. 

Results
After electrodeposition of PEDOT, samples were 
optically inspected using a light microscope. The 
coating appeared black in colour and was confined 
to the actual electrode site, i.e. it didn’t creep over 
the boundary of platinum and polyimide which 
suggests a coating thickness below 5 �m.  

EIS measurements showed a significant decrease 
in mean impedance, cut-off frequency (fg) and 
phase angle theta after PEDOT deposition (see Fig. 
1, n=10). At 1 kHz, impedance decreased from 

113 k� to only 4.7 k� and the phase angle was 
increased from -76.5 ° to -8.4 ° for Pt and PEDOT, 
respectively. Cut-off frequency was decreased 
from 20 kHz for platinum to 25 Hz for PEDOT. 
After 3 million load cycles no difference was 
found neither in impedance nor phase angle 
measurements.  

 
Fig. 1: Electrical impedance measurement of pure 
platinum and PEDOT coated electrodes. 

Pulse tests were conducted for 10 million cycles on 
10 electrodes coated with PEDOT. Figure 2 shows 
the voltage across the phase boundary after 100k 
and 10M cycles (upper graph) and the fixed current 
pulse with a charge of 20 nC (lower graph). Note 
that the voltage drop (iR) over the access resistance 
(RA) is already subtracted. The access resistance 
was measured to 4.5 k� and 12 k� for PEDOT 
and Pt respectively, and stayed constant over the 
10M pulses. These results are in accordance with 
the EIS measurements (5.3k� with PEDOT and 
10.4k� for Pt).  

 
Fig. 2: Pulse test: upper graph depicts the voltage over 
the phase boundary after different load cycles. Lower 
graph shows one current pulse. 

Peak-to-peak voltages over the phase boundary 
VPB were measured and the mean values including 
standard deviations (rms) are depicted in Fig. 3 
(upper graph; n=10). Since the water window for 
PEDOT is situated between -0.9 and 0.6V vs. 
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Ag/AgCl, the “water window line” would be 
situated at 1.5V and served as exclusion criterion, 
but was never met with any of the tested 
electrodes. Neither was any limit of safe charge 
injection, cathodic or anodic, met within these 
10M pulses. The lower graph in Fig.3 shows the 
current needed to drive the platinum electrode, 
which served as reference material, to the safe 
limits of charge injection. The current stayed 
constant throughout the experiment which suggests 
that no faradic or irreversible processes occurred.  
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Fig. 3: Upper graph shows the mean peak-to-peak 
voltage across the phase boundary. Lower graph gives 
the current needed to drive platinum reference 
electrodes to safe limits of charge injection. 

Discussion
PEDOT coatings were able to decrease the 
impedance about 95 % when compared to the 
original platinum electrodes and showed a much 
stronger resistive behaviour in EIS measurements 
suggesting properties comparable to iridium oxide 
coatings. A loss of conductivity could not be seen 
within the 10M pulses delivered to the electrodes 
which contradicts another report where PEDOT 
lost its conductive property after about 24k cycles 
in a cyclo voltammetric (CV) measurement [3]. 
This may be caused by another dopant which was 
used in the other study (PSS rather than pTS) or by 
an unconventional water window in which the CV 
was recorded (0-0.6V vs. Ag/AgCl). 

Conclusions
The aim of this study was to investigate whether 
PEDOT is a useful material for stimulating 
electrodes or if the conductive property of this 
polymer decreases over time or pulse counts. 
Therefore, typical values for PNS applications 
were chosen, e.g. 20 nC of charge injection, 200 �s 
pulse width and 25 Hz repetition frequency, to 
model a “realistic” testing environment. Mortimer 
et al. reported on pulse counts for hand prosthesis 
and concluded that approximately 200k pulses per 
day were necessary to operate such a device [6]. In 
this context it could be shown that PEDOT is a 
feasible material for stimulating electrodes with 

superior properties compared to platinum for 
subchronic experiments. The durability lies in a 
range of at least 10M pulses or 50 days, but is 
expected to be much higher since the peak-to-peak 
voltage across the phase boundary reached merely 
13 % of the available range of the water window. 

Acknowledgements 
Many thanks go to Rylie Green for supplying the recipe 
of PEDOT and its deposition parameters. The authors 
would also like to thank the European Union for 
funding this work under grant CP-FP-INFSO 
224012/TIME. 

Author’s Address 
Name: Tim Boretius 
Affiliation: University of Freiburg, Department of 
Microsystems Engineering-IMTEK 
email: boretius@imtek.de 
homepage: www.imtek.de/bmt 

References 
 [1]  S. F. Cogan, "Neural Stimulation and Recording 

Electrodes," Annu Rev Biomed Eng, vol. 10, pp. 
275-309, 2008. 

 [2]  P. M. Rossini, S. Micera, A. Benvenuto, J. 
Carpaneto, G. Cavallo, L. Citi, C. Cipriani, L. 
Denaro, V. Denaro, G. Di Pino, F. Ferreri, E. 
Guglielmelli, K. P. Hoffmann, S. Raspopovic, J. 
Rigosa, L. Rossini, M. Tombini, and P. Dario, 
"Double Nerve Intraneural Interface Implant on a 
Human Amputee for Robotic Hand Control," 
Clinical Neurophysiology, 2010. 

 [3]  N. Peixoto, K. Jackson, R. Samiyi, and S. 
Minnikanti, "Charge Storage: Stability Measures 
in Implantable Electrodes,"31st Annual 
International Conference of the IEEE EMBS, 
Sept.2-6, 2009, Minneapolis, Minnesota, USA 
2009, pp. 658-661. 

 [4]  R. A. Green, N. H. Lovell, and L. A. Poole-
Warren, "Cell Attachment Functionality of 
Bioactive Conducting Polymers for Neural 
Interfaces.," Biomaterials, vol. 30, no. 22, pp. 
3637-3644, 2009. 

 [5]  M. Schuettler, M. Franke, T. B. Krueger, and T. 
Stieglitz, "A Voltage-Controlled Current Source 
With Regulated Electrode Bias-Voltage for Safe 
Neural Stimulation," J Neurosci Meth, vol. 171, 
no. 2, pp. 248-252, 2008. 

 [6]  J. T. Mortimer, "Electrodes for Functional 
Electrical Stimulation 10," Progress report for 
NIH Neural Prosthesis Program, 1999. 

 
 

- 30 -- 30 -



Active Books: a practical way to increase  
the number of stimulation channels for FES after SCI?

Donaldson N1, Vanhoestenberghe A1, Liu X1, Saeidi N1, Demosthenous A1, Schuettler M2

1 University College London, United Kingdom    2IMTEK, University of Freiburg, Germany  

Abstract 
Progress in FES after spinal cord injury using motor neuron stimulation requires an implant that allows more 
stimulation channels but will be acceptable to informed volunteers. Stimulation of nerve rootlets allows more channels, 
probably with good reliability; much relevant useful clinical information is available from past usage of sacral anterior 
root stimulators. This paper outlines the main technical challenges presented by rootlet stimulation. 

Keywords: Active Book; Nerve Root; Rootlets; Stimulation; FES. 

Introduction  
In the 1970s and 1980s, there were more human 
trials of implanted stimulators for restoring leg 
function after spinal cord injury (SCI) than in 
recent years. This diminution is certainly not 
because the problem has been solved. Several 
reasons are apparent: Europeans have become 
more averse to risk; there is the possibility of the 
‘cure’ for spinal cord injury (perhaps remote); and 
the patient group is relatively small to amortise the 
industrial investment while regulations have grown 
into a greater obstacle to human testing. But over 
this period, technology has advanced so that 
neuroprostheses may now be possible that would 
not have been thirty years ago.  

Our goal is to develop an implant for restoring 
lower-body function; specifically to allow cyclic 
exercises (cycling and rowing), to control the 
bladder and improve bowel evacuation. Elsewhere 
in these Proceedings, we describe the SLARSI 10-
channel nerve root stimulator that we hope soon to 
use in human trials [1]. 8 of these 10 channels are 
for leg muscle stimulation at anterior roots L3-S1. 
Eight is the same number of channels as we use for 
FES-cycling with surface electrodes on quadriceps, 
hamstrings, triceps surae and gluteal muscle 
groups [2]. Power output during FES cycling is 
low and this is partly due to low metabolic 
efficiency [3]. A recent experiment by Duffell et
al. [4] suggested that low efficiency is due to crude 
activation of muscles which is inherent in the use 
of so few stimulation channels. 

Looking further ahead, how can the leg muscles be 
activated better but in a way that can be attempted 
in a human trial? Several methods have been 
suggested. Those where electrodes are close to the 

target muscles, whether cable-connected or 
wireless (Bions), seem to be too unreliable [5]. 
Mushahwar & Horch proposed microstimulation 
by 1536 electrodes on 8 combs in the motor neuron 
pools of the lumbar spinal cord [6] but this has not 
been attempted in man. More radical proposals are 
based, not on stimulating motor neurons but more 
dorsal sites so as to evoke complex motions, for 
example from the central pattern generators [7]. 
However, there is much to learn before complex 
motion methods could reasonably be attempted in 
people with SCI. 

In contrast, a great deal of clinical experience has 
been gained from Sacral Anterior Root 
Stimulators, mostly with intrathecal electrodes, 
used to restore bladder & bowel function [8]. After 
laminectomy, anterior nerve roots can be separated 
from posterior roots then trapped in electrode 
books. These implants are highly reliable [9] with 
high success rates [8]. The roots may be damaged 
by rough handling during surgery but anterior roots 
nearly always recover (whereas damage to 
posterior roots is usually permanent) [8]. At 
stimulation intensities required for skeletal muscles 
(i.e. low compared to parasympathetic nerves for 
the bladder), most patients without complete cord 
lesions will not find it too painful [10] so the 
method may be used with most SCI patients. In 
SARS, sacral deafferentation is beneficial and is 
usually performed intentionally as part of the 
treatment [8]. We have tested Lumbar Anterior 
Root Stimulators [11,12,13,14] where 
deafferentation is not intended but, if it occurs 
inadvertently, is unlikely to have much effect on 
muscle tone or spasticity [15]. Some 
neurosurgeons further separate the roots into 
smaller strands, so as to be sure that sensory fibres 
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are not trapped over the electrodes; this shows that 
further separation is possible in practice. A similar 
approach is used in selective dorsal rhizotomies.  

Each root comprises fibres from several rootlets 
that emerge from the cord. Typically there are 
about 8 [16]. Because the anterior horn cells for 
each muscle are grouped within the grey matter of 
the cord in pools [17], it seems possible that each 
rootlet is more muscle-specific than the root (but 
we can not find any evidence for this conjecture). 
However, if it is true, a rootlet stimulator would 
give more selective but direct muscle activation. 
Given that the leg muscles are innervated from L2 
to S2 (6 levels), the number of channels needed 
would be about (6 levels)×(8 rootlets/root)×(2 
sides)=96 channels. 

Technical Challenge 
In whole-root stimulators [10], each root is trapped 
in a slot over a stimulating tripole. There are two 
or more slots in each book, which lies in the spinal 
canal surrounded by the cauda equina. Each tripole 
must be electrically isolated to prevent cross-talk 
[18]. Each book is connected by a cable to a 
stimulator that is usually implanted on the costal 
margin. These cables pass through grommets [10]
at the dura that prevent CSF leakage. Given that 
high-reliability implantable cables have only a few 
separate helical wires [19], the number of channels 
is constrained by the number of cables that can 
pass through the grommet which surgeons have 
restricted to 5. Thus SLARSI is limited to 5 books 
and 10 channels [1]. 

Obviously this restriction would be avoided by 
multiplexing the stimulation current but this 
implies having electronic switches within the 
spinal canal and in intimate proximity to the 
nerves. The Active Books project is an exploration 
of the feasibility of this idea. To be feasible, many 
requirements must be met which will be outlined in 
the following sections. 

Blocking Capacitors 
μF-size capacitors in series with the electrodes are 
the orthodox method for ensuring electrical safety 
under fault conditions. They also can ensure that 
the electrodes are discharged between pulses if a 
convenient passive circuit is provided. However 
they are too large to incorporate in an Active Book. 
We developed a high-frequency integrated 
stimulation method for safety under single-fault 
conditions [20] but it required too much silicon 
area (0.38 mm2/mA) for the 8mA/channel required. 

Electrical Safety 

We therefore defined an output stage, of the layout 
described in [21], that should be safe by using fault 
detection or, where that is difficult, redundancy. 
The cables pose a risk, since they carry direct 
supply currents and may fatigue-fracture exposing 
the wires. The protocol therefore allows μA-level 
DC leakage tests to be performed on the cables 
before the ICs start drawing significant current 
[22]. 

Packaging
Placing the electronic components inside a metal 
package is impractical. One possibility is to 
encapsulate the integrated stimulator IC only in 
polymer, which means that the polymer-chip 
interface will be exposed to saturated water 
vapour, and this must not deteriorate for many 
years of implantation. However, long term tests 
done at 85%RH have shown electrolytic damage to 
passivation layers in the high field regions over 
biased tracks [23]. The trend toward smaller 
structures therefore higher field strengths in IC 
technology means that this effect is becoming an 
increasing problem. An alternative is to use wafer-
bonding methods to bond a cap over the active 
circuits so that only low-field strength regions are 
exposed to high water vapour pressure. We show 
elsewhere that the hermeticity of these caps can not 
be measured by leak rate [24]. However, if a thin-
film humidity sensor can be fabricated as part of 
the integrated circuit [25], high internal humidity 
can be detected in routine house-keeping 
procedures. 

Electrode Fabrication & Encapsulation
Schuettler et al. [26] have developed a method to 
make planar electrode arrays by cutting Pt foil on 
silicone rubber with a laser, and then spinning on 
more silicone as an overcoat. We hope to form 
tripoles in this way, which are then bent over arch-
formers and clamped into a mould to form the 
book structure [27]. Fingers from each electrode 
will be joined directly to the output pads of the IC 
by rivet-bonding before moulding silicone to 
encapsulate the joints. The structure is shown in 
Figure 1. 

Conclusion 
This paper introduces the Active Books project that 
aims to develop implantable multi-channel 
stimulator for helping people with SCI remain 
healthy. The short-term aim is to demonstrate a 
system suitable for rootlet stimulation with 20 
channels. The technology is challenging but, if 
successful, is likely to be applicable to other 
implants in which the electronics is very close to a 
compliant electrode structure. 
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Abstract 
This paper presents a brief overview of the circuit design of an integrated stimulator for a distributed stimulation 
system to reduce the number of implanted cables. The integrated stimulator will be part of the electrode assembly and is 
specifically intended for use with Active Books within the spinal canal. Because the space is very limited, no blocking 
capacitors are used. The electrodes will be passively discharged. The design allows for the stimulating tripoles to be 
isolated and the anode current ratio to be adjusted to avoid cross-talk to adjacent nerves. Stimulus intensity is primarily 
set by pulse width and cathode currents of 1, 4 or 8mA can be selected. Humidity in the micro-package will be 
measured as a safety precaution and the communication protocol to control the stimulator is briefly described. 

Keywords: Active Books, integrated stimulator circuits, humidity sensor. 

 
  

Introduction  
This paper describes the integrated circuits that 
have been designed for the Active Books 
introduced in the companion paper [1]. Figure 1 
shows an illustration of an electrode book with 
embedded integrated stimulator. 

The implanted part of the system comprises a hub 
that has the inductive receiver and power supply 
regulator. This will be at a convenient site such as 
the costal margin. 5-wire cables will run from the 
hub to each book. In this design, each book has 
four slots and there can be up to four books 
connected to the hub. The hub synchronises the 4 
books with their INOUT lines. The communication 
protocol can be expanded to more slots and/or 
more books. 

Design 
Specification 
The integrated stimulator to go in the books must 
meet the following requirements: 

1. It must be small enough to be mounted on the 
electrode book and not need any off-chip 
components.  

2. To avoid cross-talk between channels, each slot 
will have an independent tripole, i.e., one central 
cathode flanked by two outer anodes. The two 
anodes should be driven by independent current 
sources, adjustable in relative amplitude so that 

 
 (a)  (b) 
Fig. 1: Illustration of an electrode book with
embedded integrated stimulator. (a) Side view; (b)
End view (4-slot). (best viewed in colour) 

Fig. 2: Functional block diagram of the designed
integrated stimulator. Bold outlines indicate high-
voltage modules. 

- 34 -- 34 -



there can be no current outside the slot.  

3. There is a test mode in which bias is applied 
from the hub between the wires of the cables and 
the leakage currents are measured while the 
stimulator circuits in the books remain quiescent. 
The current consumption of the stimulator circuits 
in the quiescent mode must be small enough to 
make the possible harmful leakage current 
dominate the leakage reading. Cable failures can 
thus be detected.  

4. Another house-keeping test is to monitor the in-
package humidity. 

The above requirements have been met by 
corresponding circuit blocks in the designed 
integrated stimulator. Figure 2 shows the 
functional block diagram of the stimulator, driven 
by five different wires, CLOCK, ENABLE, INOUT, 
VDDA and VSS. 

Stimulation 
18V is applied between VDDA and VSS. The 
channels are selected serially by signals from the 
hub on CLOCK and INOUT. The duration of each 
stimulus pulse is defined by the ENABLE signal. 
All these signals are 0 to 5V logic where 0 is VSS. 
Only INOUT is bidirectional and only INOUT is 
book-specific; all other lines are common. An on-
chip regulator provides 5V supply for the digital 
circuits. 
With four books each of four channels, sixteen 
altogether, while stimulating at 20Hz, there is one 
pulse on each INOUT line every 50ms, with trains 
of CLOCK and ENABLE pulses. This is all that is 
necessary for normal stimulation, adjusting 
stimulation parameters and interrogating humidity.  

Quiescent Mode 
To enter the normal mode, VDDA must be high and 
INOUT must have been high at least once since 

VDDA went high. This turn-on logic procedure 
ensures that the stimulator will not be turned on 
accidently during the cable test. In the quiescent 
mode, the stimulator circuits are expected to draw 
less than 1μA from the supplies. This means that 
bias could be applied to each of the wires in the 
cable relative to the other four for long enough to 
measure the leakage current drawn from the hub. 

Command protocol 
Occasionally commands can be sent by sequences 
of trains of different lengths on the CLOCK line. At 
present, the available commands are: humidity 
measurement, change to stimulus current (on all 
channels), and change to the anode current ratio on 
a particular channel (i.e., a slot). For example, the 
sequence C18-C17-C16 means that the humidity 
should be measured, where Cn is a train of n pulses 
clocked into the stimulator. Note that all commands 
must be closed by C16 to be valid. Commands are 
of high and low security, depending on their effect. 
High security requires a longer correct heading: 
two pulse trains (C20 followed by C19) before the 
command itself, while non-stimulation related 
commands, such as humidity measurement, only 
requires a low-security heading, i.e., C18 at the 
beginning of the sequence.  

Stimulus current generator 
Figure 3 shows the stimulus current generator 

for driving a tripole. The source unit generates a 
2.3μA reference current, IREF, independent of the 
supply voltage. IREF is scaled up by 1, 4, or 8 times 
as 1, 4 or 8mA stimulus current is required. This 
scaled-up unit current, IUNIT, is further increased by 
either 200 or 196 times for the raw anodic currents, 
denoted as Ibase1 and Ibase2 in the figure. Anode1, 
Cathode, Anode2 in the figure are three equally 
spaced electrodes within a book slot. If the inter-
electrode impedance of Anode1-Cathode is the 
same as Anode2-Cathode, simple generators that 
supply equal stimulus current for either anode will 

 
Fig. 3: Stimulus current generator circuit. 
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suffice. However, due to manufacturing tolerances 
and non-idealities after implantation, such as off-
midline electrode placement, electrode deformation 
during and after implantation, growth of connective 
tissue encapsulating the electrode, or a non-uniform 
nerve within the electrode cuff [2], there will be a 
mismatch in the electrode impedance between two 
anode-cathode pairs. To compensate for the 
mismatches and confine the electrical field within 
the slot, an offset compensation circuit, consisting 
of 44 unity current sources (see Figure 3) is 
proposed. In our design, each anodic current is the 
summation of the base current, Ibase, and the offset 
current, Ioffset. By assigning certain amount of unity 
current sources to one anode and the rest to the 

other anode, anodic currents in different ratios are 
obtained. Table I shows the +20% ~ -20% current 
ratio in steps of approximately 2%. 

Humidity sensor and bi-directional data 
The in-package humidity will be monitored by a 

capacitive sensor. The change of capacitance is to 
be converted into the change of frequency by an 
oscillator, as shown in Figure 2. In a given time, the 
number of cycles is counted and then the output of 
the counter is modulated on the INOUT line by a 
parallel-in-serial-out shift register.  

Size 
The chip has been designed in a 0.6-μm CMOS 
process (Figure 4). The size of the complete 
integrated circuits is approximately 20mm2, smaller 
than the cross-section area of the electrode book 
which is about 35mm2. On the top are the pads for 
connecting to the cable. The twelve pads on the left 
and right are connected to four tripoles. The contact 
area of those IO pads has been enlarged to 
400μm×170μm for two rivets per bonds per pad.  

Conclusions 
This paper has presented a brief overview of the 
design of an integrated stimulator for isolated 
tripoles with pulse currents up to 8mA adjustable 
between the anodes. The electrodes are to be 
passively discharged without blocking capacitors. 
This integrated stimulator is intended for use in a 
distributed system, in particular with Active Books 
in the spinal canal. At the time of writing, samples 
are being fabricated.  
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Table I: Different anodic current ratio 

Cases IA1=Ibase1+Ioffset1 
(=? ×IREF) 

IA2=Ibase2+Ioffset2 
(=? ×IREF) 

Exact ratio 
(�������

���
) 

Closest 
approx. 

1 200 196+44 20% 20%
2 200+2 196+42 17.8% 18%
3 200+4 196+40 15.7% 16%
4 200+6 196+38 13.6% 14%
5 200+8 196+36 11.5% 12%
6 200+10 196+34 9.5% 10%
7 200+12 196+32 7.6% 8%
8 200+14 196+30 5.6% 6%
9 200+16 196+28 3.7% 4%

10 200+18 196+26 1.8% 2%
11 200+20 196+24 0 0%
12 200+22 196+22 -1.8% -2%
13 200+24 196+20 -3.6% -4%
14 200+27 196+17 -6.2% -6%
15 200+29 196+15 -7.9% -8%
16 200+32 196+12 -10.3% -10%
17 200+34 196+10 -12.0% -12%
18 200+37 196+7 -14.4% -14%
19 200+39 196+5 -15.9% -16%
20 200+42 196+2 -18.2% -18%
21 200+44 196 -19.7% -20%
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Fig. 4: Layout of the complete integrated stimulator. 
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Abstract 
Functional Electrical Stimulation has been used since 1970s for providing patients with thoracic spinal-cord injury 
(SCI) with leg, urinary and sexual functions. After recognizing that people with SCI tend to suffer ill-health due to the 
secondary effects of inadequate exercise, much work has been done on using functional electrical stimulation (FES) for 
cycling and rowing using surface electrodes. However, applying the electrodes is tedious and few of those who start 
FES training continue. It is now timely to develop an implanted stimulator for these functions that will allow this to be 
done without taking so much of the users´ time to apply surface electrodes. The Implanted Devices Group (IDG), 
University College London, is currently developing a new Sacro-lumbar Anterior Root Stimulator Implant (SLARSI) 
system to improve quality of life of patients and reduce the cost of healthcare. This paper assesses the pros and cons of 
this new implant by comparing it with a previous lumbar anterior root stimulators implant (LARSI), also developed by 
the IDG. 

Keywords:  FES exercising, FES-cycling, LARSI, SARSI, urological functions, sexual functions. 

 

Introduction 
People with spinal-cord injury (SCI) tend to suffer 
ill-health due to the secondary effects of 
inadequate exercise especially by the large muscles 
of the legs. Substituting the arms, such as in 
wheelchair sports, is liable to cause injury to joints 
of the shoulder and therefore is not ideal for long-
term maintenance of fitness. Much work has been 
done on using functional electrical stimulation 
(FES) for cycling and rowing using surface 
electrodes. Cycling and rowing can be enjoyed as 
sports if sufficient training is maintained. Surface-
electrode FES-cycling systems are now 
commercially-available and it is generally 
acceptable for patients to use them without 
supervision. 

Games and races in sports halls may be exciting 
but to build up and maintain the muscles, FES 
exercise must be frequent (at least three times per 
week) which means that it probably must be done 
at home. However, applying the electrodes is 
tedious and few of those who start FES training 
continue. An implant that is always available, so 
that the patient only needs to transfer onto the 
exercise machine, might make FES exercise much 
more practicable.  
In the 1990s, the Implanted Devices Group (IDG) 
trialled lumbar anterior root stimulator implants 
(LARSI) in two patients in the hope of providing a 
method for standing and stepping. However, after 

two years of practice, one of the two subjects 
implanted was only able to take 24 consecutive 
steps before needing to sit down, and her standing 
posture is still very unsatisfactory. Yet, she was 
able to cycle with the muscle combinations 
available [1]. She was therefore the first person to 
demonstrate FES cycling using nerve root 
stimulation (See Fig. 1) and has cycled over 1 km 
on several occasions [2]. 

Based on this experience, the IDG is now working 
on a Sacro-Lumbar Anterior Root Stimulator 
implant (SLARSI). The first aim of this implant is 
exercising. However, it also will allow bladder 
voiding and the recovery of some sexual functions 
by sacral anterior root stimulation.  

 
Fig. 1: FES cycling.  
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This paper assesses the pros and cons of this new 
SLARSI by comparing it to the LARSI, previously 
developed by the IDG.  

Comparing the SLARSI with previous 
LARSI 
The LARSI system [1, 3] consists of an R.F. 
coupled multiplexed receiver implant with 
intradural book electrodes trapping the anterior 
spinal roots from L2 to S2 on both sides. The 
controller, worn externally, powers and controls 
the implant via a transdermal transmitter, which is 
placed immediately over the receiver implant when 
in use.  

Compared to the LARSI, that was research based, 
the aim of the SLARSI is to provide the patients 
with a tool they can use daily to improve their 
quality of life and their health. The two systems 
differ in many ways, detailed in the following 
paragraphs.  

Focus on rehabilitation 

The LARSI system was originally intended for 
standing and stepping, but has failed to show 
satisfactory results for those aims (see 
Introduction). Cycling and rowing are more 
practical activities than walking, safer and without 
the strenuous effort of standing up and balancing. 
They are much simpler to control because the feet 
are fixed to pedals or foot-rests so the motion of 
the body is highly constrained. 

The current project is therefore focussed on 
cycling and rowing, for exercising and thus long-
term health, rather than walking. In this way, the 
implant system is designed to be integrated in a 
seamless manner to a recumbent tricycle or rower 
(e.g. through the use of a shaft encoder). 

Functions 

Besides exercising, patients who opt for SLARSI 
will also be able to empty their bladders by S3 
stimulation and to regain some sexual functions by 
S2 stimulation (SARS technique). Those functions 
were not available using the LARSI.  

However, patient suffering from detrusor 
overactivity will have to decide whether or not to 
undergo a rhizotomy. Some urologists consider 
that deafferentation should be avoided because it is 
destructive and irreversible so might preclude the 
patient from benefitting from future new 
neuroregenerative therapies. 

If they do not want a deafferentation, and they are 
content to continue to empty their bladder by self-
catheterisation, they would continue to use 

anticholinergics or Botox injections as before to 
prevent incontinence. 

Electrode arrangement 

The LARSI electrodes were configured as tripoles 
with connected anodes, as shown on Fig. 2a [4]. 
This electrode arrangement was attractive because 
only one wire is necessary for all anodes of a book. 
Three tripoles were used per book on a four wires 
cable. It was advantageous because all the wires 
need to pass through a grommet in the dura, where 
space is restricted.    

Unfortunately, a high level of cross-talk was found 
in the implanted patients. To solve this problem, 
the electrode arrangement proposed in Fig. 2b is 
used in the SLARSI system. By using separate 
tripoles, the current is confined to the slot, hence 
stimulation should only occur under the active 
cathode. 

 
Fig. 2: Electrode arrangement.  

Technology improvement 

Since the LARSI implant was designed about 
twenty years ago, it did not benefit from modern 
technology. Improvements of the new SLARSI 
system include: 

� bidirectional communication (to and from 
the implant) that will inform the user of the 
state of the implant, humidity level, 
electrode loads, etc.; 

� a custom integrated circuit for the implant 
that will reduce the size and power 
consumption, while allowing independent 
stimulation of each slot; 

� a larger range of current amplitude for the 
output stage;  

� an integrated transmitter that will be 
smaller and more robust; 

� a smaller external control box with a 
friendlier user interface, and a data logger 
that will be able to monitor the state of the 
implant, electrode loads and patient use. 
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This combination of technological advances will 
allow a state of the art implant uniquely adapted 
for nerve root stimulation. 

Reliability and risk management 

As far as possible, the SLARSI system design is 
similar to that of the Sacral Anterior Root 
Stimulator Implant (SARSI), which has been 
successfully used in many countries throughout the 
world [5], because this simplifies the process for 
getting permission to carry out experimental 
implantations. For the same reasons, the LARSI 
system was also based on SARSI.  

More precisely, when possible, components and 
materials are the same. Furthermore, the surgical 
procedure will also be based on SARSI system, 
because it has proven to be very reliable, especially 
compared to FES implants with intramuscular 
electrodes. About 3000 SARSIs have been 
implanted, generally with good clinical outcomes 
[6]. 

Work achieved 
The whole system is currently under development. 
The implant system bidirectional communication 
was successfully tested using two FPGA. The 
output stage was also successfully tested in an 
ASIC (Fig. 3). The final implant ASIC is now 
being designed, including both the communication 
and the new output stage architecture. The 
transmitter specification and architecture have both 
been completed, and the transmitter ASIC is also 
being designed. The control box is being 
implemented, including the user interface.  

 
Fig. 3: Output stage ASIC.  

Future work 
Our first aim is to complete the development of the 
new SLARSI system and liaise with hospitals 
where the clinical teams are able to competently 
implant the system, measure the responses to 
stimulation and set up the stimulator program for 
the exercise that the patient will use.  

The scientific question is whether the functional 
anatomy allows useful exercise when stimulating 
whole roots. If the conclusion is favourable, the 
method will be transferred to a company. This 
second step is difficult unless sales increase 
reasonably quickly after the investment needed to 
reach regulatory approval (CE Mark, etc).  

If we succeed, patients with spinal cord injury will 
benefit from a commercial product that improves 
their quality of life while reducing the cost of 
healthcare. In the longer term, this research also 
opens new horizons in other related fields such as 
direct control of paralysed muscles by cortical 
neurons [7]. 
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Material and Methods 

We modeled the requirements for selective phrenic 
nerve activation with COMSOL Multiphysics 3.3a 
(COMSOL Inc., Stockholm Sweden), a graphical 
environment useful for changing parameter values 
that could not be conveniently evaluated in vivo. A 
3D conductive media model was used to vary 
electrode locations, insulation thickness and inter-
electrode distances. Table 1 summarizes the 
dielectric properties used in our model. 

Component Connective 
Tissue 

Vessel 
Wall 

Blood Silicone Nerve 

Conductivity 
[S/m] 0.020 0.027 0.066 10e-4 0.087 

Relative 
Permittivity 25 45 300 11 650 

 

Table 1: Dielectric properties of human tissue [7] 

As shown in Fig. 1, endovascular electrodes were 
modeled as deployed inside the left subclavian 
vein in close proximity to the left phrenic nerve, 
and inside the superior vena cava, along which the 
right phrenic nerve courses. 

Our model compared relative stimulation efficacy 
of 2 types of electrodes: an endovascular insulating 
cuff placed snugly against the vein wall with two 
electrodes facing outward as described by Hoffer [5] 
(Fig. 2A-B) and a 6F (~2 mm diameter) vessel 
dilator with two electrodes attached to its outer 
surface (Fig. 2C-D). In both cases, the cathode and 
anode were placed at 90o from each other in a 
plane transverse to vein, parallel to phrenic nerve. 

  

 
 

 

 

Following the approvals from the SFU and UBC 
Animal Ethics Committees, prototype cuff and 
dilator electrodes (to be described in full detail 
elsewhere) were endovascularly implanted using 
the Seldinger technique. Stimulation selectivity, 
safety and stability properties were tested in nine 
acute and three 21-day chronic pigs (65 +/- 15 kg).  

Model Results 

Figs. 2A & C reveal the powerful effect of placing 
an insulating wall behind endovascular electrodes. 
To minimize occlusion of blood flow, we specified 
cuff cross-section area <10 % of vein lumen area. 
A 0.5 mm thick silicone cuff (Fig. 2A) shields the 
interior of the vein, resulting in more current 
flowing out the vein wall and into the nerve than 
for a similarly placed dilator electrode (Fig. 2C). 
These findings are evident in plots shown in Fig 3. 

 

 

 

 

 

 

 

 
Figure 3. Stimulation potentials reaching the phrenic 
nerve as function of cathodic potentials generated with 
cuff (red) vs.  dilator (blue) endovascular electrodes. 

A green dashed line in Fig. 3 shows the threshold 
potential (1.26 V; see [6]) required for phrenic nerve 
stimulation. Our model predicts the endovascular 
current required to activate a nerve with a shielded 
electrode (red arrow) is 3 times less than required 
from a lead-type dilator electrode (blue arrow). 

We estimated the stimulation sensitivity to 
electrode rotation and/or translation along the vein, 
by modeling the displacement of each electrode in  

            
Figure 4: Stimulus efficacy vs. cuff rotation angle. 

Figure 2: A. cuff with cathode electrode (red) optimally 
located inside vein wall to stimulate the phrenic nerve. 
B. cuff rotated 45o away from its optimal orientation. C. 
6F dilator with its cathode contacting the vein wall at the 
optimal location and orientation. D. Dilator electrode 
shown displaced 1.5 mm away from vein wall and nerve. 
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longitudinal and transverse directions. An example 
of a cuff electrode rotated 45o away from its 
optimal position is shown in Fig. 2B. Results of 
rotating the cuff cathode from -180o to +180o with 
respect to optimal position are plotted in Fig. 4. 
The model predicts that 90o rotation away from the 
optimal position results in a 5-fold reduction in 
nerve stimulation efficacy, and 180o rotation 
results in 50-fold reduction in stimulation efficacy.  

The dependence of stimulation efficacy on distance 
between electrode and nerve is modeled in Fig. 5. 
Advancing the cathode toward and then past the 
target nerve results in a steep parabolic function. If 
the cathode is placed just 2 cm away from its 
optimal location, our model predicts nearly 10-fold 
reduction in efficacy of transvascular stimulation. 

  
Figure 5: Model of efficacy vs. distance along vein. 

Pig Implant Results 

We mapped in acute and chronic pigs the threshold 
currents required for left phrenic nerve recruitment 
as function of electrode depth into the vein, and 
found fundamental agreement with model 
predictions. Fig. 6 shows a representative result. 
  

 
 

Figure 6: Left phrenic nerve stimulation efficacy as a 
function of electrode depth into vein (Chronic Pig #1). 

Balanced biphasic pulses of 180 μs phase duration 
were used. Electrode placements within 1 cm from 
the nerve required stimulus currents < 2 mA, but 

when the electrode was moved along the vein in 
either direction, away from the nerve, threshold 
currents increased rapidly in parabolic fashion. 

In 3 pigs, endovascular electrodes were aseptically 
implanted and left in situ for 3 weeks.  Electrode 
performance was assessed under anaesthesia on 
days 1, 11 and 21. Stimulation properties remained 
stable and the pigs remained healthy and gained 
weight normally throughout the testing period. 

Discussion 

Our model results provide guidelines for designing 
endovascular electrodes that maximize target nerve 
stimulation efficacy and also minimize unwanted 
stimulation of other structures. Stimulus efficacy is 
strongly dependent on electrode position with 
respect to both the vein wall and the target nerve, 
and is greatly improved by placing an electrically 
insulating barrier between the electrodes and blood 
inside the vein. Our results in anaesthetized pigs 
are consistent with these model predictions.  

Conclusions 

Effective transvascular diaphragm pacing in ICU 
patients will require deployment of endovascular 
electrodes within 1 cm from each phrenic nerve.  
Insulated endovascular electrodes that are stably 
positioned for diaphragm pacing are unlikely to 
produce unwanted stimulation of vagus nerves, 
since the latter course >2 cm away from the 
phrenic nerves in the regions of interest.  
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Abstract 
Local field potentials (LFPs) recorded from different brain areas can serve as useful signals to understand the interac-
tion of different brain regions during information processing. In this work, we present a flexible shaft electrode which is 
designed to be chronically implanted into different brain areas in order to measure LFPs. We demonstrate a novel 
implantation concept for penetrating the dura mater and inserting the flexible shaft electrode into gray matter with help 
of an insertion tool. A first test electrode was fabricated by microsystems technology and was hybrid assembled to be 
used with an insertion tool made from standard tungsten rods. A brain phantom (agar gel covered with polyethylene 
foil) was used to confirm the insertion principle. In vivo, the implant was able to penetrate the cortical tissue and LFPs 
were recorded from the visual cortex of a cat. However, in this first trial, the implant could not be implanted through 
the pia or dura mater. 

Keywords: polyimide, flexible, neural implant, local field potential, MEMS, insertion 

Introduction 
We have shown in a previous study that long-term 
stable LFPs can be recorded by means of a subdu-
rally implanted electrode array based on a thin, 
micromachined polyimide (PI) foil [1]. After re-
cording from the two-dimensional cortical surface, 
a next step in understanding the interaction be-
tween different brain regions during information 
processing would be to transfer the two-dimen-
sional into a three-dimensional array and to record 
not only at the surface but within the brain tissue. 
If a number of shaft electrodes each comprising a 
linear array of electrode sites is distributed over the 
cortex and inserted at the cortical areas of interest, 
a three-dimensional grid of electrode sites is ob-
tained and LFPs can be recorded from different 
brain areas as well as different tissue depths. The
single shaft electrodes presented here have a small, 
thin shank, enabling them to be inserted through 
very small holes (400 μm in diameter) in the skull
where the underlying dura mater is then penetrated. 
This approach is significantly less invasive than 
the surgery required for the implantation of the
large epicortical electrode array [1]. It is anticipat-
ed that these small holes will be closed spontane-
ously by the surrounding skull after surgery, mini-
mising post-surgical complications. By using PI as
the substrate material, shaft and cable are flexible 
and move with the brain tissue, while the connect-
or is attached to the surface of the skull. This 
should help to improve stability and quality of 

electrophysiological recordings. However, shaft 
electrodes are supposed to have two contrary prop-
erties. First, they have to be stiff during insertion
into brain tissue. Second, after insertion, they have 
to match the brain’s modulus of elasticity in order 
not to damage the surrounding cortical tissue, 
while the implant’s cable must not transfer force 
from the connector placed on the skull to the brain, 
which would cause relative motion between the 
device and the cortex. Thus the device has to be 
flexible so that the inserted part moves with the 
brain while the connector part is attached to the 
skull. This is especially challenging in the case of a 
flexible shaft electrode which has to penetrate not 
only cortical tissue but the tough dura mater. In
this work, we present an implant which serves as a 
first step towards the three-dimensional electrode 
array setup described above, together with the de-
velopment of a novel implantation technique.

Materials and Methods 
Implant Design 
To fulfil the contradicting requirements of stiffness 
during the insertion and flexibility during the 
course of a long-term implantation, we developed a 
custom insertion tool for the shaft electrodes. 
While the shaft itself is flexible, the insertion tool 
is used to penetrate the dura mater. The tool com-
prises a tungsten rod with a diameter of 100 μm
and a tapered tip, and two tungsten rods with di-
ameters of 50 μm and blunt tips. The thicker rod is 
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glued between the two thinner ones protruding
beyond them (Fig. 1). Tungsten was chosen as it is 
a standard electrode material in electrophysiology 
and tungsten rods are known to be stiff enough to 
penetrate the dura mater [2].

Fig. 1. Schematic of the insertion tool consisting of one 
tapered (100 μm diameter) and two blunt (50 μm diame-
ter) tungsten rods glued together with epoxy.

For the implantation, the tapered rod slides into a 
U-shaped profile which is glued to the back of the 
shaft’s tip (Fig. 2). The whole assembly is intended 
to be inserted into the brain, with the tapered tip of 
the rod penetrating the dura mater while the two 
blunt rods bear against the back of the U-profile,
pushing it through the hole in the dura mater and 
into the tissue. Since it is attached to the U-profile, 
the flexible shaft is inserted into the brain matter. 
After placing the shaft at the right position, the 
tungsten insertion tool is withdrawn, leaving the PI
shaft and the U-profile in the brain. 

Fig. 2. Schematic of the tip of a shaft electrode with U-
profile glued beneath it. The shaft’s tip shown from 
below with the insertion tool inserted into the U-profile.

The U-profile, made of SU-8, has a cross-section 
of 270 μm by 185 μm and a length of 1 mm. With 
its cross-sectional dimensions, it is in the range of 
standard rod microelectrodes. With such elec-
trodes, normal electrophysiology can be found 
even after many penetrations of the same cortical
tissue. Our design has the advantage that only the 
U-profile has these dimensions and is stiff. The PI 
shaft directly behind the U-profile tip is very flexi-
ble and merges in a 75 mm long cable with a cross-
section of 270 μm by 10 μm which mechanically 
decouples the shaft and the connector part helping
the U-profile to float in the tissue. During inser-
tion, the cortical tissue is pushed aside by the 
U-profile passing and can then relax due to the thin 
shaft following. Thus, it is anticipated that the im-
plant will cause even less damage than standard 
rod microelectrodes. The linear electrode array 

consists of 8 rectangular electrode sites with an 
area of 100 μm by 500 μm and a pitch of 1 mm.

MEMS Processing and Assembly of the Shaft 
The MEMS-processed electrode shafts were made 
of a 300 nm thick sputtered platinum layer, defin-
ing electrode sites, conductor paths and solder 
pads, sandwiched between two 5 μm thick spin-
coated PI foils [1]. The U-profiles were produced 
in a cleanroom with standard MEMS-technology
equipment. A silicon wafer was plasma coated 
with a C4F8 release layer. Two layers of SU-8 (SU-
8 3025 and SU-8 3050 respectively; MicroChem 
Inc., Newton, MA, USA) were spin-coated on the 
wafer and structured with UV light. The first 
24 μm thick layer forms the U-profile cover,
whereas the second layer has a thickness of 
160 μm and defines the walls of the U-profile.

Fig. 3. Cross-section of the U-profile on a wafer sub-
strate during MEMS-processing.

The U-profile was detached from the wafer using
tweezers. With the tip of a needle, a small amount 
of epoxy (UHU plus endfest 300, UHU GmbH, 
Bühl, Germany) was applied on the bottom of the 
profile walls. The U-profile was attached to the
rear side of the electrode shaft by tweezers. After 
aligning the SU-8 profile to the PI shaft, the device 
was put on a hotplate for 5 min at 70 °C to acceler-
ate the curing of the glue. SMD connectors were 
soldered directly onto the PI foil. Subsequently, 
epoxy glue was applied between the connectors 
and the PI foil to mechanically secure the soldering 
sites.

Artificial Brain Model 
To evaluate the insertion method, a brain phantom 
was made of an agar gel (1.8 wt% agar powder in 
water) simulating the cortical tissue, and was cov-
ered by a polyethylene (PE) foil which represented 
the meninges (standard household cling wrap with 
a thickness of 10-20 μm) [3]. 

In Vivo Experiment 
The experiment was conducted according to the 
guidelines of the Society for Neuroscience and the 
German law for the protection of animals, ap-
proved by the local government’s ethical commit-
tee, and overseen by a veterinarian. In one cat, 
anaesthesia was induced with ketamine and main-
tained with a mixture of 70% N2O, 30% O2 and
halothane (0.4%–0.6%). The cat was paralyzed 
with pancuronium bromide applied intravenously 
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(Pancuronium, Organon, 0.15 mg kg-1 h-1). The 
right hemisphere was exposed by a trepanation 
over striate cortex (area 17). The insertion tool was
mounted on a microdrive and the flexible shaft 
electrode was attached to it with sugar solution. 
The microdrive speed was manipulated by hand 
and the shaft was inserted perpendicular to the 
cortex to a depth of about 3 mm.

Results 
The shaft and U-profile were successfully assem-
bled. The two parts could be accurately aligned 
and the glue could be applied without blocking the

Fig. 4. Scanning electron micrograph of a hybrid as-
sembled shaft electrode tip.

Fig. 5. Insertion of a shaft into the brain phantom. (a) 
Positioning of the shaft with help of the insertion tool, 
(b) shaft after withdrawing the insertion tool.

Fig. 6. Event related potentials in the LFP signal. 20 
single trials are depicted in grey, the average response in 
black and the onset of the visual stimulus (downward 
scrolling grating) at 1 s.

U-profile’s channel (Fig. 4). Electrode impedances 
ranged from 10 kΩ to 20 kΩ at 1 kHz.

The insertion tool was able to easily penetrate the 
PE foil of the brain model and to insert the shaft at 
the desired depth of the gel (Fig. 5a). After with-
drawing the insertion tool, the shaft remained at its 
position (Fig. 5b). The working principle was con-
firmed by the successful repetition of the insertion 
procedure for 15 times. The in vivo experiment 
showed that the insertion tool combined with the 
flexible implant was easy to handle. However, 
while the shaft could be inserted into the cortex, it 
was not possible to insert it through the closed dura 
or pia mater. After insertion, LFPs could be rec-
orded. Fig. 6 depicts event related potentials to a 
given visual stimulus.

Discussion 
Although the feature size of the U-profile was 
small, it could be easily glued to the shaft by using 
tweezers and a standard stereo microscope. While 
the shaft could be successfully implanted into the 
cortex, further refinement of the design has to be 
done in order to be able to also penetrate the dura 
mater. The quality of the LFP signals was excellent 
and showed the good applicability of our electrode
in intracortical LFP recording.
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Surface electrical stimulation to assist laryngeal elevation  
for swallowing rehabilitation in dysphagia 

Kuno H1, Yamamoto N1, Yamamoto T1, Aoyagi Y2, Tsubahara A2 

1 Okayama University of Science, Okayama, JAPAN 
2 Kawasaki Medical School, Kurashiki, JAPAN 

 

Abstract 
In this study, we investigated a basic surface electrode stimulation method to support laryngeal elevation in patients 
with pharyngeal dysphagia. Subjects were 12 healthy men and 7 patients with pharyngeal dysphagia. Digastric and 
stylohyoid muscles were stimulated by the silver-textile surface electrodes covering the muscle belly. Laryngeal 
elevation by the electrical stimulation (ES) during liquid (water, 3ml) swallowing movement was measured by digital 
video camera and pressure transducer. Trajectory of laryngeal elevation demonstrated a hysteresis loop. Elevation 
distance of the larynx increased with a rise of stimulus strength. Laryngeal elevation by ES was 76.0% in healthy 
subjects and 86.6% in patients in comparison with liquid swallowing. ES for the laryngeal elevation may assist a part 
of the swallowing reflex. 

Keywords: Surface electrical stimulation, Dysphagia, Laryngeal elevation. 

 
  

Introduction  
Recently, the application of Functional Electric 
Stimulation (FES) has come to be paid to attention 
to dysphagia. The surface electric stimulation (ES) 
of this study is noninvasive attacks, and may also 
promise the effectiveness of sensory nerve 
stimulation. 

In the swallowing therapy, it is one of the 
important functions to be able to cause the rise-up 
movement of the hyoid bone. In 2002, the first 
commercially available stimulator (VitalStim) was 
developed in the USA for swallowing 
rehabilitation [1]. It stimulates the infrahyoid and 
suprahyoid muscles by comparatively small 
surface electrodes (0.5 in2) on the skin over the 
throat area. At that time, a physiologic role of each 
muscle was not examined enough in VitalStim, and 
the program for the movement generation has not 
been proposed. According to the recent research of 
Tsushima et al. (2009) during normal swallowing, 
the hyoid moves up and forward [2]. The 
geniohyoid, mylohyoid, and digastrics muscles lift 
the larynx, and its movement is assumed to settle 
toward the mandible. 

Humbert et al. (2006) and Ludlow (2010) 
examined the effect of stimulation of the surface 
electrode type [3, 4]. They indicate that it is 
necessary to pay attention to the stimulating timing 
so that the stimulation of hyoid depressors may 
have the possibility to bring aspiration (or 
misswallowing). Lastly, it is pointed out that a 

further verification is needed to the clinical 
effectiveness of ES. 

We hypothesized that the surface ES of the 
suprahyoid muscles; digastrics and stylohyoid 
muscles, can assist laryngeal elevation, which is a 
similar rise-up motion of the hyoid bone during 
normal swallowing. The final goal of our research 
is to develop the electrical stimulator for 
swallowing rehabilitation. 

Material and Methods 
Subjects 

Subjects were 12 healthy male volunteers (between 
21 and 23 years of age) and 7 patients with 
pharyngeal dysphagia. Informed consent was 
provided before examination.  

Experimental protocol 

Liquid (water, 3ml) swallowing movement was 
estimated by EMG, accelerometer, digital video 
camera and pharyngeal pressure transducer. EMG 
was obtained from masseter, digastrics, geniohyoid, 
and mylohyoid muscles [5]. Wireless three-axis 
accelerometer was attached on a hyoid bone. 
Elevation distance of the larynx was measured by 
image analysis software (ImageJ, NIH) from a 
digital video camera image. Pharyngeal pressure 
was measured by pressure transducer which placed 
on epipharynx, oropharynx, hypopharynx and 
esophageal entrance. 
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ES was done with the experimental constant-
voltage type stimulator (8 channels) [6], and a 
biphasic burst-stimulating wave was modulated 
with the rectangular (or sine) wave of 5 kHz carrier 
frequency. The polarization voltage between the 
skin and the electrode was compulsorily 
discharged for about 10ms by using optical 
switching technique. In addition, the surface 
electrode was made from the silver-nylon woven 
cloth, and the size of the electrode has been 
adjusted to cover muscle belly. 

Results and Discussion 
Firstly, on the rectified EMG around the submental 
region (figures, not shown), the acceleration 
amplitude of the hyoid bone in the normal 
swallowing movement pattern, the starting point of 
acceleration wave was almost synchronized with 
muscular discharges of the mylohyoid and 
geniohyoid muscle, which reflects elevation of the 
thyroid cartilage by the swallowing movement. 

Figure 1 shows one example of elevation distance 
of larynx with stimulus strength. Dotted line shows 
liquid swallowing movement, solid line shows 
elevation of larynx using ES and bold solid line 
shows stimulation pattern. Elevation distance of 
larynx increased with a rise of stimulation voltage 
and was saturated in more than 35V. It seems that 
it is a maximum of elevation by ES. The elevation 

distance pattern almost accorded with a stimulation 
pattern. Therefore, it can select appropriate 
stimulus pattern and strength for the patients.  

Figure 2 shows elevation distance of larynx in 
healthy subjects (a, b) and patients (c, d). Left side 
of figures were liquid swallowing, and right sides 
of figures were elevation of larynx using ES. 
Elevation distance had a slightly smaller with ES, 
in comparison liquid swallowing movement. 

Fig.2 Elevation distance of larynx in healthy subjects (a, b) and patients (c, d). Left side of figures were liquid 
swallowing, and right sides were elevation of larynx using ES. Bold solid line (b, d) shows stimulation pattern. 

Fig.1 One example of elevation distance of larynx with 
stimulus strength. Dotted line shows liquid swallowing 
movement, solid line shows elevation of larynx using ES, 
and bold solid line shows stimulation pattern.pattern. 
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Elevation of larynx by ES was 76.0% in healthy 
subjects and 86.6% in patients in comparison with 
liquid swallowing. The electrodes must be placed 
carefully, because the elderly has a wrinkle and 
slack of the skin. Burnett et al. (2005) showed that 
the normal subjects could start ES by manual 
switch for swallowing [7]. It is necessary to 
evaluate sensory function of oral cavity, a finger 
function, and a cognitive function when the 
patients handle the switch. 

 Figure 3 shows pharyngeal pressure change in 
epipharynx, oropharynx, hypopharynx and 
esophageal entrance. Pharyngeal pressure of 
healthy subject shows positive pressure in 
epipharynx, oropharynx, hypopharynx, and 
negative pressure in esophageal entrance (a). On 
the other hand, positive pressure of patient was 
lower than healthy subject, and negative pressure 
did not happen (b). On the other hand, ES caused 
negative pressure of esophageal entrance of patient 
(c). We conclude that elevation of larynx by ES 
assist to generate negative pressure of esophageal 
entrance and may facilitate swallowing movement. 

Conclusions 
In this study, we investigated a basic research of 
surface ES to assist laryngeal elevation. As a result 
of having compared with liquid swallowing 
movement, the ES was able to elevate a larynx to 
assist swallowing reflex movement. 
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Fig.3 Pharyngeal pressure change in epipharynx, oropharynx, hypopharynx and esophageal entrance. 
Figures were healthy subject (a) and patient (b, d). 
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Abstract 
Tetraplegia may result in significant paralysis of the breathing muscles. Decreased forced vital capacity (FVC), forced 
expiratory volume in one second (FEV1), peak expiratory flow rate (PEF) and maximum expiratory pressure (MEP) can 
result in significant respiratory compromise. It has been shown that abdominal functional electrical stimulation (FES) 
can augment the above measurements of pulmonary function in single session cross sectional studies. We investigate 
the effects of an abdominal FES training program on unassisted pulmonary function tests (PFT), FES-assisted PFT and 
the effectiveness of FES-assisted PFT compared to unassisted PFT. The results from six tetraplegic subjects showed 
increases in unassisted FVC, FEV1 and PEF and FES-assisted FVC after the training intervention, followed by a 
decrease during the detraining period, although only the changes in FES-assisted and unassisted FVC were found to be 
statistically significant. Large inter and intra-subject variability was found in terms of the effectiveness of stimulation 
which may have affected the FES-assisted FEV1 and PEF results. We conclude that an abdominal FES training 
program can be used as a muscle strengthening tool that can increase unassisted PFT in tetraplegia.  

Keywords:  Spinal cord injury (SCI), tetraplegia, respiratory function. 

Introduction  
Spinal cord injury (SCI) to the cervical region 
(tetraplegia) may result in significant paralysis of 
the intercostals and abdominal muscles. A 
decreased forced vital capacity (FVC), forced 
expiratory volume in one second (FEV1) and peak 
expiratory flow rate (PEF) indicate significant 
respiratory compromise [5] as can changes in the 
maximum expiratory pressure (MEP) and the 
ability to cough [4]. The resulting respiratory 
complications are one of the leading causes of 
rehospitalisation and death in tetraplegia [1]. 

Functional electrical stimulation (FES) has been 
shown to improve the above pulmonary function 
tests (PFT) but only in single session cross 
sectional studies [3]. It is predicted that an increase 
in PFT will relate to an improved cough and a 
reduction in respiratory complications [2]. Studies 
have investigated training paradigms that 
incorporate abdominal FES [4] but no research 
with a training program based exclusively on 
abdominal FES and its effect on unassisted and 
FES-assisted PFT has been reported. An advantage 
of this type of training program is that it can be 
carried out without distracting the patient from 
other activities.    

We investigate the effects, in tetraplegic subjects, 
of a three week incremental training program and 

the subsequent de-training period on PFT. We 
examine the changes in unassisted PFT, FES-
assisted PFT and the efficacy of FES-assisted PFT 
compared to unassisted PFT. It is hypothesised that 
a positive effect will be seen in each of the above 
situations over the course of the training period. 

Material and Methods 
Subjects  
As part of an ongoing programme of FES 
augmented ventilation, results from six patients are 
reported. Table 1 gives a summary of the patient 
details. All subjects were ventilator independent 
but with reduced vital capacity and good response 
to surface abdominal FES. 
Table 1 Subject details 

Subject Sex Age 
[yr] 

Height 
[cm] 

Post-injury 
[months] 

Level AIS 

S1 M 25 168 96 C4 A 
S2 M 53 187 8  C6 C 
S3 M 52 178 4  C3 C 
S4 M 18 173 27  C6 A 
S5 M 20 183 4  C6 A 
S6 M 18 183 2 C5 C 

Study protocol 
The protocol used in this study is summarised in 
Table 2. 
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Table 2 Outline of study protocol 

Week 1 2 3 4 5 6 7 8 

Training [min/day]  20 40 60     

Assessment 1 2   3   4 

Each subject underwent three weeks of abdominal 
FES muscle training which incremented from 20 
minutes per day in the first week to 60 minutes per 
day in the third week. Training was carried out up 
to 5 times per week. In addition to the training 
sessions we required that each subject participated 
in four assessment sessions. Each assessment 
session was conducted at the beginning of the 
week marked in Table 2. Assessments A1 and A2 
are baseline measurements that were used as a 
control period before the intervention began. A3 
assessed the impact of training and A4 was used to 
determine any de-training effect that may have 
occurred. 

Pulmonary Function Tests (PFT) 
FVC, FEV1 and PEF were determined from forced 
vital capacity tests using a spirometer (Microloop), 
while MEP was measured with a mouth pressure 
meter (MPM, both Micromedical, UK). Each test 
(FVC and MEP) was first carried out unassisted 
followed by a FES-assisted test. A successful test 
was considered when three attempts were obtained 
that were within 20% of each other, up to a 
maximum of 5 attempts.  

Functional Electrical Stimulation (FES) 
FES was applied to the rectus abdominus and 
external oblique muscles bilaterally using 
transcutaneous electrodes. Biphasic stimulation 
was delivered at 30Hz, with a constant current (25 
to 110 mA) and variable pulsewidth (30 – 500 μs) 
with a programmable stimulator (RehaStim, 
Hasomed GmbH, Germany).  

At each assessment session the stimulation current 
was set individually for each muscle group until a 
strong even contraction was observed across the 
abdomen at a pulsewidth of 50μs. The pulsewidth 
was increased during the MEP test until a plateau 
was reached. These stimulator settings were then 
used for the stimulated FVC test. For both tests, 
stimulation was manually triggered by the 
researcher to correspond to the subject exhaling. 
Stimulation was delivered until the end of the 
maneuver. 

During the training sessions the stimulation period 
was set to match the patient’s breathing rate with a 
duty cycle of 50%. The stimulation was manually 
synchronized so that stimulation onset matched the 
start of expiration. The stimulation current and 
starting pulsewidth were set to those values which 

had produced the highest MEP during the most 
recent assessment session. To compensate for 
muscle fatigue the pulsewidth was increased 
throughout the training session to maintain a 
consistent level of abdominal movement as judged 
by visual inspection. 

Analysis 
Due to the difference in absolute respiratory 
function between subjects, the results were 
normalised for each subject to their baseline 
performance (A1), allowing comparison of results 
between subjects. To test for statistical significance 
a Friedman test was performed. If significance was 
found then a post-hoc multiple comparison test 
with Tukey’s honestly significant difference 
criterion was used to determine in which interval 
the significance lay. In both tests the significance 
level was set at p<0.05. 

Results 
In most cases subjects tolerated the stimulation 
well and a strong contraction of the abdominal 
muscles was achieved. With S2, one side of the 
abdomen did not respond well to the stimulation 
resulting in an uneven contraction.  S3 experienced 
discomfort in response to the stimulation which 
limited the maximal stimulation intensity which 
could be used.  

Unassisted and FES-assisted FVC, FEV1, PEF and 
MEP at each of the assessment sessions are shown 
in Figure 1 and 2, respectively. Statistical 
significance was found for the changes in FVC 
between assessments for the unassisted and FES-
assisted PFT. In both cases, the multiple 
comparison test revealed significant changes 
between A2 and A3 and no significant changes 
between A1 and A2 or between A3 and A4.  

0

50

100

150

200

250

FVC FEV1 PEF MEP

Pe
rc

en
t o

f u
na

ss
is

te
d 

A1
 [%

]

A1
A2
A3
A4

Figure 1 Unassisted group PFT results (mean ± standard 
deviation) at each assessment session. Results are 
normalised and expressed as a percentage of unassisted 
PFT at A1.  
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Figure 2 FES-assisted group PFT results (mean ± 
standard deviation) at each assessment session. Results 
are normalised and expressed as a percentage of FES-
assisted PFT at A1. 

Discussion 
Unassisted FVC, FEV1 and PEF all improved over 
the training period (between A2 and A3). There 
was a slight increase in the baseline period 
(between A1 and A2) which suggests some natural 
recovery in these patients. The increase over the 
training period (between A2 and A3) was followed 
by a drop in the de-training period (between A3 
and A4). This shows that the increases seen 
between A2 and A3 can, at least partly, be 
attributed to the influence of the training 
intervention.  

A similar pattern can be observed for FES-assisted 
PFTs from A2 to A4. However this was preceded 
by a drop in PFT during the baseline period (A1 to 
A2), making the results less clear. Detailed 
analysis of individual results showed large 
variations in the effect of FES on PFTs throughout 
the intervention and between subjects. This shows 
an inconsistent influence of abdominal FES on the 
PFT.  

While the changes in FVC were significant, the 
trends observed in FEV1 and PEF did not reach 
significance level. This study included a small 
number of subjects, with variations in level and 
severity of injury, time post injury and age, 
resulting in a complex case mix which limits the 
statistical analysis of the data.  

MEP (both unassisted and FES-assisted) increased 
from A1 to A4. On closer examination of the 
results it was found that this increase was due to an 
individual subject, S3. Removing this subject from 
the pool showed no general trend or statistically 
significant change in MEP in response to the 
training protocol. Since this subject had the highest 
injury he had initially the greatest difficulty 
performing this test, but appeared to improve his 
ability to use his neck muscles to support 

respiration throughout the study. Removing S3 
from the subject pool for the FVC test had no 
marked effect on the results discussed above.  

Conclusions 
A progressive FES training intervention leads to 
increases in unassisted FVC, FEV1 and PEF. 
Respiratory function decreases when the training 
intervention is discontinued, indicating that 
continued application is necessary to sustain long 
term improvements in breathing function. The 
outcome of FES-assisted PFTs showed large 
variability, suggesting an inconsistent influence of 
abdominal FES on FVC and MEP tests which 
require substantial volitional effort and 
coordination from the subject. 
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Abstract 
High level tetraplegic individuals have partial or complete paralysis of their breathing muscles, leading to respiratory 
complications. Functional electrical stimulation of the abdominal wall muscles through surface electrodes can improve 
respiratory function. In this study the aim was to find the optimum number and position of the electrodes for abdominal 
stimulation, based on the response to a stimulation burst. Effectiveness of abdominal stimulation was judged by the 
resulting movement of the abdominal wall which was measured using a piezoelectric belt worn around the abdomen. 
Pairs of stimulation channels were applied bilaterally in three different positions: anterior, lateral and posterior. In 
addition to the response to stimulation of single channel pairs, combinations of anterior & lateral and lateral & 
posterior channels were evaluated, resulting in five different settings. Experiments were conducted with 10 able bodied 
individuals. Results show that (i) overall the combination of lateral & posterior channels resulted in the strongest 
response, (ii) in most subjects, the lateral channels resulted in a comparable response to the stimulation of two channel 
pairs, and (iii) in some subjects the strongest response was obtained from the anterior channel pair. This suggests that 
the optimal electrode placement may depend on individual factors such as body shape and composition.  

Keywords:  tetraplegia, abdominal muscle stimulation, optimal electrode placement. 

 
  

Introduction 
Because of partial or complete paralysis of their 
breathing muscles, people with tetraplegia are at 
increased risk of respiratory complications which 
are a leading cause of death in the spinal cord 
population [1]. Electrical stimulation of abdominal 
muscles during expiration can improve respiratory 
function in these patients [2,3]. As the abdominal 
muscles are stimulated they contract which 
increases the intra-abdominal pressure and reduces 
lung volume. This can lead to a larger expiration 
flow and improved cough, and subsequently 
increased inspiratory volume. 

In previous studies [3], four stimulation channels 
were used: two channels in anterior locations close 
to the ubilicus stimulate the mm. rectus abdominis, 
while the other two channels which are positioned 
more laterally stimulate the lateral abdominal 
muscle group (mm. transversi and mm. obliqui ext. 
et int.) on both sides. A previous anatomical study 
[4] has indicated that a larger part of the abdominal 
muscles is stimulated by laterally located 
electrodes since these lie directly over the nerves 
that supply the abdominal muscles in the 
midaxillary line.  

Lim et al. [5] have previously investigated the 
optimal electrode placement for abdominal 
stimulation, using single twitch responses. They 
confirmed that stimulation at the posterolateral 

location is more effective than stimulation at the 
anterior site. 

The aim of this study is to determine the optimal 
location of electrodes for abdominal muscle 
stimulation using stimulation bursts, rather than 
single twitch responses. The stimulation response 
is determined by evaluating the change in 
abdominal girth during application of the burst. 

Abdominal muscle movement will be quantified by 
measuring changes in abdominal girth, using a 
piezoelectric belt. It has been shown that this 
approach can be used to measure respiratory 
function [6], and this technique has been 
previously used with electrical muscle stimulation 
[7]. By using a direct measurement of the 
abdominal muscle movement, it is possible to 
quantify the effect of the stimulation and to 
exclude the influence of any involuntary response 
on the subject’s breathing function. For a given 
stimulation intensity, a more optimal placement of 
the electrodes will be characterised by a stronger 
movement of the abdominal wall. 

Material and Methods 
Subjects 
A total of 10 healthy subjects were recruited to 
take part in the study (7 male, 3 female, 22-39 
years old). All experimental procedures where 
approved by the local ethics committee at the 
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University of Glasgow, and subjects gave written 
informed consent.  

Functional Electrical Stimulation 
A total of eight surface electrodes (Axelgaard 
PALS Platinum, 3.3cm x 5.3cm) were positioned 
bilaterally on the abdomen in one of two setups: In 
setup I (based on [4]), two stimulation channels 
were place at the anterior position, close to the  
ubiliucs while a second pair of stimulation 
channels was positioned over the lateral abdominal 
muscle group. In setup II (similar to that in [5]), 
one pair of channels was in the same lateral 
location as for setup I, while the second channel 
pair was placed more posterior. For each channel, 
electrodes were positioned along the superior-
inferior axis. We investigated a total of five 
channel combinations: single channels on both 
sides, corresponding to the setups described above 
(anterior, lateral, posterior positions), and 
combinations of two channels on both sides 
(anterior+lateral, lateral+posterior).  

Stimulation was applied using a programmable 
stimulator (RehaStim, Hasomed GmbH, Germany) 
connected to a laptop PC. For each pair of 
channels, stimulation intensity was progressively 
increased until a level was reached which was high 
enough to make the abdominal muscles contract 
while still being comfortably tolerated by the 
subjects. A constant stimulation frequency of 30Hz 
was chosen, and stimulation currents ranged from 
25 to 40mA, with pulsewidths between 150 and 
250μs. 

To measure changes in abdominal girth, subjects 
wore a piezoelectric belt (ProTech, USA) 
positioned around the abdomen which was 
connected to the PC through a custom-made 
amplifier [7] and a DAQ-card (6024E, National 
Instruments, USA). The response of the 
piezoelectric belt in response to stretching had 
been calibrated in separate experiments to ensure a 
linear output in the range of interest for these 
experiments. The stimulation was synchronised 
with the subject’s breathing based on the flow 
measured by a portable spirometer (Microloop, 
Micromedical, UK) via a low dead-space facemask 
[3]. Data recording and stimulation control were 
implemented in Matlab/Simulink.  

During the experiment, subjects were asked to 
breathe normally. Stimulation was applied in 
random order in one of the five channel 
combinations described above, for one minute, 
followed by one minute without stimulation. The 
duration of the stimulation bursts which were 
automatically synchronised with the subject 
exhaling, was 1 second. 

Data analysis 
The signal obtained from the piezoelectrical belt 
was integrated to obtain a measure of 
displacement, and the change in abdominal girth, 
� , was determined for each breath. For each 
subject, the mean change of abdominal girth during 
quiet breathing periods without stimulation, 

nostim� , was calculated. The changes in girth during 
breathing with stimulation were normalised by this 
value, /norm nostim� � �� . 

Results 
Figure 1 shows a comparison of the normalised 
changes in abdominal girth, averaged over all 
subjects. The largest response for stimulation of a 
single channel pair was obtained for the lateral 
position. The combination of anterior and lateral 
channels resulted in a comparable abdominal 
movement, while the strongest response was 
obtained for the combination of lateral and 
posterior channels. 
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Fig. 1: Normalised change of abdominal girth (mean +/- 
standard deviations over all subjects) for different 
channel combinations (A−anterior, L−lateral, 
P−posterior, A+L−anterior+lateral, L+P−lateral+ 
posterior) and un-stimulated breathing (US). 
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Fig. 2: Normalised change of abdominal girth (mean +/- 
standard deviations) for different channel combinations 
for two subgroups of subjects. 
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When analysing results for individual subjects, the 
overall trend seen in figure 1 could only be 
observed in 6 subjects (Group A). In the remaining 
4 subjects (Group B), stimulation of the anterior 
channels resulted in larger movements than 
stimulation of the lateral channels (see figure 2). 
Combination of anterior and lateral channels 
resulted in the largest movement for combined 
channel stimulation in Group B, although this was 
smaller than the response to stimulation of the 
anterior channels on their own. 

Discussion 
This study shows that stimulation of the lateral 
positions created more abdominal wall movement 
for more subjects than any of the other tested 
single channel positions. Overall the largest 
abdominal wall movement was obtained when the 
lateral and posterior channels were combined. 
Stimulation of the anterior and posterior channels 
on their own had the smallest effect. This is 
consistent with the results reported in [5] for single 
twitch responses were large electrodes at the 
posterolateral positions (equivalent to the 
combination of lateral and posterior channels 
here) resulted in the strongest response. Our 
previous study [4] had shown that the nerves that 
supply a large mass of abdominal muscles are 
stimulated by electrodes placed in the lateral 
positions, which provides a possible underlying 
reason for these being the most effective.  

Analysis of individual responses revealed that the 
overall response described above could be 
observed in 60% of the subjects, while for the 
remaining 40% the strongest response was seen for 
the anterior stimulation channels. For the group in 
which the strongest response was observed at the 
lateral position, additional stimulation of the 
posterior channels did not increase the overall 
response. 

A possible explanation for the different stimulation 
responses in the two groups might be inter-subject 
variations in the amount and distribution of body 
fat at the stimulation site. This could explain that 
stimulation of the lateral muscles was less effective 
in some individuals. 

Conclusions 
The main aim of this study was to find the 
optimum number and positions of electrodes for 
abdominal stimulation. Despite the large variation 
in the results, more subjects had a larger abdominal 
wall movement during stimulation of the lateral 
positions than the anterior and posterior positions. 
For some subjects the stimulation of anterior 
positions was more effective.  

While the combination of lateral and posterior 
channels was overall the most effective, in most 
individuals the stimulation of a single channel 
resulted in comparable abdominal wall movement.  

This suggests that a test should be carried out with 
each subject when undergoing abdominal 
stimulation to determine the optimum stimulation 
position for this individual. This would allow to 
potentially use only one pair of stimulation 
channels instead of two in those subject were 
appropriate. Being able to use fewer stimulation 
channels reduces the effort required for donning 
and doffing the electrodes, facilitating the practical 
use of abdominal muscle stimulation as a standard 
technique in clinical and rehabilitation practice. 
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Abstract 
We present a closed-loop system for tremor suppression based on the inertial sensors and FES. The proposed algorithm 
is able to extract information about tremor from the inertial sensors and send stimulation pulses to a pair of antagonist 
muscles in real-time, out-of-phase with tremor. This strategy suppressed more than 80% of tremor RMS value in one 
representative Parkinson’s disease patient.  

Keywords:  Tremor, FES, suppression, Parkinson’s disease.

Introduction 
Tremor is a rhythmic, involuntary muscular 
contraction which is usually most severe in upper 
limbs [1]. Tremor can be highly indisposing in 
everyday living simple activities such as holding a
cup, writing, unlocking the door, etc. When it 
becomes highly noticeable, a person is additionally 
exposed to a social embarrassment. Tremor is 
usually controlled by medication, but in many 
cases the therapy is not effective enough and the 
appearance of numerous side effects can be a 
limiting factor. In very severe cases, when no 
medications help, the surgical procedure of Deep 
Brain Stimulation is proposed [2].  

The alternative approach in tremor suppression 
based on surface Functional Electrical Stimulation 
(sFES) was first introduced by the group from the 
University of Alberta, Edmonton, Canada led by 
Prof. Prochazka [3, 4]. Although the findings were 
encouraging, no further results were published. 
Most recently, two research groups, European 
partners on TREMOR FP7 project [5] and 
Nanyang Technological University Biorobotics 
group [6], continued the research with FES driven 
tremor attenuation of upper limbs. The system 
should rely on closed-loop control, based on 
signals recorded from inertial sensors and/or 
Electromyography (EMG) recordings. The 
imperative is that the voluntary motion is not 
disturbed. FES should only influence tremor.  

This paper presents progress in tremor suppression 
FES system development. We explain basic 
structure of the algorithms used to extract tremor 

from inertial sensor data and to control stimulation 
pulses in real-time, out of phase with tremor. 
Furthermore, we present the results obtained from 
one representative Parkinson’s disease patient.  

Material and Method 
Subject 
The subject was a 68 year old woman with 
Parkinson’s disease for 15 years, tremor scale 3. 
She signed informed consent approved by the local 
ethics committee and voluntary participated in the 
study.  

Apparatus and setup 
All the programs presented in this paper were 
designed in Matlab Simulink environment 
(MathWorks R2007b, Natick, MA) and run with 
the Windows XP operating system. Data was 
acquired with PCMCI-6062E NI DAQ Card 
(National Instruments) with 1 kHz sampling rate. 
Motion in the wrist was sensed with two IDG-300 
gyroscopes placed on the dorsal side of the hand 
and on the distal forearm (Fig.1). Wrist angular 
motion was obtained by subtracting the two signals 
from gyroscopes. For the stimulation of extensors 
and flexors we used two UNA-FET stimulators [7] 
and four self adhesive Pals platinum electrodes. 
Stimulators can be externally triggered with 
standard TTL pulses. When the trigger is on the 
high level, stimulation is on, while the trigger low 
level turns the stimulation off. Stimulation 
frequency and pulse width were set to 40Hz and 
250 μs, respectively. Current intensities were set to 
minimal values which elicited wrist flexion 
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(20mA) and extension (22mA) of the patient. 
Patient was seated comfortably in a chair, with the 
forearm supported on the armrest. 

Fig.1. Diagram of closed-loop FES system for tremor 
suppression. 

Program description 
First step in designing a closed-loop system for 
tremor suppression was the development of the 
program for real-time tremor extraction from the 
inertial sensor data. Inertial sensors record both, 
tremor and voluntary movement component. If we 
want to suppress tremor without disturbing the 
voluntary movement, we need to separate these 
two components. Tremor is considered to be a 
quasi-stationary oscillatory signal with frequency 
changing slowly over time. Therefore, we decided 
to use Butterworth 2nd order band-pass filter, 
augmented with the ability to constantly adapt its 
center frequency (fa) according to the dominant 
frequency of the filter output, Fig.1. The filter 
transfer function is: 

22
)(

aa

a

ss
ssH

ωβω
βω

++
=

where β=sqrt(2), and ωa=2�fa. Since filter has a 
zero phase at the center frequency, the signal 
content at fa passes through with a zero delay and 
no attenuation. In order for filter to work properly, 
fa has to be initially set to a value close to the 
tremor frequency, ftr. From that point on, filter 
center frequency is calculated as 1/2H, where H
(half-period) is the time between the two 
consecutive zero crossings of the filter output. 
Gradually, filter will self-adapt its center frequency 
until it reaches the tremor instantaneous frequency. 
Moreover, it will also track the slow changes in 
tremor frequency over time. The filter performance 
is explained in details elsewhere [8]. 

Second part of the program is designed to send 
trigger pulses to the stimulators in order to elicit 
muscle contractions out-of-phase with tremor. 
Real-time tremor estimation from the first part of 
the program is used to determine the previous 
tremor cycle onset moment. Based on the quasi-
stationary oscillating nature of the tremor, we 
adopted the assumption that two subsequent cycles 
(e.g. two extensions of the wrist) have equal 
durations and that the information from the 
previous cycle can be used to generate stimulation 
pulses for the next cycle, Fig.1. Each time a zero 
crossing is detected, trigger is sent to the 
corresponding stimulator after a time delay of 
7H/8-D, and it lasted for 10H/8, where the tremor 
half-period, H, and time delay between the 
stimulation and the movement onset, D are already 
identified. Short-time co-contractions lasting H/8 
between two phases of stimulation (e.g. switching 
from extension to flexion) were introduced in order 
to avoid strong and unpleasant twitch generation.  

Experiment  
The experiment comprised three phases. In the first 
phase, the patient was asked to keep the arms 
outstretched in front of the body during 30s. No 
stimulation was applied. This recording was used 
to determine the tremor dominant frequency, ftr, in 
order to preset the filter center frequency, fa. In the 
second phase, stimulation was applied to the wrist 
flexor and extensor muscles to produce 2 Hz 
oscillations in the wrist. Tremor is commonly of 
higher frequency than 2 Hz, therefore, oscillations 
induced by the stimulation are easily separable 
from those originating from tremor. This recording 
was used to determine a time delay between the 
stimulation and movement onset, D. Finally, the 
stimulation was applied to suppress wrist 
oscillations by sending bursts of current pulses out-
of-phase with tremor, Fig.1. 

Results and discussion 
Parameter values obtained from the first two 
experiment phases are provided in Table.1.  

Age Disease ftr D 
68 PD 5Hz 40ms 

Table 1.  PD patient parameters (ftr- tremor dominant 
frequency, D- time delay between the stimulation and 

the movement onset). 

In the first approach, we presumed that the 
contractions produced by stimulation would only 
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attenuate tremor intensity, and that the frequency 
and phase of the movement would be preserved. 

Fig. 2. Results for the (a) closed-loop and (b) semi 
closed-loop FES tremor suppression. Trigger profiles 
are symbolically presented pointing up and down to 

suggest the action on the opposing muscles. When the 
line is close to zero, the trigger is inactive, otherwise it 

is active and the stimulation is delivered to the 
respective muscle nerve.  

Results showed that in the periods when no 
stimulation was applied (0-5s in Fig.2a) the 
frequency of the wrist movement was 
approximately constant. When the stimulation 
started (5s) the frequency and phase of the 
movement in the wrist were altered by FES (5-10s, 
Fig.2a). This modified regime of tremor oscillation 
was no longer providing valid information about 
movement induced by tremor. Without the proper 
information about tremor onset in each cycle the 
closed-loop system became unstable. Pulses were 
sent in irregular intervals, with wrong timings and 
as a result not out-of-phase with tremor all the 
time. Not only that FES didn’t suppress tremor, but 
it produced strong and unpleasant, low frequency 
twitches in the wrist. Instead, we tested a 
somewhat different approach, i.e semi-closed loop 
tremor supression. We used the fact that tremor 
frequency varies very slowly with time, and 
presumed that constant stimulation frequency 
could be adequate for as long as several seconds. 
Hence, we modified the algorithm to update the 
frequency and phase for one second (closed-loop 
period) and to send triggers with constant 
frequency for the next three seconds (open-loop 
period), repeatedly (Fig.2b). In this case, the 
results showed noticeable decrease in the tremor 
amplitude during FES (2-5s and 6-9s). The RMS 
value of wrist angular velocity was decreased from 

67.99 in the first 2s without stimulation to 12.26 in 
the next 3s (first period of stimulation, 2-5s), 
which is less than 20% of the initial tremor value.       

Conclusions  
The proposed algorithm was used with the data 
from the inertial sensors to send stimulation pulses 
to a pair of antagonist muscles in real-time, out-of-
phase with tremor. This strategy suppressed more 
than 80% of tremor RMS value in one PD patient 
with tremor frequency of 5 Hz. However, the 
algorithm requires short adaptation periods without 
stimulation in order to adapt the parameters 
(tremor frequency and phase) used in the open-
loop control periods. This requirement could be 
omitted by employment of an additional 
information source - EMG recordings. EMG can 
provide valuable information about tremor onset; 
therefore it could be used to trigger the stimulation 
in each cycle. In further experiments, we will 
evaluate more patients with different types of 
tremor.  
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Abstract 
Amputees not only lack motor function, but also sensory feedback of the missing limb. It has been shown that lower-
limb amputees can improve certain gait characteristics when they perceive additional information about the kinematics 
and kinetics of their prosthetic leg. In this paper, we address the question whether it is feasible to provide centre of 
pressure location information via electrotactile displays by exploiting the phantom sensation phenomenon, where 
relative intensity of two electrode pairs is used to encode position between them, creating a single illusory stimulus. 
Four healthy subjects were asked to identify different locations or movement patterns of the illusory stimulus on a 
discrete scale under static and dynamic conditions. These stimuli resembled CoP patterns in different locomotor 
activities. An average recognition accuracy of 73% (std. dev. 17%) was achieved under static conditions, and of 71% 
(std. dev. 11%) under dynamic conditions. This indicates that the proposed display and mapping can be used to present 
centre of pressure location, and future work will focus on evaluation with patients. 

Keywords:  sensory substitution, electrocutaneous stimulation, tactile phi phenomenon, prosthetics 

 
Introduction 
Above-knee amputees using a conventional 
prosthesis receive only limited sensory feedback. 
To some extent, they perceive ground contact by 
forces transmitted to the stump, but they can hardly 
perceive the exact location of the centre of pressure 
(CoP). It is hypothesized that this limited 
perception contributes to the reduced abilities of 
above-knee amputees to walk downhill [1]. To 
restore these lost functions, sensory substitution 
has been suggested, where unimpaired sensory 
receptors are used to replace the function of the 
missing ones. As an example, vibration on the skin 
of the residual limb can encode grasping force in a 
prosthetic hand [2]. Tactile sensations can also be 
elicited by pulsed currents passing through the 
skin, more commonly known as electrotactile 
stimulation. One advantage of electrotactile 
displays over vibrotactile displays is their low 
power consumption [3]. It has been shown that 
feeding back heel and toe pressure by modulating 
stimulation intensity of two separate electrode-
pairs on the back and on the front of the stump, 
proportionally to the respective pressure, improves 
gait symmetry in lower-limb amputees [4]. An 
interesting psychophysical phenomenon is the 
tactile phi phenomenon, or the phantom sensation. 
When two tactile stimuli are presented at adjacent 
locations with equal intensity, they are not 
perceived individually, but as a single stimulus 
between the two stimuli [5], [6]. When their 
relative intensity changes, the apparent location 

moves towards the stronger stimulus. This allows 
the use of only two stimulation sites to convey 
information on a continuously varying location. 

In this study, we investigated how well different 
electrotactile phantom sensations can be 
discriminated, in order to find out whether the 
phantom sensation could be used to encode the 
location of the CoP. In the first condition, subjects 
had to discriminate five different static stimuli. In 
the second condition, subjects were asked to 
identify six dynamic patterns that are inspired by 
CoP patterns occurring during different locomotor 
activities. The findings shall later be used to design 
a lower-limb sensory substitution system. 

Material and Methods 
Electrotactile Phantom Sensation 

The phantom sensation as described earlier can be 
evoked by two pairs of electrodes with a small 
distance between them (around 4 cm), which are 
stimulated with different relative intensities. If the 
intensities change linearly, the perceived stimulus 
intensity decreases when the perceived stimulus 
moves to the midpoint between the electrodes. To 
keep this perceived intensity constant, the two 
intensities can be modulated in a nonlinear, e.g. 
logarithmical, fashion [5]. 

Experimental Setup and Protocol 
Four able-bodied male subjects (24, 26, 27 and 30 
years old) participated in a feasibility study. We 
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used an electrotactile stimulator that was 
developed at the Artificial Intelligence Lab. It is 
voltage-based and was set to provide biphasic 
square pulses at 4 kHz on two channels, each 
channel corresponding to one pair of electrodes. 
The intensity of each channel was modulated by 
changing the duty rate of the biphasic pulse, while 
the amplitude was constant at 12 V for both 
channels. We used self-adhesive multilayer 
hydrogel electrodes (square, size 25 cm2); one pair 
of electrodes was placed with the lower edge 2 cm 
above the Spina Iliaca Posterior Superior. The 
lower edge of the other pair was placed 4 cm above 
the upper edge of the lower pair (Fig. 1). The pulse 
frequency of 4 kHz and the electrode placement 
used in this study were based on previous studies 
[7]. Once the electrodes were in place, they were 
calibrated to a minimum intensity slightly below 
the sensory thresholds and a maximum intensity 
that was clearly perceivable but still comfortable. 
During the experiments, the stimulus intensities 
were always scaled between these thresholds. 

1

2

3

4

5

4 cm

 
Fig. 1: Electrode placement and mapping to foot sole. 

Static Localization Task 
The region between the electrodes was divided into 
five discrete regions, which would correspond to 
five regions on the foot (Fig. 1), region 1 
corresponded to the lower pair stimulated at 
maximum intensity, and region 5 corresponded to 
the upper electrode pair being stimulated at 
maximum intensity. Signal duration was 1 s. The 
training phase started with displaying all regions 
sequentially, twice. Thereafter, subjects had to 
identify the active region in five subsequent 
training trials. Subjects were told the correct 
answer after each trial. In the test phase, each 
region was displayed four times in random order 
(20 trials in total). After each trial, the subject had 
to indicate on a virtual foot sole placed in front of 
them, as displayed in Fig. 1, which region had been 
active. Once the answer was given, the next trial 
was performed. This training and test procedure 
was performed twice, once with the linear mapping 
and once with the logarithmic mapping; the order 
of the two conditions was randomized between 
subjects. 

Dynamic Localization Task 
In this task, simple moving patterns were displayed 
to the subject, moving from one region in Fig. 1 to 
another at a constant speed, by continuously 
modulating the relative intensity of the two 
electrode pairs; the patterns were chosen inspired 
from patterns that occur in different locomotor 
activities (Table 1). All patterns were presented in 
2 versions, one of duration 0.5 s, and the other of 
duration 1 s. In the training phase, all patterns were 
displayed by the stimulator and the subject was 
told which pattern it was. At the beginning of the 
training session, all patterns of duration 0.5 s were 
displayed in the order presented in Table 1, first in 
descending order, and then in ascending order. 
After that, all patterns of duration 1 s were shown 
in the same order. In the test phase, each pattern 
was shown three times for both durations, in a 
random order, yielding 36 displayed patterns. The 
subject was asked to identify the start point and 
end point of each pattern. The training and test 
phase were performed twice, once with the linear 
mapping and once with the logarithmic mapping; 
the order of the two conditions was randomized 
between subjects. 

Pattern Corresponding activity 
1→5 Level-ground walking 
1→3 Downhill walking 
3→5 Uphill walking 
5→1 Walking backwards 
5→3 Stair descent (toe first) 
3→1 Stair descent (toe overlaps step edge) 

Table 1: Different moving sensation patterns; e.g. 1→5 
indicates a moving stimulus from region 1 to 5. 

Results 
Static Localization Task 
The averaged recognition accuracy resulted in a 
73% recognition rate for the linear mapping and 
69% for the logarithmic one (Fig. 2). 

s1 s2 s3 s4 avg.
20%

40%

60%

80%

100%
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cu
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lin. mapping
log. mapping

 
Fig. 2: Individual and avg. static recognition accuracy. 

With the exception of two single answers, all of the 
misclassified regions were found neighbouring the 
stimulated region (Fig. 3). 
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Fig. 3: Actual and identified static regions (avg.). 

Dynamic Localization Task 
All subjects achieved a higher accuracy for the 
slower patterns of 1s duration in both linear and 
logarithmic mappings (Fig. 4). For the linear 
mapping, the average accuracy observed was 83% 
for the patterns of 1 s, and 58% for the patterns of 
0.5 s duration. For the logarithmic mapping, these 
accuracies were 71% and 64% respectively.  
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log. 0.5 s
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log. 1s

 
Fig. 4: Individual and avg. dynamic recognition 

accuracy for 0.5 s and 1 s duration patterns. 

With the linear mapping, pattern 1→3 and 3→1 
were often confounded; the same can be stated for 
pattern 3→5 and 5→3. With the logarithmic 
mapping, other misclassifications appeared more 
often (Fig. 5). 
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Fig. 5: Actual and identified dynamic patterns (avg.). 

During the experiments, the subjects reported that 
the stimulus was perceived as a spread sensation 
rather than a single point, especially in the static 
condition. 

Discussion 
While a clearly localized phantom sensation could 
not be evoked in most situations, especially in the 
static condition, which corresponds to findings 
from other researchers [6], subjects could still 
distinguish the different stimuli with a good 
accuracy (Fig. 2, Fig. 4) on a two-channel 
electrotactile display. We observed no clear 
difference between linear and logarithmic 
mappings. 

Conclusions 
In this paper, we showed that a two-channel 
electrotactile stimulator can be used to display 
different location sensations in one dimension; 
they can be interpreted as CoP locations. Having a 
practical daily-life application for amputees in 
mind, the electrodes were attached on the lower 
back, close to the missing limb. While the tactile 
resolution on the lower back is not very high, and 
subjects only had very little time to familiarize 
with the system, they were able to distinguish five 
regions and dynamic patterns with a good 
accuracy. Future work will address whether this 
display is helpful for amputees during gait. 
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Abstract 
Epidural spinal cord stimulation (SCS) is one of the most commonly used forms of electrical stimulation therapy. Via 
the dorsal column nuclei the fibres activated during SCS innervate the thalamus, a structure which has been shown to 
be highly involved in the generation of ictal activity. In this work we investigate how SCS affects seizure susceptibility.  

Rats were divided into a sham stimulated group (control, n = 8), a 4 Hz SCS group (n = 6) and a 54 Hz SCS group (n = 
8). Tonic-clonic seizures were induced by infusion of a pentylenetetrazole (PTZ) solution (50mg/kg) over a period of 10 
min. Seizure susceptibility was quantified by assessing the seizure onset latency (SOL), number of seizures (NoS) and 
the total seizure duration (TSD).  

4 Hz SCS significantly increased seizure susceptibility, whereas 54 Hz SCS induced a weak trend towards reduced 
seizure susceptibility.  

SCS could modulate seizure susceptibility. If these effects are valid in humans low frequency SCS should be 
avoided. Further research is necessary to investigate if SCS parameters can be optimized to inhibit seizures.  
Keywords:   spinal cord stimulation, epilepsy, rat, pentylenetetrazol. 

 
  

Introduction 
Since the pain alleviating effect of SCS was 
discovered in the 1960’s, this treatment has 
become the most used form of electrical 
stimulation therapy [1,2].  

The dorsal column fibres activated during epidural 
SCS innervate structures in the spinal cord via 
collaterals and reach the thalamus via the dorsal 
column nuclei. While the inhibition of abnormal 
activity in the spinal dorsal horns seems to be the 
primary reason for pain alleviation, also 
supraspinal structures such as the thalamus may be 
involved [3,4]. The thalamus has been shown to be 
involved in the generation of epileptic seizures and 
in particular the generation of the spike-and-wave 
(SW) electroencephalographical activity seen 
during absence seizures [5]. Moreover, it has been 
shown that stimulation of various thalamic 
structures at low frequencies (below 10 Hz) 
induces cortical synchronization and seizures [6].  

Considering the innervations of the thalamus 
during SCS, we hypothesized that SCS may also 
influence the seizure susceptibility. In the current 
work we therefore investigated the effect of SCS 
on seizure susceptibility, when performed at low 
frequency (4 Hz) and at the typical frequency 
range used for pain treatment (54 Hz)  

Material and Methods  
Experimental procedures 

Sprague-Dawley rats (weight = 465 – 620 g) were 
anesthetised and the electrocorticogram (ECoG) 
and electrocardiogram (ECG) were recorded using 
electrodes screwed into the cranium and 1-lead 
ECG [7]. Electromyograms (EMG) were recorded 
using wire electrodes inserted in triceps brachii and 
soleus muscles. After exposing the cervical 
vertebrae (C), the two contacts of a custom made 
SCS electrode (stainless steel wires mounted on a 
plastic strip, 2 mm longitudinal spacing) were slid 
in the epidural space of C2. All signals were 
recorded at 10 kHz for later offline processing. 

Rats were randomly divided in three groups: sham 
stimulated (no SCS, controls), 4 Hz SCS and 54 
Hz SCS. Control rats stabilised for 20 min 
following surgery. In the stimulated rats, the SCS 
electrode was centred to the spinal midline by 
adjusting the electrode position while observing 
neck muscle responses elicited by 1 Hz SCS. After 
a 10 min stabilisation period, the stimulation 
current was determined by setting the stimulation 
frequency to the assigned value (4 or 54 Hz, 
bipolar 2x200 μs pulses) and increasing the current 
until minor contractions were seen in the neck.  
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Following this procedure, the stimulated rats were 
left to stabilise for additional 10 min.  

After 5 min (300s) of baseline recording, SCS was 
started. After additional 5 min, a 10 min intra-
venous infusion of PTZ initiated (50 mg/kg) to 
induce seizures (T = 0 s in Fig. 1). Recording and 
SCS outlasted PTZ infusion by 5 min. 

Offline analysis 

Prior to evaluation of the recordings, stimulation 
artifacts were removed by interpolating between 
measurements prior to and after each stimulation 
pulse. The start of a distinctive type of ECoG 
activity associated with tonic muscle activity was 
defined as seizure onset and the end of the ECoG 
activity associated with clonic muscle activity as 
seizure offset (Fig. 1, [7]). Seizure susceptibility 
was evaluated using SOL (defined as the time from 
PTZ infusion onset to seizure onset), NoS and 
TSD. Multivariate analysis of variance followed by 
Hotelling’s Trace with a Bonferroni corrected 
significance level (p < 0.05) was used to test 
differences between individual groups.   

Results  
PTZ infusion induced one or more tonic-clonic 
seizures in all rats (Fig. 1). Stimulation was 
conducted at 313 ± 73 μA (mean ± STD) and 298 
± 83 μA in the 4 Hz and 54 Hz SCS groups, 

respectively. Although no muscle contractions 
were observed, SCS evoked EMG responses in the 
frontal limbs could not be avoided. 

4 Hz SCS induced persistent large evoked SW 
responses, except during seizure and the immediate 
post-ictal period of ECoG depression (Fig. 1). In 
contrast, 54 Hz SCS did only trigger a smaller 
ECoG response at stimulation onset.  

The control group had a SOL of 289 s, a NoS of 
2.75 and a TSD of 132 s. Compared to controls, 4 
Hz SCS significantly shifted all evaluated seizure 
parameters towards increased seizure susceptibility 
(Fig. 2). Although 54 Hz SCS did not significantly 
change any of the investigated parameters, all 
parameters expressed a trend towards reduced 
seizure susceptibility. Multivariate statistics 
showed that the 4 Hz group deviated significantly 
(p = 0.01) from the control group whereas the 54 
Hz group did not (p = 0.35).  

Discussion  
This study shows that low frequency (4 Hz) SCS 
induces SW-like activity and increases seizure 
susceptibility. Although not statistically 
significant, 54 Hz resulted in a small trend towards 
decreased seizure susceptibility.  

In contrast to our results, Ozcelik et al. showed that 
2 Hz SCS, decreases inter-ictal spiking frequency 

Fig. 1 ECoG recordings. (A) ECoG from a control rat. PTZ-infusion is started at T = 0 s and 
continued for 600 s. During PTZ-infusion (PTZ, light gray bar) the ECoG gradually becomes more 
spiky and two tonic-clonic seizures (TCS, dark gray bars) are triggered. (B) 4 Hz SCS (medium gray 
bar) induces large SW-like complexes. During TCSs, the evoked SW activity is replaced by 
spontaneous ictal activity. Post-ictally, the evoked SW activity gradually returns and develops into 
new seizures. The last period with post-ictal ECoG depression is preceded by a clonic-only seizure 
(CS). This type of seizures was only seen in the 4 Hz stimulated group.  
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in a penicillin rat epilepsy model [8]. The 
differences between those results and ours may be 
caused by the lower stimulation currents (max 100 
μA) used by Ozcelik et al., which may not have 
been sufficient to generate the pro-convulsive 
cortical synchronization seen in our study.  

Our results with SCS are similar to those with 
direct stimulation of thalamic nuclei. Where low 
frequency stimulation (<10 Hz) induces SW 
activity and triggers seizures [6], but may inhibit 
seizures when performed at higher frequencies 
(>20 Hz) [9].  

The PTZ rat model has previously been used for 
evaluating the effect of peripheral nerve 
stimulation on seizure susceptibility, such as vagus 
and trigeminal nerve stimulation [10,11]. The 
results of these evaluations have been consistent 
with later findings in humans [12,13]. However, 
given that the number and type of fibres activated 
during SCS will depend on the dimensions of the 
spinal cord and the stimulation electrode, 
extrapolating these results to humans should be 
done with caution.  

Conclusions 
Our results show that 4 Hz SCS is pro-convulsive 
in a rat model. If this is valid in humans, such low 
frequencies should be avoided. On the other hand, 
54 Hz SCS caused a weak trend towards decreased 
seizure susceptibility and further studies are 
neccesary to investigate if SCS can be optimized to 
inhibit seizures.  
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Fig. 2 The evaluated seizure parameters 
depicted relative to the control group. 
Significant (p < 0.05) deviations from the 
control group are marked with an asterisk (*). 
4 Hz SCS significantly increases seizure 
susceptibility in all parameters. The 54 Hz SCS 
shows a weak trend towards a decrease in 
seizure susceptibility.  
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Abstract 
A stimulator for neuromuscular electrical stimulation, especially suiting the requirement of elderly people with reduced 
cognitive abilities and coordination, was designed. The ageing of skeletal muscle is characterized by a progressive 
decline in muscle mass, force and condition. Muscle training with neuromuscular electrical stimulation reduces the 
degradation process. The discussed system is intended for stimulation of the posterior and anterior thigh. 

The core of the stimulator hardware is a multi-processor structure where each output-stage is controlled by its own 
microprocessor (Microchip Technology Inc.). A central controller unit allows using the stimulator as a stand-alone 
device. To set up the stimulation sequences and to evaluate the compliance data a PC is connected to the stimulator via 
wireless data link. The stimulator has four biphasic constant voltage stimulation channels. Additionally, each channel 
has an analog input to measure the evoked myoelectric signal (M-wave). 

To help elderly people to handle the stimulator by themselves the user interface is reduced to four input buttons, start / 
stop training and increase / decrease of the stimulation amplitude. For safety reasons, the electrode impedance is 
measured during stimulation. 

Keywords:  FES, aging muscle, electrical stimulation, compliance management, M-wave. 

Introduction 
An age-related reduction of muscle mass and 
strength is often associated with reduced mobility. 
Lauretani et al [1] reported a decrease of isometric 
muscle strength of 51% and 43% in 75-85 year old 
women and men, respectively, compared to young 
subjects (20 to 29 years). This decrease is often 
related to dysfunction of mobility in the elderly 
and is a predictor of future disabilities. Muscle 
training can dramatically improve the muscle 
strength, power and functional abilities of elder 
individuals [2, 3]. 

This paper introduces a neuromuscular electrical 
stimulator (NMES) for muscle training of elderly 
people. A significant improvement of muscle 
strength is reported in [4], where NMES-training is 
performed on elderly women between 62 and 75 
years. Also in animal models [5] electrical 
stimulation of elderly shows positive effects. 

Many portable stimulator designs are described in 
literature. These devices have successfully enabled 
standing and walking in persons with paraplegia 
[6-8]. Design rules of the presented stimulator are 
easy usability and a safety protocol that protects 
the elderly even in case of improper handling. The 
safety protocol is based on measurements of the 
electrode impedance and functional feedback such 
as evoked myoelectric signal and accelerometric 
detected muscle motion. Additionally, the 

stimulator stores the compliance data on a memory 
card. 

Material and Methods 

The introduced portable transcutaneous stimulator 
(Fig. 1) consists of a central unit and four 
stimulation channels. Each channel is designed 
modular [9] and includes an output stage and 
measurement module. The multi-processor 
structure breaks down the design to simple tasks 
and implements them on several microcontrollers 
(Microchip Technology Inc., Chandler AZ, USA). 

Central control unit 
A microcontroller (PIC24, Microchip Technology 
Inc.) controls all major tasks of the stimulator to 
provide a stand-alone operation. Essential in the 
modular design is a bus communication. A 
master/slave structure with addressable slaves like 
I2C and SPI are used to set the output stage and the 
measurement module. The stimulation protocol 
and the compliance data are stored on a SD card. A 
real time clock is used to synchronize the stored 
data especially in long-time run for home use. 

USB and Bluetooth are used for the stimulator-
computer communication. Via this data-link, the 
stimulation protocols are programmed and the 
compliance data are finally stored and evaluated on 
a computer. The necessary USB-isolation is 
achieved with a bidirectional isolation amplifier 
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(ADuM4160, Analog Device Inc., Norwood MA, 
USA). 

Measurement module 
Electrode impedance, evoked myoelectric signal 
(M-wave) and surface motion are measured during 
stimulation. For safety reason the impedance of the 
electrodes is monitored. The stimulation process 
will be terminated if an error occurs. Several 
publications [10, 11] present a circuit to measure 
the EMG during electrical stimulation, especially 
for EMG-triggered NMES. In our case, the M-
wave is used for a functional feedback of the 
training intensity. The amplifier has a gain of 
1000V/V and a bandwidth from 15Hz to 1000 Hz. 
The surface muscle motion is measured with a 
three axial accelerometer (LIS331DLF, 
STMicroelectronics Geneva, CH). The twitch 
response gives a second functional feedback during 
low-frequency stimulation. Furthermore, the three 
dimensional acceleration signals are used to 
determine the thigh orientation. 

Output stage 
The constant voltage stimulation impulses are 
generated with a full bridge circuit (A3953, 
Allegro MicroSystems Inc., Worcester, USA) 
supplied by a DC/DC step-up converter (MAX668, 
Maxim Integrated Products Inc., Sunnyvale CA, 
USA). The output stage has a double fault 
protection against DC current with capacitors. 

Measurement of M-wave  
During electrical stimulation, the detected surface 
myoelectric signal is contaminated by a stimulation 
artifact. This effect is impaired by near distance 
between stimulation and measurement electrodes. 
After the stimulation impulse has ceased, the full 
bridge circuit of the output stage can be driven in 
two different settings. First, all switches are open 
and second, both electrodes are grounded via the 
transistors S3, S4 (Fig. 2,A). The impact of these 

two modes was tested on the anterior thigh. Large 
stimulation electrodes (10x13cm) were use and the 
M-wave was measured at the rectus femoris. 

Results 
M-wave, Output characteristic 
Fig. 2 shows M-wave and the stimulation impulse 
at the different configurations of the full bridge 
output. The capacitance of stimulation electrodes is 
much faster discharged with the grounded 
electrodes (Fig. 2,B-C). Therefore, the stimulation 
artifact during M-wave measurement is reduced 
(Fig. 2,D-E).  

Stimulation protocol 
The constant voltage stimulation impulses are 
rectangular and biphasic. Stimulation patterns are 
programmed independently for each channel, 
which allows very flexible training protocols. 

Discussion 
The constant voltage source increases safety 
because the subject is prevented from localized 
high current densities. A disadvantage of this 
method is that the applied stimulation intensity is 
dependent on the electrode impedance. Monitoring 
of the stimulation current provides valuable 
information regarding the actual intensity. 

Input options are kept as simple as possible. The 
user can only influence the stimulation amplitude 
and start or stop of the training session. An 
important element of the system is the storage of 
the compliance data. All training sessions and 
measurements are recorded on the SD card, which 
allows a scientific use of the stimulator in clinical 
trials. 
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EL ……… stimulation electrodes 

S1 - S4 ….. switches which are represent-
ing the power transistor 

UB ………. regulated constant voltage 
source  (3.3V to 50V) 

GND ……. ground 

  B 

 

  C 

  D 

 

  E 

 

Fig. 2: Schematic drawing of the output stage (A). Stimulation voltage (dashed line) and current (continuous line) are 
plotted for different modes of the bridge circuit. After the stimulation impulse has ceased all switches are open (B) and 
secondly, the electrodes are grounded (C). Evoked myoelectric signal (M-wave) and the stimulation artifact are plotted in 
the same two modes of the H-bridge – with open switches (D) and with short-circuited electrodes (E). 
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Abstract
Electrical stimulation of innervated muscles has been investigated for many decades with alternations of high and low 
clinical interest in the fields of stroke, SCI rehabilitation, and sport sciences. Early work demonstrated that afferent 
fibers have lower thresholds and are usually activated first (therefore eliciting an H-reflex). In the case of nerve trunk 
stimulation, the order of recruitment is mostly conditioned by the axonal dimension and excitability threshold. In the 
case of muscle motor point stimulation, the spatial distribution of nerve branches plays a predominant role. Sustained 
stimulation produces a progressive increase of force that is often maintained in subsequent voluntary activation by 
stroke patients. This observation suggested a facilitation mechanism at the spinal and/or supraspinal levels. Such 
facilitation has been observed in healthy subjects as well, and may explain the generation of cramps elicited during 
stimulation and sustained for dozens of seconds after stimulation has been interrupted. The most recent interpretations
of facilitation resulting from peripheral stimulation focused on pre- (potentiation of neurotransmitter release from 
afferent fibers) or post-synaptic (generation of “Persistent Inward Currents” in spinal motor neurons or interneurons) 
mechanisms. The renewed attention to these phenomena is once more increasing the interest toward electrical 
stimulation of the neuromuscular system. This is an opportunity for a structured investigation of the field aimed to 
resolving elements of confusion and controversy that still plague this area of electrophysiology.

Keywords:  neuromuscular electrical stimulation, electromyography, spinal motor neuron, central torque, muscle 
cramps.

Introduction
Neuromuscular electrical stimulation (NMES) of 
peripheral nerves is commonly used (and
frequently abused) to generate muscle contractions 
for both neuromuscular testing and rehabilitation, 
“prehabilitation” (i.e., pre-operative conditioning 
of muscles), training purposes [1]. 

Surface NMES can be applied using a pair of
electrodes in monopolar or bipolar configuration
(one small stimulation electrode and a large one far 
away, closing the current, or two similar electrodes 
on the same muscle). NMES is commonly viewed 
as a technique to “disconnect” the investigated
(portion of) muscle from the central nervous
system and to activate only one (or a portion of 
one) muscle at a time at a controlled frequency and 
with a stable motor unit pool. However, several
lines of evidence indicate a considerable
involvement of different neural structures during 
NMES [2,3]. It has even been suggested that
NMES provides a multimodal “bombardment” of 
the central nervous system [1], which results in 
spinal motor neuron facilitation [4-6] and increased 
cortical activity and cortico-spinal excitability [7]. 
Interestingly, not only neural involvement
may occur during a single NMES session, but

also short- and long-term neural adaptations can be 
triggered by NMES protocols (NMES-induced
plasticity), as demonstrated by: a) persistence of 
the NMES benefits after the stimulation is turned-
off, as demonstrated by Vodovnik and Rebersek in
1973 [8] (e.g., functional improvements during and 
after ankle dorsiflexion stimulation in neurological 
patients with drop foot); b) increases in muscle 
strength after only a few sessions of NMES
training, with no concurrent variations in muscle 
fiber size and functional/enzymatic properties; c) 
increases in muscle strength for the homologous 
contralateral muscle after unilateral NMES training 
(a phenomenon referred to as “contralateral limb 
effect” or “cross-education”).

This contribution will be focused on the “acute” 
involvement of the spinal motor neurons that
occurs during NMES, a phenomenon that is based
on a reflexive motor neuron recruitment and that is 
very likely responsible for involuntary muscle
phenomena that persist after the stimulation end,
such as muscle cramps.
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NMES-induced “central torque” 
Conventional NMES involves pulse widths
between 100 and 400 μs and frequencies between 
20 and 50 Hz. This stimulation paradigm
preferentially activates motor axons without
obvious sequencing related to motor unit type [9]
but related to excitability threshold in the case of 
nerve stimulation and to geometrical distribution of 
axonal branches in the case of muscle motor point
stimulation. During a sustained bout of
conventional NMES, the torque first increases and 
then progressively decreases and a “slowing” of 
the surface EMG signals occurs due to the
development of fatigue [10]. This “slowing” is
described by a progressive widening of the M-
wave, due to progressive decrease of muscle fiber 
conduction velocity, and results in progressive
compression of the EMG power spectrum and of 
its mean and median frequencies.

Differently, during wide-pulse (1 ms) high-
frequency (50-100 Hz) NMES, torque increases
significantly beyond that elicited by conventional 
NMES and does not decrease during the course of 
the stimulation: this phenomenon has been referred 
to as “central torque” (Figure 1) [4-6]. It has been 
demonstrated that the underly ing mechanism is the 
reflexive recruitment of spinal motor neurons
(which activates motor units in the normal
physiological recruitment order): in fact, the
“extra” force could not be elicited following
peripheral nerve block [6]. Interestingly, it has
been observed that a weak involuntary contraction 
(associated with EMG activity) often persists even 
after the wide-pulse high-frequency NMES is
turned-off, thus indicating that the electrically-
elicited sensory volley may trigger either bistable 
discharge of motor neurons (i.e., already recruited 
motor neuron firing at a higher frequency
following the burst) or self-sustained discharge of 
motor neurons (i.e., recruitment and sustained
discharge in previously silent motor units).
Bistable and self-sustained discharge are consistent 
with the development of persistent inward currents 
in spinal motor neurons and interneurons. Further,
a possible role for the cortex in the development of 
the central torque can not be excluded, as well as a 
pre-synaptic mechanism related to the potentiation 
of neurotransmitter release from afferent fibers.

Independently of the physiological mechanism(s) 
underlying the “extra” force that can be elicited 
during and after stimulation, the use of a wide-
pulse high-frequency stimulation paradigm is
promising for rehabilitation medicine [11].

Fig. 1: Representative example of force traces detected 
from the biceps brachii muscle of a healthy subject
during conventional NMES (dashed blue line) and
wide-pulse high-frequency NMES (continuous black
line).
WPHF (wide-pulse high-frequency) stimulation: 1 ms 
pulse width, 100 Hz, 6 mA. 
Conventional stimulation: 100 μs pulse width, 25 Hz, 
50 mA. 
MVC: maximal voluntary contraction.

NMES-induced muscle cramps
A cramp can be defined as a sudden, involuntary, 
and painful contraction of a muscle or part of it, 
self-extinguishing within seconds to minutes,
associated with electrical activity (involuntary
repetitive discharge of motor unit action potentials 
in a large muscle area) [11].

Fig. 2 shows an example of spatio-temporal
development of a cramp of the abductor hallucis 
muscle (elicited by means of electrical stimulation
of the main muscle motor point) detected by a two-
dimensional array of surface electrodes after the 
end of the stimulation train.

Muscle cramps are generally considered to be
neurogenic [12], although there is still debate on 
whether cramps have peripheral or central origin. It 
has been demonstrated that the electrical
stimulation of a peripheral nerve [13] or of the 
muscle motor point [14,15] can trigger involuntary 
muscle activities, such as fasciculations and
cramps, that may last for several seconds after the 
stimulation end. Concurrent detection of surface
EMG signals from both the stimulated and the 
synergistic muscles showed involuntary EMG
activity of the stimulated muscle (after the
stimulation end), with no activity detectable from 
the synergistic muscle. Fig. 3 shows an example of 
temporal development of a cramp of the medial 
gastrocnemius muscle, without concurrent
involvement of the lateral gastrocnemius or
spreading of the cramp from one head to the other. 
Since the two gastrocnemii muscles work
in synergy during  a voluntary contraction, the
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Fig. 2: Example of spatio-temporal development of a 
cramp of the abductor hallucis muscle detected with a 
two-dimensional array of surface electrodes (6 rows x 5 
columns, circular electrodes, 2-mm diameter, 5-mm
interelectrode distance in both directions). Each graph 
represents the surface EMG average rectified value
(ARV) distribution over the skin surface determined 
over a 1-s epoch and was obtained using bicubic spatial 
interpolation of ARV estimates between single
differential channels of the two-dimensional array. The 
cramp developed in a small muscle area, then decreased 
in size and intensity until it disappeared after about 10–
15 s, then re-occurred after 20 s in the same portion of 
the muscle.

Fig. 3: Top: example of cramp discharge (three bipolar 
EMG signals detected with a linear array after the end 
of the stimulation burst) for the medial gastrocnemius 
muscle of one subject. Bottom: no EMG activity is 
evident in the surface EMG recording of the lateral 
gastrocnemius muscle. No concurrent involvement of
the two muscle heads or spreading of the cramp from 
one head to the other can be observed.

observed patterns of EMG responses provided
clear evidence for the involuntary nature of the 
elicited muscle activity [15]. 

The factors critical for cramp induction were the 
frequency of the stimulation burst [13-15] and the 
shortening of the muscle during the stimulation 
[13]. Similarly to the persistence of an involuntary 
contraction after the wide-pulse high-frequency
NMES is turned-off, the development of the cramp 
(that is, the maintenance of the involuntary muscle 
contraction after the end of the stimulation)
involves spinal pathways, as indicated by the
analysis of motor unit behaviour during
electrically-elicited cramps. In fact, it has been
demonstrated that: a) motor neurons of a cramping
muscle discharge action potentials at rates
comparable with those reported for voluntary
contractions, but with larger discharge variability
[16]. The high discharge variability is likely related 
to the afferent inputs that motor neurons receive, 
which can be inhibitory and excitatory, and thus 
generate greater noise than that in voluntary
contraction; b) motor unit discharge rate decreases
over time during cramp development [16,17]: this 
decrease may be associated to reflex inhibition of 
the motor neuron pool [17]; c) motor unit
derecruitment rate during cramp extinction is in the 
range 5-8 pps [16], which corresponds to the
minimal rate at which motor neurons discharge
action potentials in voluntary contractions; d) the
shape of the action potentials repeats consistently 
over time during cramp development and
extinction [16,17]. Altogether, these results
indicate that it is unlikely that motor unit action
potentials are generated at the intramuscular
terminal branches of motor neuron axons and
support the hypothesis of involvement of spinal 
pathways in cramp development and extinction.

Implications and conclusions 
NMES is one of the most common techniques used 
for maintaining muscle quality (therapeutic
electrical stimulation, TES). NMES delivered to
recruit motor units through a reflexive pathway
may be advantageous for both TES purposes and 
treatment of muscle atrophy as it may recruit 
primarily slow motor units which are not
preferentially activated using conventional NMES. 
The preferential recruitment of slow motor units (if
proven) could allow to prevent or reduce the slow-
to-fast transition of muscle fibers that is associated 
with immobilization and disuse. However, the
induction of muscle cramps may be an undesired 
result of the stimulation procedure if the
electrically-excited muscles shorten during the
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stimulation. We recommend that electrical stimuli 
be delivered under strictly isometric conditions
and, if is possible, with the muscles in a lengthened 
position.
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Abstract 
An algorithm to detect when the tibia is vertical is presented. Its intended use is to trigger a functional electrical 
stimulation (FES) device for either the rotation or extension of the hip (gluteal stimulation) or flexion of the knee 
(hamstring stimulation) in neurological patients. The algorithm comprises a correlation coefficient calculation and a 
set of threshold rules. Data from a healthy subject has been used as a sample window for the correlation coefficient 
calculation for all the neurological patients. The sample window chosen detects correctly the events in five out of seven 
patients. For one patient, a sample window selected from the same patient data has been used successfully in the 
detection. All the results have showed no missing events during walking when compared to a footswitch. 

Keywords: tibia vertical event, FES, detection algorithm, neurological patients, gait. 

 
  

Introduction  
Gait disorders due to weak or paralysed muscle 
groups or spasticity of the antagonist muscle 
groups are common in neurological patients. These 
disorders affect the quality of life of patients as 
their walking efficiency decreases, more effort is 
needed to walk and there is an increased risk of 
falls. Stimulation of the peroneal nerve during the 
swing phase of the gait to lift the foot by 
dorsiflexing and everting the ankle has shown an 
improvement in the gait of patients [1]. As well as 
drop foot, there are also other problems 
contributing to the gait disorder such as reduced 
knee flexion during swing, knee hyperextension in 
early and terminal stance, and excessive hip 
flexion/adduction at heel strike.  

Stimulation of gluteal or hamstring muscles can 
further improve the gait of neurological patients [2, 
3], but the timing of stimulating these muscle 
groups, such as following the normal muscle 
activity times, is critical. Currently, the footswitch 
sensor is used to trigger the stimulator for drop 
foot correction, however the events detected by the 
footswitch do not coincide with the events needed 
to stimulate other muscle groups such as hamstring 
or gluteal muscles. It is very difficult to achieve the 
right timing with the current sensor as it does not 
detect events during a gait cycle except for foot 
contact with the ground. A study of a normal 
muscle activity from a search of the literature 
suggests that the gluteal muscles start their 
contraction at about 6% and hamstrings 20% of the 

gait cycle before initial heel contact. So the closest 
event is chosen when the tibia is vertical (TV). 
Therefore an alternative sensor that can provide 
more information throughout the gait such as angle 
and acceleration is required; this has been 
developed [4] and is used here in detecting when 
the tibia is vertical by using  an algorithm 
comprising a correlation coefficient calculation 
and a set of rules with a threshold method. The 
detected events could be used to trigger stimulation 
of the gluteal or hamstring muscles prior to heel 
strike resulting in hip extension/abduction or to 
prevent knee hyperextension. 

Methods 
The Protocol 
Seven neurological patients who were currently 
using the Odstock Two-channel FES device 
(O2CHS) at the time of the trials have been 
recruited. Four of the participants had multiple 
sclerosis, two have had a stroke and one person has 
a spinal cord injury C4/5 incomplete tetraplegia. 
All participants were medically stable, able to walk 
with and without a stimulator and single-side 
affected. The study was granted ethical approval 
by the Wiltshire Research Ethics Committee and 
the participants gave informed consent. Each 
patient was asked to walk with and without 
stimulation in a gait lab for about 4 metres in each 
trial.  
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The Experimental Set Up 
Two dual axis accelerometers (LIS2LO2AS4 from 
STMicroelectronic) were used to derived the angle 
and linear acceleration of a segment in a 
gravitational field with respect to the horizontal 
plane [4]. A sensor unit was attached to the thigh, 
shank and foot of both lower limbs for the 
kinematic measurements as shown in Figure 1. 
Two footswitches were placed under the heel and 
the first metatarsal head of the foot for both limbs; 
these were used as reference sensors. The data was 
captured using two data acquisition systems 
(DAQ6015, DAQ6036E) from National Instrument 
Ltd connected to two laptops. A remote switch was 
used to start and stop the data collection at the 
same time. The sampling rate used was 1kHz and 
the sensor unit bandwidth was set to 500Hz. The 
data was analysed off-line using Matlab® R2006b.  

A

B

C

 
Figure 1: Sensor units attachment to both lower limbs. 
Right lateral view. (A: thigh segment, B: shank segment 
and C: foot segment) 

The Detection Algorithm 
From the accelerometer data the foot segment 
angle of the affected side has been used in the 
event detection. The algorithm used to detect the 
event consists of correlation coefficient calculation 
and a set of rules with a threshold method. The 
correlation coefficient value was calculated for the 
foot segment angle from the patients and a sample 
window taken from a healthy subject. From the 
correlation coefficient value obtained, a set of rules 
with a threshold method was employed to detect 
the desired event. The set of rules are as follows: 

i) Search for the negative threshold (tn) (refer to 
Figure 2(b)), once the negative threshold (tn) is 
reached, start counting for Tf1 (time frame 1). 
Within Tf1 the positive threshold (tp) must be 
reached and the first maximum value (m) after 
the positive threshold (tp) is reached is where 
the event occurred. If within the Tf1 the positive 

threshold (tp) is not reached then no event 
occurred and the algorithm will start again. 

ii) Once an event is detected, start counting for Tf2 
(time frame 2). Within the Tf2 any detection 
will be cancelled. After Tf2 has ended, the 
algorithm returns to (i). 

Results 
Figures 2 and 3 show an example of the event 
detection algorithm output in Patient 1 and Patient 
3 during walking. The algorithm employed a 
sample window from a healthy subject for Patient 
1 while for Patient 3 a sample window selected 
from the same patient data was used.  
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Figure 2: Patient 1 walking with stimulation. (a) foot 
segment angle with respect to horizontal plane (b) 
correlation coefficient value calculated from foot 
segment angle with a sample window from a healthy 
subject. (Tf1=0.55s, Tf2=1.5s, tn=-0.5 and tp=0.35) (c) 
heel switch and algorithm output. (HS=heel strike, 
HR=heel rise, TV=tibia vertical event, GC=gait cycle, 
m=first maximum point, tn=negative threshold, 
tp=positive threshold, Tf1=time frame 1, Tf2=time frame 
2) 
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Figure 3: Patient 3 walking without stimulation. (a) foot 
segment angle with respect to horizontal plane (b) 
correlation coefficient value calculated from foot  
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segment angle with a sample window from the same 
patient data. (Tf1=0.80s, Tf2=1s, tn=-0.5 and tp=0.8) (c) 
heel switch and algorithm output.  

Table 1 summarises the results of the tibia vertical 
events detection in six neurological patients. There 
were no missing events.  
Table 1: Tibia vertical events detection. (TE=time 
event, GC=gait cycle and IC=initial contact) 
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(s
)  

Mean + SD 
(TE % of GC 
before IC) 

Mean + SD 
(TE in % of 
GC before IC 
compared to 
13% of GC 
before IC) 

1 37 2.56 20.47+8.06   7.47+8.06 
2 50 1.39 19.05+5.41   6.05+5.41 
3 16 1.76 14.10+2.79   1.10+2.79 
5 53 2.12 28.91+7.71 15.91+7.71 
6 36 1.73 19.67+5.53   6.67+5.53 
7 39 1.88 17.02+5.79   4.02+5.79 

 

There was a problem with the data obtained from 
Patient 4, therefore it was not possible to make an 
analysis and no result is reported. 

Discussion and Conclusions 
The tibial vertical event is reported to occur at 
about 13% of the GC before the initial heel contact 
in normal gait [5]. The results obtained from the 
experiment showed that the events detected are 
between 14-29% of GC before initial contact. This 
difference is possibly due to the delay of the heel 
strike events detected by the footswitch. There may 
be other physical reasons for this difference but 
further research is required. Furthermore, the 
detection algorithm uses the first maximum of the 
correlation coefficient value after the positive 
threshold as the time of the event occurred, but the 
exact time of the event occurring should be at the 
most maximum correlation coefficient value. 
However, most of the events were detected earlier 
than the actual event and this would allow a delay 
to be introduced, for example to trigger the 
stimulation. The detection algorithm has an 
advantage of comparing a threshold with the 
correlation coefficient for the event detection as 
the correlation coefficient is within -1 to 1 only 
and not dependent on individual absolute values. 
The segment angle has a larger range of values and 
will vary between the subjects, making the 
threshold more difficult to set. 

The detection algorithm has detected the desired 
events for five patients using the same sample 
window from a healthy subject and for one patient 
using a sample window from their own data. It is a 

remarkable result of this research, that the data 
from one healthy subject and not a combination 
from several people has been used to detect 
correctly and accurately the events. It is 
hypothesised that more events could be detected 
using the algorithm with different selective sample 
windows. It is anticipated that the algorithm can be 
executed in a microcontroller producing a very 
small timing delay between event detected and 
delivery of stimulation pulses. 
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Abstract 
Coherence is found in EMG-EMG signals during voluntary contraction of the muscles that work synergistically. This is 
resultant from the shared drive of motor units to the different motorneuron pools [1]. We would like to study the 
relationship of EMG signals between different muscle pairs during FES cycling using the coherence analysis. The 
hypothesis is that the frequency at which the coherence between two synergistically activated muscles peaks is related 
to the voluntary drive and is not influenced by the stimulation with suitable frequency. If that is the case, coherence can 
then serve as an indication of presence of voluntary drive and could be used for feedback control of FES cycling.  

Keywords:  EMG, Coherence, Pooled coherence, FES cycling, Voluntary drive. 

  

Introduction  
We are trying to find a way to measure of 
voluntary drive to the muscles in incomplete SCI 
patients during FES cycling. A controller can then 
use this measurement to adjust the stimulation 
intensity accordingly. The possibility of using the 
rms EMG signal from short time windows in the 
time domain as an input to the controller of a 
stimulator was discussed previously [2]. Here we 
introduce EMG-EMG coherence as an alternative 
input to the controller.   Challenges to using the 
subject’s voluntary drive to control the stimulation 
of FES cycling include the presence of large 
stimulation artefacts. We hypothesise that the 
frequency at which the coherence between two 
synergistically activated muscles peaks is related to 
the voluntary drive and is not influenced by the 
stimulation frequency. Coherence can then serve as 
an indication of presence of voluntary drive and 
could be used for feedback control of FES cycling. 

 Coherence can be used to examine the relationship 
between two time series in the frequency domain 
[3]. An EMG signal measured at successive times 
spaced uniformly is considered to be a time series. 
In able-bodied subjects, EMG-EMG coherence is 
found in certain frequency bands in muscles that 
co-contract during common motor tasks [4-7]. It is 
generally stronger in two frequency bands:  lower 
frequency coherence at 5-18Hz and higher 
frequency coherence at 24-40Hz. The lower one is 
thought to arise subcortically while the higher 
frequency is thought to originate from the 
cortex[8]. It may therefore be possible to identify 

the source of drive to the muscles by inspecting the 
coherence between their EMGs.  

Methods  
Coherence measures the similarity of two signals 
in their frequency contents. The coherence Cxy 
between two signals x and y is defined as follows:  

  (1) 

Where Gxy is the cross-spectral power density 
between x and y, and Gxx and Gyy are the power 
spectral density of x and y respectively [9]. The 
power density describes how the power of the time 
series is distributed in the frequency domain. It is 
the Fourier transform of the autocorrelation 
function. Coherence values vary between 0 and 1. 
Unity indicates that x and y are perfectly matched, 
and zero shows that x and y are completely 
unrelated.   

Theoretically, coherence should only be used for 
stationary data due to the nature of the Fourier 
transform. Therefore data collected at the onsets 
and offsets of muscle contractions, in which the 
data changes rapidly, should not be included. It is 
also difficult to perform coherence analysis on 
short segments of data. For the cycling process, 
there is not enough quasi-stationary EMG data 
within one revolution because the region of muscle 
co-activation is very short.  One solution is to 
combine the selected EMG data from many 
revolutions which then will give us enough data to 
generate meaningful coherence.  This method is 
called “pooled coherence” [9]. The new problem is 
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that when combining the EMG data from many 
revolutions, there are discontinuities at the 
boundaries of the data. To solve this problem, the 
data is passed through Hanning windows to 
smooth the ends of the data without significantly 
affecting the bulk of the data points. 

To test the hypotheses, three experiments were 
conducted on a semi-recumbent tri-cycle (trike). 
Five able-bodied subjects were recruited for each 
experiment. The subjects were asked to cycle 
following a metronome beating once per second. In 
this way the cycling cadence was kept roughly 
constant.  Simple differential EMG amplifiers were 
used for the experiments without stimulation; and 
blankable EMG amplifiers were used for the ones 
with stimulation. 

The aim of Experiment 1 was to find coherence 
from different muscle pairs during cycling. EMG 
from three different muscles, Vastus Medialis 
(VM), Vastus Lateralis (VL) and Rectus Femoris 
(RF) were recorded bilaterally for 3 minutes. 
Coherence was calculated for each muscle pair. 
The coherence plots between each pair of the 
muscles from both legs were also compared. 

The rms EMG amplitude from a time window 
increases with increasing effort levels [2]. For the 
coherence analysis, we select EMG signals from a 
time window in each revolution, so it is necessary 
to look at how the amplitude and frequency of the 
significant coherence changes with effort levels. In 
Experiment 2, a cycling computer was used to 
control the resistance applied to the back tyre of 
the trike. Five randomised effort levels were used 
in each test.  

Two points were investigated in Experiment 3: 1) 
whether the coherence would be influenced by 
stimulation; 2) the effect of changing the 
stimulation frequency on the coherence spectra. 
This was done by using a gated stimulator running 
at 15Hz, 20Hz and 30Hz in three tests, each 
performed at the same effort level. Stimulation 
pulses were applied to the left VL during its 
activation range, while recording from both VL 
and VM. These frequencies were chosen because 
they fall in the range of the coherence peaks and 
are commonly used for FES. The stimulation 
pulses were triggered by a commutator signal, the 
timing of which was determined by the crank 
angle. 

For all three experiments, the sampling frequency 
was 5 kHz. An average of 600+30(SD) ms EMG 
data was selected in each revolution and then 
passed through a Hanning window. The resultant 
data clips are joined together and then rectified 

before being analysed using a modified version of 
Neurospec V2.0 in MATLAB [10].  

Results 

Results for Subject A: 

 
Fig 1: Coherence (y-axis 0-1) plot versus Frequency (x-
axis 0-70Hz) between different muscle pairs during 
cycling without stimulation. The dashed lines in Fig 1, 
Fig 2 and Fig 4 are the 95% confidence limits. 

 
Fig 2: Coherence between VM and VL for 5 effort 
levels during cycling without stimulation. Successive 
plots are offset by 0.2 for clarity.  

 
Fig 3: Coherence at effort levels 5-9 for frequencies 

between 17-26Hz 
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Fig 4: Coherence plot between VM and VL for different 
stimulation frequencies. 

Discussion 
Any data below 10Hz is ignored as it is most likely 
due to motion artefacts. Fig 1 shows how the shape 
of the coherence curves differ for different muscle 
pairs for Subject A.  Coherence values above the 
95% confidence limits are considered to be 
significant. For the VM and VL pair, there is a 
single peak around 20Hz, while there is a wide 
range of frequencies with significant coherence for 
the RF and VM pair. For all three muscle pairs, we 
can say that they share a high coherence around 
20Hz. Comparisons of coherence spectra from all 5 
subjects show: 1) Similarity between the same pair 
of muscles in opposite legs; 2) Different shapes for 
different muscle pairs; 3) Different shapes for a 
given pair of muscles between subjects; 4) 
Different peak frequencies between subjects.  

Coherence peaks appear at about the same 
frequency for different effort levels as shown in 
Fig 2 (between 20-25Hz for Subject A). Fig 3 
shows the coherence against different effort levels 
at the frequencies where the coherence is 
significant (17-26Hz for Subject A). At 23Hz, the 
coherence shows an increasing trend with the 
effort levels, as well as a high R2 value of 0.803. 
This is also true for the other 4 subjects, although 
at different frequencies (17-33Hz) and with R2 
values ranging from 0.673 to 0.803.  

Fig 4 shows the effect of changing stimulation 
frequency to the coherence spectra for VM and 
VL. The coherence peaks remain in the same range 
as when there was no stimulation, which implies 
that the stimulation did not cause false peaks in the 
coherence spectra. 

Conclusions 
Significant coherence can be found between 
muscles that work synergistically. The coherence 
between different muscle pairs varies in pattern 
and shape. We do not always get a single peak 

frequency, instead a range of significant coherence 
may be found. The feasibility of using the area 
under the coherence curve as an indication of effort 
level needs to be investigated. For all 5 subjects, 
there is a frequency at which the coherence is 
positively related to the effort levels between VM 
and VL. Therefore when there is no stimulation, 
coherence during cycling at certain frequencies 
may be used as an indication of how much effort 
the subject is making. Further experiments still 
need to be done to check if this is still the case 
when using stimulation.  

In these experiments, three minutes of data were 
recorded for each test. This is rather long 
compared to the 15s of recording used for the time 
domain analysis [2]. We are looking to reduce 
recording time for the coherence analysis. 
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Abstract 
This paper investigates whether the indexes of the stimulus-response (SR) curves of human motor nerves depend on the 
recording site and on the inter-electrode distance (5-35mm) in 18 healthy subjects. SR curves were measured by 
stimulating the peroneal nerve, with the compound muscle action potential (CMAP) recorded on the tibialis anterior 
muscle using a linear adhesive array of 8 electrodes. Each SR curve was characterized using the threshold intensity of 
stimulation to obtain 5, 10, 50, 90 and 95% (I5%, I10%, I50%, I90%, and I95%) of the CMAP computed on the basis of four 
parameters (peak, area, peak-to-peak, and total area). The results showed no significant differences between recoding 
sites and inter-electrode distances. Although no significant difference was found between parameters, the peak-to-peak 
value had the most consistent threshold intensities across inter-electrode distances. It is concluded that electrode 
positioning along the direction of the muscle fibers and inter-electrode distance do not have a significant influence on 
the characteristics of the normalized SR curve. 

Keywords:  Stimulus-response curve, CMAP, Electrical stimulation. 

 
Introduction  
A stimulus-response (SR) curve is a graphic 
display of the compound muscle action potential 
(CMAP) size in response to stimuli of increasing 
intensity [1]. SR curves have found applications in 
the assessment of the muscle fibers in individual 
motor units (MUs) [1] and in the study of the 
recovery functions of muscle fibers [2, 3]. The 
typical recording schemes are the belly-tendon 
configuration, the bipolar derivation or the linear 
array of electrodes. There is no standardization on 
the optimal recording site or the inter-electrode 
distance, which can allow comparison across 
studies. The aim of this study was to investigate 
whether the threshold intensities obtained from SR 
curves were dependent on the recording site and 
inter-electrode distance. 

 

Materials and Methods 
Subjects  
The experiments were conducted on 18 healthy 
men (age range, 21 - 32 yrs, and mean 25.4 yrs) in 
accordance with the Declaration of Helsinki and 
approved by the local ethical committee. Subjects 
gave written informed consent to the experimental 
procedures. 

 

Electrical stimulation and EMG recordings 
CMAPs were recorded from the tibialis anterior 
muscle of the right (dominant) leg. Ag-AgCl 
surface electrodes were used for electrical 
stimulation. CMAPs were elicited with electrical 
stimulation of the peroneal nerve using a voltage-
controlled current-source stimulator (NoxiSTIM, 
JNI Biomedical A/S, Aalborg, Denmark). The 
bipolar stimulation was applied with one electrode 
just below the head of the fibula and the other at 
the popliteal fossa along the medial border of the 
biceps femoris tendon [3]. The two electrodes were 
at a distance of 10 cm.  

The EMG signals were detected in bipolar 
derivation with a linear adhesive array of 8 
electrodes (5-mm inter-electrode distance) located 
between the innervation zone and the distal tendon. 
The location of the main innervation zones was 
estimated from signals recorded in test contractions 
with a dry array of electrodes. The adhesive array 
was oriented along the direction of the muscle 
fibers. Signals were amplified with gain 1000 by a 
multi-channel surface EMG amplifier (EMG16, 
LISiN, Torino, Italy), band-pass filtered (20-500 
Hz), A/D converted on 12 bits (resolution: 2.44 V 
per least significant bit), and sampled at 10 kHz. 
The ground electrode was placed at the ankle of 
the left leg. 
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Procedures 
The subjects sat comfortably on a dental chair. 
After placement of the stimulating and EMG 
electrodes, the right leg was fixed to a custom 
made pedal for ankle joint stabilization with the 
knee extended at 135º. The SR curves to single 
stimuli were determined for all recordings. A 
custom written LabVIEW program increased the 
amplitude of a 0.2-ms test stimulus in steps of 6% 
from sub-threshold level to the level at which three 
consecutive responses gave no further increase in 
the amplitude of the CMAPs. The sub-threshold 
level was manually set at the beginning of each 
experiment.  

 

Data analysis 

Each SR curve was normalized with the maximum 
value and the threshold intensities I5%, I10%, I50%, 
I90%, and I95% for a response of 5%, 10%, 50%, 
90%, and 95% of the maximum response were 
estimated with linear interpolation. The SR curves 
were determined as the relation between current 
intensity and the following parameters: 1) peak and 
2) area of the first negative peak of the CMAP, 3) 
peak-to-peak amplitude and 4) total area under the 
CMAP.  

In the first step we analyzed if there was a 
difference between recording sites for all 
parameters. In the second step, the effect of inter-
electrode distance (5 to 35 mm) was investigated. 
Inter-electrode distances were obtained by 
summing consecutive bipolar recordings. A three-
way analysis of variance (ANOVA) with factors 
the parameters (peak, area, peak-to-peak, total 
area), the recording sites and intensities (I5%, I10%, 
I50%, I90%, I95%) was used to compare the SR curves. 
ANOVA was also applied for analyzing the effect 
of inter-electrode distance (5, 10, 15, 20, 25, 30, 35 
mm). P-values less than 0.05 were considered 
significant. In the third step, we normalized all 
threshold intensities by I50% and we quantified the 
standard error (SE) across distances in order to 
study which parameter had the smallest sensitivity 
to inter-electrode distances. 

 

Results 
Figure 1 shows an example of normalized SR 
curves computed using the area of the first 
negative peak from seven channels from one 
subject. There was no significant difference in SR 
curves between different recording sites (P=0.260). 
However a trend was observed between parameters 
(P=0.067) with total area having values far away 

compared to the other three parameters. 
Comparison between different inter-electrode 
distances showed no significant difference either 
between parameters (P = 0.240) or between 
distances (P=0.506). 
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Figure 1: Representative illustration of SR curves computed 
based on the area of the first negative peak of the compound 
muscle action potential for different channels or recording 
sites. 

To compute the spread, we first averaged across 
subjects and then computed the SE across 
distances for each normalized threshold intensity 
and each parameter. The results that are 
summarized in Table 1 show that peak-to-peak 
parameter had the lowest SE; that is it produced 
the most consistent results across inter-electrode 
distances.  
Table 1: Standard Error (SE) values computed across 
inter-electrode distances as a measure of consistency for 
different parameters (Peak, Peak-to-peak, area, total 
area) and normalized intensities (I5%/I50%, I10%/I50%, 
I90%/I50%, I95%/I50%) 

 Peak Peak-
to-Peak 

Area Total 
area 

I5%/I50% 0.0092 0.0034 0.0077 0.0067 

I10%/I50% 0.0055 0.0022 0.0022 0.0088 

I90%/I50% 0.0053 0.0042 0.0066 0.0035 

I95%/I50% 0.0079 0.0070 0.0164 0.0070 

Mean 0.0070 0.0042 0.0082 0.0065 

 
Discussion 
This study investigated the dependency of the SR 
curves on the recording site and inter-electrode 
distance along the direction of muscle fibers. The 
results showed that normalized threshold 
intensities (I5%, I10%, I50%, I90%, I95%) do not 
statistically depend neither on the recording site 
nor on the distance between the electrodes.  
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These results indicate that if the electrodes are 
positioned along the direction of the propagation of 
the CMAP, the intensity indexes computed from 
the SR curves will be statistically the same. This 
result is a consequence of the propagation of the 
CMAP along the fiber direction with an almost 
unchanged shape (Fig. 2).  

10 ms  
Figure 2: Example of multisite recording showing 
propagation of the CMAP from one subject. The shape 
of the CMAP changes slightly at different channels. 

 

Furthermore, the results also indicate that in 
bipolar recording configuration, the distance 
between the two electrodes does not influence the 
SR curve as long as both electrodes are placed 
along the direction of propagation. This is due to 
the normalization procedure that compensate for 
changes in amplitude due to the recording 
derivation. 

Our investigation did also include the difference 
between four parameters (Peak, Peak-to-peak, 
area, total area) of the CMAP that can be used to 
compute the SR curve. We found no significant 
difference between these parameters, although the 
total area of the CMAP was the one most sensitive 
to changes in recording site. Furthermore the 
parameters provided statistically equal values of 
intensities across different inter–electrode 
distances. However we recommend the use of 
peak-to-peak of the CMAP as the optimal 
parameter because it showed the lowest standard 
error across distances, thus providing the most 
consistent normalized threshold intensities.   

Conclusion 

The present study has shown that the SR curve 
does not depend on the recording site or on the 
inter-electrode distance along the propagation of 
muscle fibers. This result indicates that results 
from different studies can be compared if the 
electrodes are placed along the direction of the 
muscle fibers between the innervation zone and 

tendon regions, even if different locations and 
inter-electrode distances are used. 
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Abstract
Early occurrence of muscle fatigue is one of problems on FES. We focused on using M-waves elicited by the additional 
pulses in muscle fatigue evaluation during rehabilitation training with the surface stimulation system. In this report, a 
preliminary test of measurement of M-waves elicited by the additional pulses was performed under the two conditions: 
knee extension force production under the isometric condition and knee extension angle control by fuzzy controller 
based on the cycle-to-cycle control. The change in M-wave elicited by the single pulse in a burst stimulation for FES 
was less relevant result against decrease of force production under the isometric condition and increase of burst 
duration under the knee extension angle control during the muscle fatiguing. The decreasing of the M-wave elicited by 
the 2nd pulse of a double-pulse was observed with both experiments. These results suggest that M-waves elicited by the 
additional pulses would provide useful information for muscle fatigue evaluation. 

Keywords:  FES, fatigue, M-wave, double pulse, cycle-to-cycle

1. Introduction
The therapeutic effects during rehabilitation with 
FES have been shown to improve muscle strength 
[1-2] and muscle recruitment [2-3]. The repetitive 
movement therapy mediated by the electrical 
stimulation has the potential to facilitate motor 
relearning [4]. 
However, early occurrence of muscle fatigue is one 
of problems on FES. Therefore, condition of 
activity of electrically stimulated muscle is 
considered to provide useful information for 
training with electrical stimulation. 
Surface electromyographic activity elicited by 
electrical stimulation (M-wave) has a possibility of 
being used as an indicator of the muscle fatigue. 
We proposed using M-waves elicited by additional 
pulses inserted into a stimulus pulse train in muscle 
fatigue evaluation, and found the effectiveness of 
using the M-waves for prolonged continuous 
electrical stimulation under the isometric condition 
[5-6]. 
This study focused on using the M-wave for 
muscle fatigue evaluation in training with surface 
FES applying repeated burst pulses. In this report, 
M-waves elicited by additional pulses inserted into 
repetitive burst stimulation pulses were tested 
preliminary under the isometric condition and knee 
extension angle control. 

2. Experimental Methods 
The vastus lateralis were stimulated through 
surface electrodes (SRH5080, Sekisui Plastics), 

and M-waves were measured repetitive under the 
following two conditions with 3 neurologically 
intact subjects.
a) Knee extension force production under the 

isometric condition 

b) Knee extension angle control by the cycle-to-
cycle control 

The subjects were seated in the chair (Musculator 
GT-30, OG Giken), and relaxed his legs during 
experiments.  

In the measurement condition a), muscle force 
produced by bursts of electrical stimulation was 
measured with M-waves under the isometric 
condition. The burst duration of stimulation pulses 
was 750ms (15 pulses in a burst), since the burst 
duration to produce the maximum knee extension 
angle from the neutral position was 500ms to 
1,000ms in our preliminary experiment. Stimulus 
burst pulses with and without an additional pulse 
were applied alternately in one experimental 
session (Fig. 1). An additional pulse was inserted 
into a stimulus burst after the fifth pulse because 
the shape of M-wave varied in the first few pulses 
in a burst [7]. Therefore, the 5th pulse and the 
additional pulse consist of a “double pulse". The 
inter pulse interval (IPI) of the double-pulse was 
2ms, 2.5ms and 3ms, which was changed in turn. 
The time interval between stimulation bursts was 
set at 1s and fixed in one experimental session. 
In the measurement condition b), knee joint angle 
was controlled by regulating burst duration of 
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stimulation pulses by the fuzzy FES controller 
based on cycle-to-cycle control [8-9]. Electric 
goniometer (M180, Penny & Giles) was used to 
measure the knee joint angle. Knee joint angle at 
the resting was approximately 75 degree, and 
target angle was 30 degree (0 degree means full 
knee extension). The additional pulses were 
inserted into stimulus burst pulses under the same 
condition as the measurement condition a). 

In one experimental session, the number of 
repetitive stimulation was more than 200 in both 
experiments. Pulse setting was monophasic pulse, 
50ms period, 0.3ms width. Pulse amplitude was 
determined to develop full knee extension by a 
stimulation burst. The output signals of EMG 
amplifier, the goniometer and the force transducer 
(DTG-20, DIGITECH) were recorded by personal 
computer through AD converter (sampling 
frequency: 20kHz for M-wave and force, 40Hz for 
joint angle). The M-wave data for about 1.5ms 
including stimulation period were removed and set 
to 0mV to remove the artifact of electrical 
stimulation pulse. The M-wave elicited by the 2nd 
pulse of a double pulse was obtained by 
subtracting the M-wave elicited by the 4th pulse 
from the M-wave elicited by the double pulse in 
the same stimulation cycle [5-6]. 

3. Result and Discussion 
Fig. 2 shows an example of the M-waves elicited 
by the 4th, 5th (double-pulse) pulse in the same 
stimulation cycle and the derived M-wave by the 
additional pulse under the isometric condition. As 
shown in this figure, the M-waves by the 
additional pulse were appropriately derived. 
However, under the angle control, there was a little 
difference between the 4th and the 5th M-waves 
without additional pulse. Although the difference 
was small, the deriving method of the M-wave by 
the additional pulse will be studied in more detail. 

Fig. 3 shows an example of the measurement 
results under the condition a). The force production 
decreased as the number of cycles increased 
because of muscle fatigue elicited by the burst 
stimulation. 

Fig. 4 shows an example of the measurement 
results under the condition b). Since the mean 
value of stimulus burst interval and the number of 
stimulus pulse in a burst was 1.0 0.1 sec and 9.3

3.3 pulses, the condition of applied electrical 
stimulation is considered to be similar as the 
measurement condition a). The burst duration 
increased in the early stimulation cycles, and 
decreased until about the 30th cycle, afterward 
increased as the number of cycles increased. After 

the 30th cycle, the burst duration increased because 
of muscle fatigue elicited by the burst stimulation. 

As seen in Fig. 3, the peak-to-peak amplitude of 
M-wave elicited by the 4th pulse in a burst pulse 
(VM4th) increased in the early stimulation cycles, 
afterward decrease as the number of cycles 
increased. In our previous study under the 
isometric condition, high correlation coefficients 
between the force and the amplitude of the M-
wave in long lasting constant electrical stimulation 
were found [5-6]. However, correlation coefficient 
between the force and VM4th was negative value 
in two subjects (Subject A:-0.34, Subject B:-0.67, 
Subject C:0.95). VM4th under the condition of 
knee extension angle control as shown in Fig. 4 
was increased against the burst duration increased 
after about the 30th cycle. From these results of 
VM4th, it is suggested that the change in the 
amplitude of the M-wave elicited by the single 
pulse for FES control in a burst does not provide 
effective information of muscle fatigue for 
repeated activation by FES. 

The peak-to-peak amplitude of the M-wave elicited 
by the 2nd pulse of a double-pulse (3ms interval: 
VMD3m, 2.5ms interval:VMD2.5m, 2ms interval: 
VMD2m) decreased is both condtion a) and b). 
The decrease of the M-wave elicited by the 2nd 
pulse of a double-pulse was larger with shorter 
interval of double-pulse in the early cycles as seen 
in the previous report [5-6]. In general, the double-
pulse stimulation is used to measure the refractory 
period, and the large size of motor unit is known to 

Fig.2 Example of the M-waves in the same stimulation 
cycle and the derived M-wave by the additional pulse under 
the isometric condition. 
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have short refractory period [10]. The decrease of 
the amplitude of the M-wave elicited by the 2nd 
pulse of a double-pulse is considered to be related 
to the decrease of the number of activated motor 
units that have longer refractory period than pulse 
interval of double-pulse. Therefore, it is suggested 
that the M-wave elicited by the 2nd pulse of a 
double pulse can provide information of muscle 
fatigue.

4. Conclusion 
In this paper, M-waves elicited by the additional 
pulses were tested preliminarily under the 
condition of repeated stimulation in training with 
surface FES. The M-wave elicited by the single 
pulse in a burst could not provide effective 
information of muscle fatigue for repeated 
stimulation. The amplitude of the M-wave elicited 
by the 2nd pulse of a double-pulse showed 
decrease in the early cycles depending on the IPI 
of double-pulse with increasing fatigue. M-waves 
elicited by the additional pulses are expected to 
provide useful information of muscle activation 
state. Further studies are necessary to find an 
effective evaluation method for muscle fatigue 
using M-wave. 
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Fig.3 Knee extension force production under isometric 
condition. (Subject A). Force (Top) and peak-to-peak 
amplitude of each M-wave (Bottom) are shown.  
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Fig.4 Knee extension angle was controlled by fuzzy controller 
based on the cycle-to-cycle control. (Subject A). Burst duration 
(Top) and peak-to-peak amplitude of each M-wave (Bottom) are 
shown.
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 Torque Prediction Based on Evoked EMG in Fatiguing Muscle  
Toward Advanced Drop Foot Correction 
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Abstract 
Electrical stimulation (ES) has been applied since 1961 for the correction of hemiplegic drop foot. One main drawback 
of the technique is the occurrence of early fatigue. Therefore, it is essential to predict force generation for precise ES 
closed loop control when the stimulated muscle becomes fatigued. This work aims to predict ankle torque using 
stimulus evoked EMG (eEMG) during different muscle fatigue states. Five healthy subjects participated in our study. 
Conventional stimulation for drop foot correction was applied by surface stimulation in sitting position. The results 
showed that during long-term stimulation the generated torque gradually declined due to muscle fatigue, the muscle 
activity (EMG) performed quite differently in different fatigue level. In this work, we carried out the torque prediction 
with an adapted parameters model according to muscle fatigue state by reidentification using the latest measurement. 
The prediction was improved with 21%~90.9% comparing to the fixed parameters model. The results revealed a 
promising approach to use evoked EMG for fatigue compensation in the application of drop foot correction. 

Keywords:  drop foot correction, muscle fatigue, stimulus evoked EMG, electrical stimulation 

 

Introduction  
Hemiplegic drop foot (DF) is a condition resulting 
from stroke where the subject cannot lift his or her 
foot or dorsiflex [1]. The lack of dorsiflexion 
results in a dragging of the leg and as a result has a 
significant impact on the person’s gait [1]. 
Electrical stimulation (ES) is one of the existing 
solutions which are used to correct drop foot. 
Many researchers paid most attention to get 
optimal stimulation intensity profiles for the 
affected leg. An optimised stimulation envelope to 
reproduce the EMG pattern observed in the tibialis 
anterior (TA) during healthy gait was proposed in 
[1]. The changes in TA activity with walking speed 
was further considered to enable adaptive FES 
intensity envelope in [2]. A method providing with 
precise timing adaptation of the ES pattern to 
ensure a good coordination of the healthy and 
affected legs was proposed in [3]. However, in 
practice, the clinical implementation of ES for drop 
foot correction in hemiplegia is a challenging task. 
One of the challenges is the rapid onset of fatigue 
on the stimulated muscle. Thus, it is required to 
adjust stimulation parameters to provide optimal 
and tolerable treatment with minimal muscle 
fatigue. In previous researches, optimal stimulation 
patterns or modulation of stimulation parameters 
were proposed to reduce fatigue. However, no 
consensus was reached to date. Moreover, fatigue 
phenomenon is unavoidable with repetitive or 
prolonged stimulation and it usually occurs fast 

with ES on paralyzed muscles. Therefore, it is 
essential to predict force generation for precise ES 
closed loop control when the stimulated muscle 
becomes fatigued. 

The aim of this work is to predict ankle torque 
preliminarily in healthy subjects for the application 
of ES induced ankle dorsiflexion. In our study, we 
propose to identify the eEMG-torque model 
adaptively to improve torque prediction.  

Material and Methods 
Experimental Setup 
Five healthy subjects participated in this study. A 
commercial stimulator (Prostim) was used to 
induce sufficient dorsiflexion. The active (cathode) 
stimulating electrode was placed over the common 
peroneal nerve and the indifferent (anode) was 
placed over the TA muscle. The isometric ankle 
torque was measured by a calibrated dynamometer 
(Biodex), interfaced with  an acquisition system 
(Biopac MP100). The subjects were seated on the 
chair with their right ankle at 90o, while the foot 
was strapped on the pedal. Evoked EMG activity 
of TA was collected using bipolar surface 
electrodes. The electrodes were positioned on the 
TA muscle along muscle fiber direction with 
20mm interelectrode spacing. The reference 
electrode was placed on the patella. The EMG 
signal was amplified (gain 1,000) and sampled at 
4KHz. 
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Experimental Protocol 
For each subject, the first step of the experiment is 
to find the optimal stimulation location, that is, 
inducing pure dorsiflexion but tolerable and 
painless. The second step is to find supramaximal 
stimulation amplitude. In order to imitate 
hemiplegic walking situation, sequences of 2s 
stimulation and 2s rest were applied during 30mn. 
Stimulation consists of a trapezoidal envelope with 
pulse width modulation. Each 2s stimulation train 
consists of 0.4s ramp-up, 1.2s plateau and 0.4s 
ramp-down. The maximum pulse width and 
stimulation frequency were fixed at 350 s� and 
40Hz for all subjects.  

Signal Processing 
The stimulation artifacts were removed by means 
of blanking window to extract muscle response 
(Mwave) signal. The measured torque was offset 
with respect to the baseline of the torque 
measurement without stimulation. The torque data 
was lowpass filtered (6th order, cutoff frequency 
100Hz). The measured eEMG data was lowpass 
filtered (6th order, cutoff frequency 300Hz). The 
eEMG data was divided into epochs with each 
epoch containing one Mwave. The mean absolute 
value (MAV) of eEMG was calculated every 9 
Mwave through moving average. The mean torque 
during the same time window was simultaneously 
computed.  

The measurements of torque and eEMG were used 
to identify the parameters of mathematical models 
for ankle torque prediction. A Hammerstein model 
was adopted to represent the contraction dynamics 
as proposed in [4]. The eEMG-torque model is 
shown as follows:  

 
Where y(t) is the torque output at time t, x(t) is the 
input, in this study, it is the MAV value of eEMG. 
The term co is used to fit any offset of the output 
torque. We chose n=3 as in [4]. Different model 
order (l,m) was assumed to identify and validate 
the model. Finally we chose model order l=3, m=4 
to minimize the prediction error. A recursive least 
squares method was used to fit these parameters.  

For model identification, past measured torque is 
used as the past torque y(t-i). For torque prediction, 
past predicted torque is used as the past torque. In 
this case, model output )(ty p

�  based on the 
identified parameters can be computed as follows: 

    

When force measurement is not available, this 
approach makes it possible to use evoked EMG as 
a synthetic force sensor. The predicted torque was 
initialized at zero when no stimulation was 
delivered to the muscle. Mean-squared prediction 
error (MSE) is used as prediction performance 
index.  

Results 
For each subject, in order to observe the global 
change tendency in torque and eEMG, the peak 
torque and peak MAV during every 2s stimulation 
train were calculated and then normalized by the 
maximum values during the whole stimulation 
duration. We found that during 30mn stimulation 
the torque represented potentiation and fatigue, the 
muscle activity represented different feature in 
different muscle condition. Fig. 1 showed the 
changes in torque and MAV of eEMG with fatigue 
in subject1. In the initial 4mn, the torque and 
eEMG varied in parallel. From time 4mn to 18mn, 
the torque and eEMG dissociated. From 18mn to 
30mn, they maintained parallel change tendency. 
We also found this kind of time-varying properties 
in the variation of eEMG and torque in all other 
subjects. The dissociation due to muscle fatigue 
condition was also found in [5]. Therefore, it is 
difficult to obtain precise torque prediction using a 
fixed eEMG-torque model especially in prolonged 
stimulation.   

 
Fig. 1: The transition of the torque response and MAV 
of eEMG by stimulation in subject2. The results are 
normalized by the maximum values in the whole test.  

In order to validate the model, we adopted two 
methods: 1) fixed parameters model as proposed in 
[4] and 2) our method based on adapted parameters 
model. For each subject, the eEMG data was 
divided into sets with each set containing 6 trains 
(33s). Each set of 6 trains was subdivided into two 
epochs with each epoch containing 3 trains (16.5s). 
In the first approach, we applied the initial 16.5s 
data in first set to identify model and fixed the 
model parameters to predict all the following ankle 
torque. In the second approach, we applied the data 
during the first epoch (16.5s) in each set to identify 
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model. Then the obtained parameters were used to 
predict the torque just during the adjacent epoch 
(16.5s) in the same set. The process was repeated 
for every set during the whole stimulation duration.  

The prediction results of two approaches in 
subject2 were shown in figure 2. Test1, Test2 and 
Test4 indicate three different muscle states. MSE1 
and MSE2 respectively indicate the prediction 
error with fixed and adapted model. 30mn 
stimulation resulted in torque loss from (a) 100%, 
to (b) 60%, until (c) 20% mainly due to muscle 
fatigue. The prediction with fixed model became 
less precise over time. Nevertheless, the torque 
prediction was greatly improved with adapted 
model. 

 
Fig. 2: The measured torque and predicted torque based 
on evoked EMG in different muscle fatigue state in 
subject2. The measured torque (blue), the predicted 
torque with fixed model (green dotted) and the predicted 
torque with adapted model (red dashdotted) are shown. 
The results are normalized by the maximum value in the 
whole test. 

We validated the two approaches in all 5 subjects 
and summarized the prediction performance as  
shown in TABLE I. Test1~Test4 indicate different 
muscle condition. We can find that the prediction 
is less precise or difficult with the fixed model (e.g. 
test2, test3 in subject1) during long-term repetitive 
stimulation. However, when the model was 
reidentified with the latest data as our approach did, 
the prediction errors were greatly reduced as 
shown in TABLE I. The prediction with adapted 
model was improved with 21%~90.9% comparing 
to the fixed parameters model in all subjects. 

Discussion and Conclusions 
Our study focuses on the prediction of ankle torque 
based on evoked EMG in the context of ES drop 
foot correction during different muscle fatigue 
states. Five healthy subjects participated in the 

experiments. During 30mn stimulation applied in 
isometric conditions, the torque declined in all 
subjects. The eEMG and the torque represented 
time varying dissociation properties. However, 
eEMG-torque relationship was gradually varied 
relating to muscle fatigue condition in each subject. 
Therefore, despite the dissociation between eEMG 
and torque, we were able to apply our adapted 
eEMG-torque model to highly improve prediction 
performance comparing to fixed model which was 
commonly used in previous researches. Thereby, 
the effect of adapted identification should be 
significant and this approach has great potential for 
contribution of ES closed loop control with fatigue 
consideration. The future work includes to validate 
the results in hemiplegic subjects, to extend the 
present method to on-line automatic identification 
and adaptive control of electrical stimulation for 
fatigue compensation towards advanced drop foot 
correction.  
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Automatic real time procedure for adjusting the stimulus intensities to 
ensure reliable measurements of the H-reflex recruitment curve 
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Abstract 
Variability in the H-reflex can make it difficult to identify significant changes using traditional analysis techniques. This 
study presents an automatic real time procedure to adjust tibial nerve stimulus intensities to ensure reliable soleus H-
reflex measurements. The procedure consists of 3 steps: (1) an acquisition of a full recruitment curve (RC); (2) a 
sigmoidal fitting of the ascending limb of the H-reflex RC to compute stimulus intensities needed to evoke the maximal 
H amplitude (Hmax) and the 50% of Hmax (H50); (3) reliable repeated-measurements of both Hmax and H50. Furthermore, 
the procedure can detect when changes in the H-reflex RC occur and redetermine the optimal stimulation intensities. 
Tests on one healthy subject were carried out both at rest and during voluntary contraction of the triceps surae muscle 
to provide a first validation of the procedure reliability. Significant differences were found between the 2 experimental 
conditions in the amplitudes of Hmax and H50 and in the homosynaptic depression, as found in literature. The procedure 
may be used at rest, during muscle contractions and could be particularly useful in prolonged experiments or after 
fatiguing exercises. Between-day and inter-subjects analyses will be next performed to fully validate the procedure. 

Keywords: H-reflex, recruitment curve, stimulus constancy 

Introduction  
The Hoffmann (H)-reflex has been used widely to 
measure spinal excitability changes in motor 
control experiments [1]. Despite extensive reviews, 
variability of the H-reflex can make it difficult to 
identify significant changes using traditional 
analysis techniques. For instance, it is possible that 
H-reflex changes described in previous studies 
may have been due to a small number of stimuli 
being delivered, or a shift in the recruitment curve 
(RC) because of movements of stimulating 
electrode/ nerve, and/or recording electrode/muscle 
relationship [2]. Furthermore, the size of the M-
response can also change during different muscle 
lengths and experimental conditions [1].  
Rupp et al. demonstrated that keeping the 
stimulation intensity constant to evoke the 
maximal resting H-reflex after a sustained muscle 
contraction can underestimate the H-reflex 
facilitation occurring after exhaustive exercise. It is 
therefore more appropriate to redefine the optimal 
stimulation intensity to evoke it [3].  
In literature, most of the studies on between day 
reliability of the H-reflex consider only one point 
of the RC. A recent study suggested that the entire 
RC should be investigated to ensure both between 
conditions and between days reliability [2]. 
However, it is rather time consuming to check 
whether the stimulus intensity needed to obtain the 
maximal H-reflex has to be adjusted, as eliciting a 
full H-reflex RC can take up to 10 min. On the 

other hand, it would be crucial to acquire more 
than one point of the RC to obtain more 
information on changes in spinal excitability.  
Considering these methodological constraints, the 
study aims at the design of a system able to acquire 
and store reliable measures of the H-reflex in 2 
different points of the RC. In addition, the system 
is able to calibrate itself automatically performing 
RC and adjusting stimuli intensities when needed. 

Material and Methods 
To illustrate the automatic procedure, one healthy 
subject took part in the study. The subject was 
seated with the knee angle kept constant at 120°. 

Instrumentation 
The H-reflex was recorded from the soleus muscle 
using EMG electrodes in a bipolar configuration 
[1]. The posterior tibial nerve was stimulated in the 
popliteal fossa through a monopolar adhesive 
electrode. The anode was placed above the patella. 
The stimuli were 1 ms monophasic pulses. The 
EMG was sampled at 2048 Hz. The EMG 
envelope (obtained applying a high-pass filter, 
rectification and low-pass filter at 5 Hz to the raw 
EMG) was displayed to the subject.  

Experimental procedure 
In each experimental condition, the automatic 
algorithm started with the acquisition of a RC. The 
stimulus intensity was increased in steps of 2 mA 
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starting just below H-reflex threshold. When H-
reflex amplitude began to decline the stimulus 
intensity was increased in steps of 20 mA till 
evoking the maximal M wave.  
The H-reflex peak-to-peak amplitudes computed 
on the ascending limb of the RC were fitted using 
the following sigmoid function [4]: 

 
 

(1) 

where H(s) is the H amplitude at a given stimulus 
intensity (s); Hmax is the upper limit of the curve 
calculated as the mean of the values above the 95% 
of the largest one (also the standard deviation, SD, 
on this interval was computed); m is the slope of 
the function; sH50 is the stimulus at 50% of Hmax. 
The sH50 and m were optimized by a non linear 
least square method. The following parameters 
were computed on the fitted RC: stimulus intensity 
needed to evoke the first point above the 95% of 
the largest H amplitude (sHmax); the M amplitude 
elicited by sHmax (MHmax); the stimulus intensity 
corresponding to the maximal M amplitude (sMmax) 
and its peak-to-peak amplitude (Mmax).  
Once the parameters were obtained, the protocol 
started: a first stimulus at sHmax was sent; if the H 
amplitude was considered reliable (H amplitude 
within Hmax ± SD and the M amplitude within 
MHmax ± 95% MHmax), a second sHmax was sent after 
1 s. When the H amplitude was outside its 
confidence interval, an acquisition of a new RC 

began and new parameters were automatically 
computed. Instead, if the H amplitude was 
repeatable but the associated M amplitude was not, 
the stimulus intensity was increased or decreased 
by 2 mA. Once a train of 4 reliable couples of 
sHmax was sent (the interval between 2 consecutive 
couples being 10 s), an analogous train of 4 stimuli 
to evoke H50 was delivered. The same current 
correction applied to elicit the last reliable Hmax 
was added to sH50 and used to evoke the H50. After 
both trains, Mmax was evoked. If the M amplitude 
was within Mmax ± 95% Mmax, a second train 
started; otherwise a new RC was required. The 
acquisition ended after the third elicited Mmax. The 
procedure was tested at rest and at 10% MVC.  

Data processing and analysis  
In both conditions, mean values and standard 
deviations of the reliable Hmax, H50, and Mmax 
obtained were computed. Furthermore, for each 
reliable couple of Hmax, the homosynaptic 
depression, HD, i.e., the ratio between the second 
and the first H amplitude [1], was determined.  

Results 
Panels (a) and (b) in Fig. 1 depict the fitted H-
reflex RC obtained at rest and at 10% MVC before 
the procedure (dashed line). A second RC (solid 
line) was elicited at the end of the protocol to 
check that no changes in the RC occurred. 

 

 rest 10%  
MVC 

Hmax  
[mV] 

7.22 
(0.46)* 

8.54 
(0.31)* 

MHmax  
[mV] 

0.77 
(0.03) 

0.78 
(0.05) 

HD  
[%] 

59 (9)* 83 (5)* 

H50  
[mV] 

3.95 
(0.42)* 

5.34 
(1.28)* 

MH50  
[mV] 

0.46 
(0.01) 

0.45 
(0.09) 

Mmax  
[mV] 

17.16 
(0.45) 

17.60 
(0.12) 

 

Fig. 1: Panels (a) and (b) show the H and the corresponding M data obtained before (o) and after (*) the procedure at 
rest and at 10% of MVC, respectively. The fitted H(s) computed before (dashed line) and after the procedure (solid line) 
are also depicted. The muscular responses evoked by sHmax and sH50 are shown (at rest, panels (c, e) and at 10% MVC 
(panels (d, f)). All the computed parameters (mean values and standard deviations, in brackets) are reported in the table. 
The asterisks indicate significant differences between the 2 experimental conditions (t-test, p<<0.05). 

(a) 

(c) 

(e) 

(b) 

(d) 

(f) 
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As evident from the figure, the 2 curves were very 
repeatable, particularly at rest. Panels (c) and (f) 
represent all the reliable EMG responses evoked 
by sHmax and sH50 during the procedure in both 
experimental conditions. Also in this case the 
repeatability of the signals is noticeable and 
confirmed by mean values and standard deviations 
of M and H amplitudes reported in table. The 
statistical analysis shows that HD is significantly 
lower at rest than at 10% MVC (t-test, p<0.05), 
while both Hmax and H50 are significantly higher at 
10% MVC than at rest. No differences were found 
between the correspondent M amplitudes. These 
results confirm what already found in literature [5]. 
To outline the potentiality of the automatic 
procedure, two cases in which adjustments of the 
stimulus intensities are needed to ensure reliable 
H-reflex measurements are unfolded. In the first 
case (Fig. 2 panel (a), a RC was obtained (dashed 
line); then, before starting the protocol, an artificial 
change in the position of the stimulating electrode 
was provoked. The procedure automatically 
decreased the stimulus intensity by 2 mA to elicit 
both Hmax and H50. The acquisition of a second RC 
(solid line) at the end of the protocol confirmed a 
solid shift between the 2 curves. Whereas, panel 
(b) shows an example of physiological changes in 
the H reflex excitability: 3 different RCs were 
obtained at rest, at 10% and 20% MVC. A stronger 
muscle contraction produced a RC shifted towards 
lower stimulus intensities and an increased Hmax as 
already well-known from the literature [5]. 

 
Fig 2 Panel (a) show the H, the corresponding M data 
and the fitted H(s) before (‘o’, dashed line) and after 
(‘*’, solid line) moving the stimulating electrode. Panel 
(b) reports the H, the corresponding M data and the 
fitted H(s) obtained at rest (‘*’, solid line) at 10% MVC 
(‘o’, dash-dot line) and at 20% MVC (‘□’, dotted line). 

Discussion 
This study is one of the first attempts to provide a 
real time automatic procedure to measure 
accurately the H-reflex excitability. This procedure 

offers reliable measurements in 2 different points 
of the RC: Hmax and H50. H50 was chosen because it 
is widely sensitive to modulations in reflex 
excitability, but it is also characterized by a very 
small M-wave less responsive to configurational 
changes and not exploitable to ensure stimulus 
constancy [1]. Therefore, Hmax was also evoked 
because its corresponding M-wave is large enough 
to estimate and control stimulus constancy. 
A crucial potentiality of the procedure is that it can 
detect when changes in the H-reflex RC occur and, 
therefore, it automatically adjusts the stimulus 
intensities to ensure reliable measurements. The 
procedure can also perform a complete re-
calibration (full RC) lasting less than 3 minutes.  
Finally, the procedure may be used at rest, during 
movement or isometric muscle contractions.  
These features make the system particularly useful 
in prolonged experimental settings or after 
fatiguing exercises. In both conditions, the changes 
occurring in the RC and in the Mmax [1] can be 
compensated automatically. Between-day and 
inter-subjects analyses will be next performed to 
fully validate the procedure. A comparability of H 
amplitudes between subjects and conditions will 
require a normalization of the H-response to a 
physiological constant such as Mmax [6].  
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Abstract
The restoration of arm-free standing in individuals with paraplegia can be accomplished with the help of functional 
electrical stimulation (FES).  An experimental device, the Inverted Pendulum Standing Apparatus (IPSA), is used to 
study closed-loop FES control of the ankle joint.  The IPSA uses the ankle muscles of a sitting subject to balance an 
inverted pendulum that mimics the subject’s body during quiet stance, thereby overcoming the safety issues associated 
with studying standing in individuals with paraplegia.  We used the IPSA to evaluate the ability of proportional-
derivative and proportional-integral-derivative (PD and PID, respectively) controllers to regulate quiet standing in an 
individual with a T3-T4 complete (AIS A) spinal cord injury (SCI).  The controllers were able to regulate balance of the 
inverted pendulum. However, while the controller gains and FES stimulation parameters were chosen based on 
simulations and experimental calibration, they did not prove adequate to compensate for the day-to-day variability in 
the subject’s muscle strength, creating the need for adjustments prior to every trial. Although the controller output 
exhibited a saturated phasic profile, we conjecture that increasing the ankle stiffness (by changing the subject’s position 
from sitting to standing) may help to achieve a more physiologically realistic tonic profile.

Keywords: Functional electrical stimulation, inverted pendulum, real-time control, rehabilitation devices, human
factors in medical devices, human performance/force assessment, medical device design processes

Introduction
Spinal cord injury (SCI) is a serious neurological 
condition that frequently leads to paralysis and a 
range of impairments that severely degrade the 
quality of life of individuals with SCI. These 
impairments include the inability to stand, walk, 
grasp, and sit, as well as secondary complications 
such as pressure sores (ulcers), respiratory 
complications, urinary tract infections, spasticity, 
scoliosis, and depression. One of the simplest ways 
to alleviate some of these secondary complications 
is to get individuals with SCI to stand [1]. For 
individuals with SCI, there are therapeutic benefits 
to standing, such as bone loading, extending the 
joints, improving blood flow, and activating 
muscles. In addition, standing allows these 
individuals to communicate with people at eye 
level, reach for items that are normally inaccessible 
when using a wheelchair, transfer more easily, and 
perform other activities of daily living that cannot 
be carried out while seated [2].

Material and Methods
An experimental device, the Inverted Pendulum 
Standing Apparatus (IPSA) shown in Fig 1, was

used to study closed-loop FES control of the ankle 
joint, which used the ankle muscles of a sitting T3-
T4 complete (AIS A) subject to balance an 
inverted pendulum, thereby overcoming the safety 
issues associated with studying standing in 
individuals with paraplegia.

Fig 1: Inverted Pendulum Standing Apparatus (IPSA) 
with seated bench

A padded bench was provided for the subject to sit 
on while Velcro straps securely held the subject’s 
feet on the foot plates which could move in the 
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anterior-posterior direction.  The foot plates were 
connected to the inverted pendulum through a 
single shaft, which translated the rotational motion 
from the foot plates to the inverted pendulum
(weighing 17.2kg)

A Keyence LK-2500 laser (Keyence, Japan) was
used to track the angular position of the pendulum 
and was interpreted by a real-time PD/PID 
controller implemented on a personal computer 
installed with MATLAB 7.1 using Windows 
Target toolbox.  The controller modulated the 
Compex Motion stimulator output. The Compex 
Motion stimulator is a programmable, 
multipurpose, transcutaneous, functional electrical 
stimulation system developed by Drs. Popovic and 
Keller [3]. The current pulses were delivered to the 
subject’s plantarflexors (the muscles primarily
responsible for quiet standing).  A reference angle 
of 5 degrees (to the vertical) was used for the 
controller to track.

The stimulation waveform used was a rectangular, 
biphasic, monopolar pulse waveform, with a pulse 
��	������ ��� ���«� ��� a stimulation frequency of 
40Hz. The amplitude was varied from 0 to 80mA.

Controller parameters were modified for different 
trials and were tabulated in Table 1.  The selection 
of these gains was based on the gains used by [4], 
followed by a trial and error process in an attempt 
to increase controller response time (through Kd)
and reduce the mean error (through Ki).

Gains and maximum amplitudes used during sessions
Trial 

#
Kp

Nm·rad-1
Kd

Nm·s·rad-1
Ki

Nm·s-1·rad-1
Max 
Amp.
mA

1 750 350 0 63
2 750 350 0 60
3 95 50 0 60
4 700 250 0 54
5 700 200 20 60
6 700 180 20 52
7 700 180 20 48
8 700 120 20 55
9 700 350 20 58

Table 1: Gains and maximum stimulation pulse 
amplitudes used during controller experiments.

Results
Table 2 summarizes the performance of the trials 
for each controller listed in Table 1. The second 
column provides the length of time during which 
the controller was able to balance the inverted 
pendulum about the 5 degree reference angle, and 
the third column provides the error between the 
mean angle during the time the pendulum was 
balanced and the reference angle (5 degrees from 
the vertical) set by the controller. 

The most successful trial was trial 6 with a PID 
controller (kp = 700 Nm·rad-1, kd = 180 Nm·s·rad-1,
ki = 20 Nm·s-1·rad-1) which was balancing the 
pendulum around an angle of 5 degrees for almost 
90 seconds (Fig. 2). 

Trial # Length (s) Error (%)
1 29 28
2 27 1
3 10 138
4 29 11
5 55 7
6 87 4
7 60 10
8 23 27
9 33 46

Table 2: Length of time pendulum was balanced and 
mean error from reference balance point of 5 degrees

Fig 2: Results for trial 6 with a PID controller (kp = 700
Nm·rad-1, kd = 180 Nm·s·rad-1, ki = 20 Nm·s-1·rad-1,
ref = 5 degrees) and a maximum amplitude of 52 mA.

Discussion
The IPSA is advantageous for the development of 
a standing neuroprosthesis for individuals with 
SCI, as it provides a safe mechanism through 
which some aspects of a quiet standing 
neuroprosthesis can be studied. It can potentially 
investigate such issues as the muscle strength 
requirements for successful standing in an 
individual with SCI.  The pendulum weight and 
moment of inertia were significantly lower than 
that of the subject due to substantially weakened 
muscles of the subject due to chronic SCI
(classified as T3-T4 complete AIS A)

Although balance of the pendulum was 
accomplished with a PD/PID controller, as shown 
in Figure 2, the control signal was saturated in both 
directions (the same behaviour was observed in all 
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trials).  This pattern effectively activated the 
muscles then relaxed them with each pendulum 
sway.  This phasic mode of operation differs from 
that observed in the quiet standing of able-bodied 
individuals [5].

One possible reason for the difference is that the 
IPSA setup does not take into account the passive 
torque that is normally exerted during quiet 
standing by the stiffness of the ankle joint.  Recent 
work has compared the contributions of active and 
passive torques during quiet standing and 
demonstrated that, in an able-bodied subject, the 
majority of the torque required to keep the 
individual from falling was provided by passive 
torques (80-85%) [6]. With this in mind, we would 
expect that a subject’s ability to balance the IPSA 
would improve by placing the subject in a standing 
frame while they use the IPSA to increase the 
passive torque around the ankles. We conjecture 
that this may be enough to stabilize the swing of 
the pendulum.

The controller gains are also crucial, but despite 
our use of simulations to guide our choices, 
refining these values is challenging because of the 
time-varying nature of the muscles’ performance.  
None of the gain combinations explored produced 
a tonic mode of operation, which would be more 
physiologically realistic than the phasic behaviour 
observed.  It is possible that the phasic operation 
may not be completely detrimental to the system, 
given that it allows for short windows for the 
muscles to recover after contracting.  Nonetheless, 
phasic contractions lead to larger pendulum sway 
and do not match the physiological behavior 
exhibited by the able-bodied individuals.

The performance of the controller depends on the 
accuracy of the calibration map that converts the 
desired torque value into stimulation amplitude of 
the FES device.  Our assumption in this study was 
that the calibration of the controller could be 
accomplished by measuring the torque generated 
by the ankles during isometric contractions.  
However this proved to be inaccurate for controller 
experiments, since for each trial, the maximum 
amplitude of the stimulator had to be adjusted, 
scaling the torque-stimulation relationship by a 
gain.  The need for this adjustment was due to the 
day-to-day variability of the subject’s muscle 
performance.  From our experience with this and 
other subjects with complete SCI, this variability 
can be dramatic and stochastic in nature, requiring 
the development of more effective methods to 
compensate for this variability.

Lastly it should be noted that due to the limited 
time the subject participated in the study, there 

weren’t enough trials to draw any statistical 
relevance as related to the gains of the controllers.

Conclusions
This study has shown that, in certain cases, it is 
possible to use PD/PID control to artificially 
activate and control paralyzed muscles to balance 
an inverted pendulum.  Although the controller 
output exhibited a saturated phasic profile, we 
conjecture that increasing the ankle stiffness (by 
changing the subject’s position from sitting to 
standing) may help to achieve a more 
physiologically realistic tonic profile. In the next 
phase of the study, we will attempt to retrofit the 
IPSA with a standing frame to allow the same 
experiment to be carried out on a subject in a 
standing position.
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Abstract 
Many functional electrical stimulation (FES) devices use surface electrical stimulation (SES). However, most such 
devices are unable to reproduce task-oriented motions such as pinching or flexing of individual fingers. We have 
reported reproduction of such motions using SES based on a mapping method that specifies the distribution of the 
target muscles from the skin surface. Nevertheless, mapping method presents some problems such as a lack of 
objective estimation and long processing time. To solve these problems, we plan to develop a new FES system that 
includes an auto-mapping function using acceleration sensors. We have developed a prototype system and have 
reproduced some motions using a stimulation device that has 192 stimulation channels. 

Keywords: FES, Orthosis, Stimulation device, Daily FES

Introduction 
Functional electrical stimulation (FES) is a method
used to restore paralyzed limb function. Many 
researchers have reported the effects of FES. Some 
FES devices have been developed for restoring 
hand function. For example, Ring et al. [1] and 
Snoek et al. [2] designed and assessed a 
neuroprosthetic FES device for the hand, called the 
“NESS Handmaster,” which uses surface electrical 
stimulation (SES). Knoutson et al. [3] developed 
and assessed a contralaterally controlled FES 
(CCFES) system that hemiplegic patients can 
control with the impaired hand. Furthermore, 
Prochazca et al. [4] developed a bionic glove that 
can control the FES of muscles by detecting 
voluntary wrist movement. Swain et al. [5] pointed 
out the importance of adequate gripping and stable 
prehension when a hand/arm prosthesis is 
controlled automatically. 

Most FES devices used today cannot reproduce 
task-oriented motion. For example, the NESS 
Handmaster can only perform a grasping motion. If 
a new device can be developed to reproduce task-
oriented motions such as the individual movement 
of fingers, then patients’ quality of life (QOL) will 
be improved considerably. 

To resolve the disadvantage described above, we 
suggest the “mapping method,” which specifies the 
distribution of the target muscles from the skin 
surface. Using this method, we reproduced the 
flexion of individual fingers, adequate gripping, 
and stable prehension by SES. Moreover, we 
confirmed that this method is applicable to support

spinal cord injury (SCI) patients with C6 level 
immobility. We conducted 20 min of therapeutic 
electrical stimulation (TES) training during 
sessions held 2–3 times a week (total 28 weeks) [6]. 
We assessed the effect of this TES training by 
quantitative tracking of the patients’ movement 
trajectories with a 3-SPACE (Polhemus Inc., USA) 
apparatus and sequential MRI imaging. Results 
show improvement in hand motion when the 
patients were stimulated, but no improvement was 
found in voluntary motion [7]. 

This result serves as a reminder that home-based 
daily FES training is extremely important. To 
realize daily FES, the mapping method requires 
enhancements to achieve more objective 
estimation and shorter processing time. Here, we 
propose a new FES device that includes an 
automatic mapping function using sensor feedback. 

This paper describes 1) the mapping method, 2) the 
structure of the prototype of the new FES device, 
and 3) the evaluation of the prototype system. 

Mapping method 
The mapping method is one method of specifying 
the distribution of the target muscles from the skin 
surface. The mapping procedure is the following: 

Step 1)  Identify the motor points of individual 
muscles. 

Step 2)  Raise the current intensity of the device; 
we investigate the points found in Step 1) 
to clarify the SES area while observing the 
muscle’s stimulated contractions. 
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Fig. 1: Result of mapping method. 

Fig. 3: Prototype system.

Fig. 4: Attached electrodes.

Table 1: Muscular hypertrophy 
Fig. 2: MRI image.

Step 3)  Establish the maximum tolerable level of 
stimulation for each muscle. 

Figure 1 shows one result of the mapping method 
applied to C6 level SCI patients. 

The present mapping method has some problems: 
1) long processing time (it takes about 2 hr to 
complete); 2) lack of objective evaluation; and 3) 
maintaining constant pressure of the stimulator 
probe. 

TES for SCI patients 
Using results of the mapping method, we 
undertook TES training with two SCI patients, 
each with stable C6 level (1 male and 1 female, 5 
and 6 years after injury, respectively) [6] [7]. 

This training was conducted for 20 min during 
sessions held 2–3 times a week (total 28 weeks). 
We assessed the effect of this TES training by 
quantitative tracking of the patients’ movement 
trajectories with a 3-SPACE (Polhemus Inc., USA) 
apparatus and sequential MRI imaging (Fig. 2). 
We measured almost identical dimensions of every 
image and found little muscular hypertrophy 
(Table 1). We also found improvement in hand 
motion when the patients were stimulated. 
However, no improvement was found in voluntary 
motion. From these results, we concluded that the 
FES system should be used daily. In fact, Ring et 
al. described the importance of daily FES training 
[1]. 

New FES system 
Our goal is to produce a new FES system that 
includes the following: 1) an automatic mapping 
function using acceleration sensors attached on 
fingers and hand; 2) an FES function that can 
realize task-oriented motion by stimulating 
specified muscles; and 3) grip strength or wrist 
angle controls using sensor feedback. 

Prototype system 
Figure 3 portrays an FES system prototype. It 
consists of a PC, a PC-controlled stimulator, and 
an orthosis with stimulation electrodes. The PC-
controlled stimulation device has 192 stimulation 
channels. Moreover, about 150 electrodes of 1 cm 
diameter are attached to the inside surface of the 
orthosis for adequate fixed pressure (Fig. 4). This 
system is expected to resolve the problems of the 
mapping method described above. If 10 s are taken 
to evaluate muscle contraction induced by one 
channel’s electrical stimulation, then the 
processing time of all channels will be about 1500 
[s]. Some sensors are necessary to establish 
automatic mapping. 

Female subject 
Flexor 

muscles 
[mm2] 

Extensor 
muscles 
[mm2] 

Before TES 537 1040 

After 4 mo TES 608 1082 

After 7 mo TES 620 1087 
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(9) FCR

(10) Pronator teres

Flexor

Extensor

- 122 -- 122 -



(a) Muscle contraction (ED) 

(b) Muscle contraction (FDS) 

(c) Muscle contraction (FCR) 
Fig. 5: Experimental results.

Experiment 
Using the prototype system, we stimulated the 
muscles of the hand and forearm of a healthy 
person (23 years old, male). To observe the 
muscle’s stimulated contractions, electrodes were 
activated one-by-one to stimulate the 
corresponding small area of the muscle. This 
process continued until the whole area had been 
checked. Figure 5 shows stimulation results for (a) 
the extensor digitorum (ED), (b) the flexor 
digitorum superficialis (FDS), and (c) the flexor 
carpi radialis (FCR), together with results for the 
same responses in manual mapping. 

Future study 
We plan to add accelerometers and pressure 
sensors to the FES system prototype to realize 
more objective estimation or automatic mapping. 
We will investigate, from a practical perspective, 
the feasibility of automatic mapping and daily FES 

use to reproduce task-oriented motions. We intend 
to design a GUI interface that can help us process 
them at given intensity, selection of muscles for 
the FES, and so on. Furthermore, we will estimate 
the relation between the subject’s motor intention 
and stimulated motor output using near infrared 
spectroscopy (NIRS). 
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Abstract 
In our previous studies, the Feedback Error Learning (FEL) controller was found to be applicable to FES control of 
wrist joint movements. However, sinusoidal trajectories were only used for the target joint angles and the artificial 
neural network (ANN) was trained for each trajectory. In this study, focusing on two-point reaching movement, target 
trajectories were generated by the minimum jerk model. In computer simulation tests, ANNs trained with different 
number of target trajectories under the same total number of control iteration (50 control trials) were compared. The 
Inverse Dynamics Model (IDM) of the controlled limb realized by the trained ANN decreased the output power of the 
feedback controller and improved tracking performance to unlearned target trajectories. The IDM performed well when 
target trajectory was changed every 1 control trial during ANN training. 

Keywords:  feedback error learning, tow-point reaching movement, minimum jerk model 

 
  

Introduction  
The Feedback Error Learning (FEL) controller was 
found to be applicable to FES control in our 
previous studies of wrist joint control by computer 
simulation and with neurologically intact subjects 
[1]. The FEL controller was composed with a 
multichannel proportional- integral- derivative 
(PID) controller [2] as a feedback controller and an 
artificial neural network (ANN) as a feedforward 
controller as shown in Fig.1. The ANN realizes the 
Inverse Dynamics Model (IDM) of the controlled 
limb by learning using outputs of the feedback 
controller. 

The target joint angles, however, were only 
sinusoidal trajectories of 2-DOF or 1-DOF 
movements in the previous studies. In addition, the 
ANN was trained for each target trajectory. These 
conditions are not practical for clinical applications. 

In this study, focusing on two-point reaching 
movement, target trajectories were generated by 
the minimum jerk model [3]. ANN training 

condition was examined by changing target 
trajectory in some different way during the training. 

Methods 
Generation of Target Trajectories  
In this study, the tracking control was performed 
on 2-DOF movements of the wrist joint (the dorsi/ 
palmar and the radial/ulnar flexions). Since the 
single wrist joint were controlled, the minimum 
angular jerk model was used for the generation of 
the target trajectories. This model can generate an 
appropriate trajectory with small amount of 
calculation. 

The following cost function was minimized to plan 
the trajectory: 
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where ft  is the movement time. 1�  and 2�  shows 
dorsi/palmar and radial/ulnar flexion angles, 
respectively. Trajectories for two-point reaching 
movements are derived analytically as shown 
below: 
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where s�  and f�  are joint angles at the starting 
and the terminal points, respectively. fttT �  is 
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Fig.1: Block diagram of the FEL controller for FES. �d
and � represent the desired and the measured joint
angles. The ANN learns with the outputs of the PID
controller while controlling limbs. 
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normalized movement time ( 10 �� t ). 

Computer Simu1ation 
Target trajectories were generated in the 
rectangular area on the joint angle plane with the 
center at 0deg (30deg in the direction of the 
radial/ulnar flexion and 50deg in the direction of 
the dorsi/palmar flexion). First, three points (A, B 
and C) were determined randomly. The target was 
moved from the origin (center) to the point C 
through the points A and B. The target was stopped 
at each point for 1sec and moved between two 
points for 2sec (Totally 10sec for each target). 
Each movement trajectory between two target 
points was generated based on Eq.(2). 

The IDM was trained with the fixed iteration 
number of control (50 trials) using the generated 
target trajectories under the following conditions: 

  a) PID control only (without training) 
  b) 1 target trajectory 
  c) 5 trajectories changed every 10 control trials 
  d) 10 trajectories changed every 5 control trials 
  e) 50 trajectories changed every 1 control trials 

where 3 sets of target trajectory were examined for 
each training condition b) ~ e). 

Learning and control performance was examined 
by computer simulation with musculoskeletal 
model. Three different subject models were 
prepared, whose parameters were adjusted to the 
muscle properties of 3 normal subjects, 
respectively. Stimulated muscles were the ECR, 
the ECU, the FCR and the FCU. A three-layered 
ANN was used as a feedforward controller. The 
inputs of the ANN were time series of angles, 
angular velocities and angular accelerations of 
target movements at continuous 6 times, from n to 
n+5 (50ms interval). The ANN connection weights 
were updated after one control trial with the error 
back-propagation algorithm. Three initial patterns 
of the connection weights were prepared for each 
training condition. 

Fifty unlearned target trajectories were prepared 
for evaluation of IDM learning. Mean error (ME) 
and root mean square (RMS) value of PID 
controller outputs were calculated for the 
evaluation as follows: 
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where N is the total number of sampled data. ME 
was calculated for each movement direction and 

RMS was done for each muscle. 

Results 
An example of control result for unlearned target 
trajectory is shown in Fig.2. Although the PID 
controller without the IDM showed delay in 
response, the FEL controller for FES (FEL-FES 
controller) performed good tracking decreasing the 
delay and output of the feedback controller to 
small values. Values of ME and RMS were 
decreased to 0.26deg from 1.13deg and to 0.005 
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Fig.2  An example of control result for unlearned target
trajectory (subject A, training condition e)). Joint angles,
stimulation outputs of PID controller and ANN, and total
output are shown. The dotted lines on the total output
show stimulation thresholds. 
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from 0.044 by using the IDM, respectively in the 
case of Fig.2. 

ME and RMS values of PID controller outputs 
were summarized in Fig.3. The training condition 
e) showed the minimum ME and RMS value of 
PID outputs. Variations of those values also 
decreased with the training condition e). Although 
the condition b) using one target trajectory 
improved the PID controller, ME and RMS values 
were larger than other three conditions. There is no 
large difference between the conditions c) and d). 

Discussion 
The FEL-FES controller improved tracking control 
of the targets including two-point reaching 
movements generated by the minimum jerk model 
decreasing delay, ME and RMS value of PID 
outputs. Since the IDM can acquire nonlinear 
characteristics of electrically stimulated 
musculoskeletal system, control performance 
would be improved. In addition, the learning type 
controller can decrease burden to users and 
medical staffs in controller parameter tuning for a 
lot of muscles. Therefore, the FEL-FES controller 

is expected to be effective clinically. 

When ANN was trained with the same total 
number of iteration of control, increasing the 
number of target trajectories was effective. 
Especially, changing the target every control trial 
was most effective. This result suggests that the 
ANN was trained appropriately by using various 
target positions and movement velocities rather 
than repeated training with same target, even if 
training data is used only one time. In this paper, 
all target trajectories included 1sec staying at 4 
points (center, A, B and C) and 2sec movement 
between 2 points. It is expected to test various 
target movements including different movement 
time, different number of positions and so on 
considering practical application. 

Conclusions 
Target trajectories for FEL controller for FES were 
generated by the minimum jerk model. In 
computer simulation tests, the IDM of the 
controlled limb realized by training the ANN 
decreased the output power of the feedback 
controller and improved tracking performance to 
unlearned target trajectories. The IDM performed 
well when target trajectory was changed every 1 
control trial during ANN training. 
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Can non-invasive electrical stimulation of the brain (ESB) modify the resting-state 
functional connectivity of the motor cortex? A proof of concept fMRI study 

Alon G, Roys S, Gullapalli RP.

Purpose: To develop and test an innovative method to obtain fMRI data during the 
application of non-invasive tDCS.

Materials and Methods: One subject participated in 5 MRI sessions. Functional 
images (Siemens 3T Tim Trio scanner, 8-channel head coil) were acquired using single-
shot EPI T2

*-sensitive sequence (TE = 30 ms, TR = 3s, 1.8 × 1.8 mm2 in-plane 
resolution and a FOV of 23 cm) using 36 axial slices (4 mm thick) with no gaps between 
slices. A high resolution T1-weighted-MPRAGE (TE = 3.44ms, TR = 2s, TI = 900ms, flip 
angle = 9º, 72 slices, slice thickness 2 mm, 0.898 × 0.898 mm2 in-plane resolution and a 
FOV of 23 cm) was acquired for anatomic reference. 

In each session, two resting state scans were separated by two tDCS scans and one 
functional activation scan involving the motor cortex. The functional scan was a self 
paced finger-thumb apposition task. Block design was used with 20s-On and 20s-Off for 
a total of 8 cycles. In tDCS sessions 1-3, 2 mA of direct current was applied for 6.45 min 
placing the positive electrode over the right primary motor area of the cortex and the 
negative electrode over the supra-orbital area on the left side of the head. In session 4-
5 we applied a pulsed tDCS stimulator (tPDCS) with identical electrodes size and 
positions.

Data were analyzed using AFNI (Robert Cox, NIH) and MATLAB (MathWorks Inc., 
Natick, MA). Images were corrected for slice timing, registered, blurred with a 6mm 
FWHM Gaussian blur, and intensity normalized.  For motor fMRI analysis, the general 
linear model (GLM) was used to determine the voxels that were significantly correlated 
with the motor task paradigm. For fcMRI, 7mm spherical regions of interest (ROIs) were 
drawn centered on the right M1 and left M1 regions, guided by the fMRI results. The 
resting-state time series from the voxels in the RM1 ROI were averaged and the 
resulting time series used as a regressor in the GLM analysis of resting state data. The 
functional connectivity maps thus obtained were thresholded at 0.65 of the maximum R2

value, and then combined to give overlap maps for each of the 3 resting-state 
conditions (non-simulated, tDCS, and tPDCS). Voxels that were above the 0.65
threshold in all of the scans for each condition were considered “highly active” seed 
voxels (HASV).

Results: The ROI were the left and right M1 regions. During rest, the number of HASV 
in the left M1 were 401 compared to 65 HASV in the right M1, indicating 84% vs. 16% 
activity. tDCS increased the left M1 HASV to 564 and decrease the right M1 HASV to 
19 (a 97% vs. 3% activation). Pulsed tDCS increase both the left (698) and right (168) 
HASV while decreasing the left M1 percentage to 76% and increasing the right M1 to 
24%.
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Conclusion: This maybe the first-ever in-vivo demonstration that non-invasive tDCS
can affect fMRI recording of the motor cortex’s resting-state. tDCS and pulsed tDCS 
may have different effect on fMRI derived hemodynamic response within the brain.  
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Performance of implanted multi-site EMG recording electrodes:  
In vivo impedance measurements and spectral analysis. 

Lewis S1, Glindemann H1, Russold M1, Westendorff S2, Gail A2, Dörge T3, Hoffmann K-P3, Dietl H1 
1 Otto Bock HealthCare GmbH, Duderstadt, Germany 

2 German Primate Center, Göttingen, Germany 
3 Fraunhofer Institute for Biomedical Engineering, St. Ingbert, Germany 

 
Abstract 
The presented work is part of the development of a fully implantable EMG recording system for control of upper limb 
prosthetic devices. In the following, investigations on the usability of an implantable thin film electrode with multiple 
recording sites for intramuscular EMG are presented. Electrodes were implanted epimysially on the musculus 
deltoideus of a rhesus macaque. To our knowledge, this is the first investigation of such electrodes for muscular EMG 
recordings. Ingrowth was monitored by periodic impedance measurements over eight weeks after implantation. 
Increase of impedance plateaued after four weeks indicating a completed encapsulation of the electrodes. EMG was 
recorded during relaxation and reproducible voluntary contractions of the muscle. Power spectral analysis confirmed 
that EMG signals with a frequency content of up to 1.2 kHz could be recorded. During contraction the signal at 200 Hz 
was four orders of magnitude higher than during relaxation.  

Keywords:  intra muscular EMG, implanted electrode, impedance, electrode ingrowth. 

 
  

Introduction 
Recent developments of prosthetic limbs have 
resulted in increased functionality. Latest 
prosthetic hands offer a high number of degrees of 
freedom and sometimes even the movement of 
individual fingers. The challenge now is to provide 
adequate control signals for these devices. 

State of the art is the use of surface EMG 
electrodes. Surface EMG records compound 
muscle activation and has a limited capacity to 
detect signals from deeper or smaller muscles. 
Moreover, differentiation of signals from different 
muscles (close to each other) is poor. It also 
frequently is influenced by movement artefacts and 
its sensitivity to changes in skin condition. 

One approach to overcome this problem is the use 
of intracorporal signals. In transcarpal amputees 
who are still able to control the muscles in their 
forearm and amputees who underwent targeted 
muscle reinnervation [1] a high number of 
independent, intuitively controlled signals could be 
obtained by means of implanted electrodes 
recording intramuscular EMG. 

The work presented here ultimately aims at 
controlling an upper extremity prosthesis by means 
of a new type of permanently implanted EMG 
electrode. Previously the first tests of the 
electrodes were reported [2]. Here we will report 
on in-vitro EMG recordings and first impedance 

measurements for eight weeks following 
implantation. We also report on a preliminary 
analysis of signals from the relaxed and contracted 
muscle. 

Material and Methods 
Animal model 
For permanent recording of EMG three electrode 
arrays were implanted epimysially into the 
musculus deltoideus of one rhesus macaque. 
Suitable locations were chosen frontal, lateral and 
dorsal on the muscle with a distance of 
approximately 2 cm between electrode arrays. 
Electrodes were connected to a connector housing 
placed on the skull of the animal via subcutaneous 
cables. For follow-up investigations the monkey 
was placed in a monkey chair. The animals 
performed repeatable directed voluntary 
movements with his arm, thus generating 
reproducible contractions of the muscle under 
investigation. Animal care and all experimental 
procedures were conducted in accordance with 
German laws governing animal care. 

Electrode arrays 
The electrode arrays were fabricated in a micro 
technological process [3]. Each of the electrode 
arrays (Fig. 1) consisted of a 20 μm thick 
polyimide structure carrying five platinum 
recording sites with a surface area of 1 mm2 and an 
inter-contact distance of 4 mm.  
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Fig. 1: Electrode array. Dark circles are the recording 
sites. White circles are suture holes for electrode 
fixation. 

Two of the implanted electrodes had smooth 
platinum surfaces and one was coated with micro 
porous platinum [4]. 

Impedance measurement 
Prior to implantation, impedance of electrodes with 
smooth and coated recording sites was measured 
in-vitro in saline (0.9% NaCl) to quantify the effect 
of coating on impedance reduction. 

To monitor the process of electrode encapsulation, 
impedance measurements were carried out during 
implantation as well as two, four and eight weeks 
postoperatively. Impedance was measured between 
all possible combinations of recording sites of each 
electrode.  

A custom built impedance measurement system 
was used [5]. The system applied a current of 
1 μARMS consisting of a linear combination of 
frequencies from 1 Hz to 10 kHz between two 
recording sites. The resulting voltage was 
measured and decomposed into the induced 
frequencies by FFT, which allowed the calculation 
of the impedance at each frequency separately. 

EMG measurements 
Eight weeks after implantation EMG signals were 
recorded using a biosignal acquisition device 
(g.USBamp, g.tec). The signal was band-pass 
filtered with a pass band from 2 Hz to 2 kHz and 
sampled at 4.8 kHz. Spectral density of the 
recorded EMG signals was calculated in MATLAB 
(The MathWorks, Inc.) using Welch’s method. 

Results 
Impedance in vitro 
The reduction of impedance achieved by 
microporous coating of the contact surfaces is most 
dominant at low frequencies (Fig. 2). At 1 Hz 
impedance is reduced by 66.8% (330 kΩ). This 
reduction declines to 31.7% (1 kΩ) at 1 kHz. 
Coating of contact surfaces also reduces the 
introduced phase shift in the range of 8° to 12°.  

Due to the loss of signals from the coated electrode 
within two weeks after implantation no further 
comparison between smooth and coated electrodes 
was possible. 

 
Fig. 2: Bode Plot of electrode impedance in saline of 
electrodes with smooth and coated surfaces. 

Impedance of implanted electrodes 
As shown in Fig. 3, impedance of the smooth 
electrode just after implantation is lower than the 
impedance measured in vitro, but at the same time 
showing a very similar course of the curve. The 
phase shift shows a decrease nearly logarithmic to 
frequency. 

Two weeks after implantation impedance increases 
over the whole frequency range while the graph 
maintains a similar course. The introduced phase 
shift is increased for frequencies below 400 Hz. 

 
Fig. 3: Bode Plot of averaged impedance (all 
combinations of Ex-E4) of a smooth electrode over time 
after implantation. 

Four weeks after implantation impedance is further 
increased for frequencies lower 35 Hz and also 
slightly reduced for higher frequencies. The course 
of the magnitude also shows a more pronounced 
bend at the transition towards nearly constant 
magnitudes around 1 kHz. The phase shift is 
further increased for frequencies up to 400 Hz and 
decreased for higher frequencies, reaching a 
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constant value of -10° above 4 kHz. Changes in 
electrode impedance plateaued four weeks after 
implantation. 

Spectral differences between passive and 
activated muscle 
Power spectral densities during activity and 
relaxation were calculated (Fig. 4) to evaluate the 
sensitivity to muscle activity.  

 
Fig. 4: Power spectral density estimate of recorded data 
during relaxation (passive) and movement (active) of 
the arm. 

Power spectral density during relaxation of the 
muscle shows a constant frequency content from 
70 Hz up to 2 kHz (onset of the low-pass filter). 
The spikes shown (Fig. 4) are the harmonics of the 
50 Hz artefact which was intentionally not filtered. 
During contraction power spectral density is 
increased for frequencies up to 1.2 kHz with a peak 
at 200 Hz resulting in a clearly distinguishable 
power spectrum. At 200 Hz four orders of 
magnitude were observed between the signals 
(Fig. 4). 

Discussion 
Impedance was reduced in in-vitro and in intra-
operative measurements by the microporous 
coating. Due to the loss of signals from the coated 
electrode the benefit of such electrodes in chronic 
conditions could not be investigated. 

Impedance measurements showed considerable 
changes in electrode impedance over time 
following implantation. Magnitude of changes 
decreased over time and plateaued after a period of 
four weeks indicating a complete incorporation of 
the implanted electrodes.  

The results confirm that the electrodes used are 
suitable to record intramuscular EMG for up to 
eight weeks. We were able to clearly distinguish 
activation and relaxation of the investigated 
muscle. We therefore conclude that the electrode is 
of interest for use in an implanted system for long-
term permanent recording of intramuscular EMG.  

Chronic long-term stability for more than 8 weeks 
will be investigated in follow-up experiments. 

Additionally we will concentrate on further 
analysis of the recorded signals with an emphasis 
on efficient detection of muscle activity. 

Conclusions 
The applied electrodes were able to record 
intramuscular EMG for up to eight weeks after 
implantation. A clear discrimination between 
contracted and relaxed muscle could be made by 
offline analysis of the recorded data. Electrode 
impedance plateaued four weeks after 
implantation, indicating a complete incorporation 
of the electrodes at this point in time. 
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Selectivity of longitudinal versus transverse tripolar stimulation of 
median nerve in pigs using a multicontact nerve cuff electrode 

Kurstjens M, Jensen W 

Center for Sensory-Motor Interaction, Dept. of Health Science and Technology, Aalborg University, Denmark 
 

 

Abstract 
The objective of the present study was to investigate the stimulation selectivity of a multicontact cuff electrode in a large 
nerve animal model. A cuff electrode with 6 contacts equally spaced around the inner circumference and two outer ring 
contacts was acutely implanted on the median nerve in pigs. The selectivity of activation of 7 forelimb muscles when 
applying monophasic stimulation in the commonly used longitudinal tripolar configuration (LTC) was compared to that 
when using the transverse tripolar configuration (TTC). Results showed that, depending on the electrode contact, 
current pulse amplitude and stimulation configuration used, up to 4 muscles were activated with 100% selectivity in a 
single animal. Using TTC increased selectivity compared to LTC for individual muscles but not the total number of 
muscles that was activated selectively and larger current amplitudes were needed to obtain activation. More 
sophisticated stimulation paradigms capable of targeting additional fascicles located more centrally in the nerve trunk 
will be needed in the future to provide sufficient number of control channels for advance degree of freedom upper limb 
prosthetic devices. 

Keywords:  Selective electrical stimulation, nerve cuff electrode. 

 
  

Introduction 
Functional neuromuscular stimulation is a 
technique whereby electrical excitation of neural 
tissue is used to elicit artificial control of paralyzed 
musculature [1]. For restoration of motor function, 
coordinated control over many muscles is 
necessary. To achieve this, a neural interface is 
needed that can selectively activate different 
fascicles in the nerve that each innervate a different 
muscle. Different types of extra and intra neural 
electrodes are currently available, but only nerve 
cuff electrodes have long shown the ability to 
provide a chronic reliable interface. 

Selective activation of peripheral nerve using a 
cuff electrode with multiple contacts can produce 
selective activation of different muscles innervated 
by that nerve trunk and has been investigated 
extensively in different animal models as well as 
human [e.g. 1-4], but the degree of selectivity is 
limited. Most of these studies involved an 
electrode design where the number of tripolar 
channels (typically four, arranged circumferen-
tially around the nerve) is in the order of number of 
fascicles contained in a lower limb nerve trunk 
(sciatic nerve) on which the electrode was applied. 
However, in case of upper limb application, the 
number of fascicles that are contained within the 
main target nerves (radial, median and ulnar nerve) 
and the number of muscles that they innervate are 

several times larger. The more traditional 4-
channel cuff design may therefore not be sufficient 
in upper limb application. Few studies have 
applied cuff electrodes with more channels [5,6]. A 
6-channel cuff offered better stimulation selectivity 
than a 4 channel cuff on the radial nerve in pigs 
[5], but was not used on the median nerve so far. 

The aim of the present study was to investigate the 
stimulation selectivity of a 6-channel cuff electrode 
in upper limb in a large nerve pig model. Results 
will provide a base for future comparison with 
ongoing studies investigating the stimulation 
selectivity of multichannel thin-film intrafascicular 
electrodes in the same animal model [7,8]. 

Material and Methods 
Animal preparation 
All experimental procedures were approved by the 
Animal Experiments Inspectorate under the Danish 
Ministry of Justice. Experiments were carried out 
on six female Landrace-Yorkshire pigs placed 
under general anaesthesia (Isoflurane). With the 
animals in supine position, access to the left 
median nerve was achieved through the axilla. A 
multi-contact cuff electrode was placed around the 
median nerve (six 0.5 x 0.5 mm contacts equally 
spaced at 60° intervals around the inner circum-
ference at cuff center, 1mm wide ring contacts at 
each end approx. 4 mm from the middle). 
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Bipolar patch electrodes were sutured on the 
surface of seven muscles, as close to the 
innervation points as possible. Five flexor muscles 
were chosen (M1: flexor digiti II, M2: flexor carpi 
radialis, M3: flexor digit superficialis, M4: flexor 
carpi ulnaris, M5: flexor digit superficialis (deep 
belly)) and two extensor muscles (M6: extensor 
carpi radialis, M7: brachialis). 

Electrical stimulation 
A programmable, multichannel electrical 
stimulator (STG2008, Multi Channel Systems) was 
used to apply controlled current pulses to the 
different electrode contacts. Cathodal stimulation 
was performed with the center electrode contacts 
in a longitudinal tripolar configuration (LTC) in all 
pigs, and transverse tripolar configuration (TTC) 
using shorted neighbour center contacts in three 
pigs. Applied pulses were monophasic, rectangular 
pulses with amplitudes ranging from 20 μA to 800 
μA (duration 100 μs, frequency 2 Hz, 5 repetitions 
per level, 20 stimulation levels). The stimulation 
sequence was controlled via a USB connection 
between the stimulator and a laptop computer. 

Data acquisition and analysis 
The EMG activities from seven lower forelimb 
muscles were recorded in response to extra neural 
stimulation. The EMG activity was streamed to 
hard disk (HD24, Alesis) for offline analysis. The 
offline analysis consisted of band-pass filtering (20 
Hz to 2 kHz), quantifying the peak-to-peak 
amplitude (Vpp) and normalizing the value to the 
maximum Vpp obtained for each muscle in the 
experiment. A response threshold of 10% of 
maximum activation was then defined for each 
channel [4]. A selectivity index (SI) was calculated 
for each muscle as the ratio between the response 
of that particular muscle and the sum of all 
muscles responses. An SI of 100% corresponds to 
only one of the muscles being active. 

Results 
Longitudinal stimulation 
Fig. 1 shows the selectivity of muscle activation as 
function of current amplitude when using the TLC 
stimulation configuration in pig 4. The absence of 
SI values at the lowest current levels indicates that 
all muscle responses stayed below the threshold. 
Electrode contacts 1-3 activated first the whole 
flexor muscle group M1-M5 before full activation 
occurred (i.e. all muscles were recruited 
simultaneously). Contacts 5 and 6 showed 
selective activation of the flexor muscles M6 and 
M7. A SI of 100% was obtained for M3 and M7, 
using contacts 4 and 5 respectively. There was a 

tendency across all animals that per contact the 
selectivity was largest for two muscles. The 
number of muscles for which selective activation 
was achieved in the other pigs varied from 1 to 5, 
see Table 1. 

 
Fig. 1: Selectivity index plotted as function of current 
pulse amplitude obtained for the LTC configuration in 
pig 4. 

Transverse stimulation 
Applying the TTC stimulation configuration 
increased the overall selectivity in pig 4, see Fig. 2. 
However, larger current amplitudes were needed to 
exceed response threshold and the number of 
muscles with 100% selectivity did not change. For 
contact 5, all of the muscles were not activated 
sufficiently over the full current range. In all three 
animals, TTC showed large selectivity for one 
muscle per electrode contact, and low or none for 
the other muscles or no muscle activation at all. 

 
Pig TLC TTC 
# 1 M4 - 
# 2 M4 - 
# 3 M1, M2, M3, M5 - 
# 4 M3, M7 M3, M7 
# 5 M3, M5, M7 M1, M4, M5 
# 6 M1, M3, M6 M1, M3, M6 

Table 1: Overview across all pigs showing all muscles 
for which a SI of 100% was obtained. 
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Fig. 2: Selectivity index as function of current pulse 
amplitude obtained for the TTC configuration in pig 4. 

Discussion 
Muscle recruitment as function of current 
amplitude was typical for the stimulation strategies 
used [1-6]. Obtained SI values were largest at the 
lower current levels when only the fascicle closest 
to the electrode contact was activated. At 
increasing current levels, “spill-over” excitation 
occurred in neighbouring fascicles and more 
muscles were activated leading to a SI equal for all 
muscles when full activation was reached. 

Selectivity of muscle activation could possibly be 
improved by using more sophisticated stimulation 
paradigms such as the use of transverse steering 
currents [1,2] to activate localized regions deeper 
in the nerve trunk, or improvements in electrode 
design when more is known about the fascicular 
organization of the nerve trunk. 

The present study focussed primarily on the degree 
of selectivity of activation. The relevance of the 
amount of actual activation was not considered 
here and remains an issue for future study. 

Conclusions 
The results of this study suggest that the fascicles 
of the most selectively activated muscles were 
located in the periphery of the nerve bundle. 
Selectivity depended on the electrode contacts as 
well as current amplitude used. TTC increased 

selectivity for individual muscles when compared 
to LTC stimulation, but larger current amplitudes 
were needed to obtain activation. More 
sophisticated stimulation paradigms capable of 
targeting additional fascicles located more 
centrally in the nerve trunk are needed to provide 
sufficient number of control channels for advance 
degree of freedom upper limb prosthetic devices. 
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Abstract 
Modern hand and wrist prostheses afford a high level of mechanical sophistication, but the ability to control them in an 
intuitive and repeatable manner lags. Commercially-available systems using surface electromyographic (EMG) or 
myoelectric-control can supply at best two degrees-of-freedom (DOF), most often sequentially controlled. This 
limitation is partially due to the nature of surface-recorded EMG, for which the signal contains components from 
multiple muscle sources. We report here on the development of an implantable myoelectric sensor (IMES) using EMG 
sensors that can be chronically implanted into an amputee’s residual muscles.  Because sensing occurs at the source of 
muscle contraction, a single principal component of EMG is detected by each sensor, corresponding to intent to move a 
particular effector.  This system can potentially provide independent signal sources for control of individual effectors 
within a limb prosthesis. The use of implanted devices supports inter-day signal repeatability.  We report on efforts in 
preparation for human clinical trials, including animal testing, and a first-in-human proof of principal demonstration 
where the subject was able to intuitively and simultaneously control two DOF in a hand and wrist prosthesis.  
Keywords: myoelectric sensor, prosthesis control, EMG, electromyographic 

Introduction  
Out of approximately 100,000 people in the USA 
with upper limb loss [1], 57% are transradial 
(below elbow) amputees [2], [3].  About 80% use a 
prosthesis [4], of which 50% are myoelectric-
controlled [5] and 50% are body-powered and 
controlled. In myoelectric control, electrodes on 
the skin of the residual limb detect electric 
potentials from underlying muscles 
(electromyograms, or EMGs). These EMG signals 
contain components from several active muscles in 
the residual limb [6]. Algorithmic processing has 
been attempted for differentiation of distinct signal 
sources, but this technique is not optimized. A 
maximum of four independent surface EMG sites 
can be located on a residual limb [7], and typically 
only two sites are used in an agonist-antagonist 
(flexor/extensor muscles) arrangement.  

In a three-state, two-site EMG controller, rapid co-
contraction of extensors and flexors switches 
between the modes of hand opening/closing and 
wrist supination/pronation. Sequential control is 
slow and unintuitive; thus many amputees abandon 
their prostheses since it is easier to perform tasks 
with their intact hand.  

Mechanical prostheses have been developed with 
high numbers of degrees-of-freedom (DOF), 
including the DARPA RP2007 DEKA arm with 18 

DOF, and the DARPA RP2009 Applied Physics 
Laboratory arm with over 25 DOF. Unfortunately, 
the lack of independent control sources, lack of 
simultaneous multi-DOF control ability, and lack 
of repeatable control sources limits commercially 
available transradial prostheses to at best two DOF 
with sequential control.  

We have previously reported on development of 
the Implantable Myoelectric Sensor (IMES) 
system [8], [9] which uses devices chronically 
implanted into the residual muscles of an 
amputee’s arm using minimally invasive surgical 
techniques (Fig. 1).  By using a stable EMG sensor 
implanted within the source muscle, a single 
principal component of EMG is detected.  These 
signals, corresponding to the intent to move a 
particular part of the anatomy, can be decoded and 
used to drive the appropriate effectors in a 
prosthesis. By using an implanted device, we have 
mitigated the problem of multiple-component 
EMGs inherent in surface recording.  By using a 
leadless telemetered device, we have mitigated the 
infection risk present with any transcutaneous 
recording system, as well as issues with inter-day 
donning and doffing electrode placement.   

We report here on our further development of the 
system in preparation for deployment into clinical 
trials for prosthesis control.  
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Figure 1: Schematic of the Implantable Myoelectric 
Sensor System. Implant devices are 2.4 mm dia. x 16.7 
mm length, and act as differential amplifiers. One or 
more devices can be implanted into gross muscle, and 
telemeter EMG data to an external coil connected to a 
telemetry controller (TC). The TC passes the EMG to 
the prosthesis controller to drive a prosthesis.   

Material and Methods 
IMES Technical Description 
The implanted sensors receive power and 
commands from an external telemetry controller 
(TC) driving a coil that will ultimately be built into 
an amputee’s prosthetic socket.  Each implant acts 
as an independent differential amplifier connected 
to two electrodes (on the ends on the implant) to 
detect the EMG generated during muscle 
contraction. The implants transmit the EMG 
signals as digital data over a transcutaneous 
magnetic link to the TC, which then reforms the 
analog EMG signals for presentation to a 
prosthesis controller.  Each implant is housed in a 
hermetic, biocompatible ceramic package 
originally developed by the Alfred Mann 
Foundation (AMF) for the Radio Frequency 
Microstimulator (RFM). These packages have a 
qualified benign lifetime in-vivo of 80 years.   

The system is designed to telemeter EMG data on 
one of two bands. Integrated EMG (band 1) is the 
format used in commercial myoelectric systems, 
thus allowing for direct replacement of surface 
recordings to drive current myoelectric prostheses.  
Raw EMG capability (band 2) has been designed 
to support future advanced control algorithms 
requiring higher sampling rates. The frame-based 
transmission scheme uses 32 time slots per frame, 
which can be assigned to individual IMES to 
optimize sample rates for a particular set of 
implants. In the human demonstration reported 
here, four IMES were used.  Band 1 was set for 
120 samples/s/IMES (480 samples/s aggregate). 

Band 2 was not used in the demonstration, but is 
capable of transmitting raw EMG signals at 444 
frames/s, which for four IMES yields 3,552 
samples/s/IMES (14,208 samples/s aggregate).  

Animal Experiments 
Three cats were each implanted with two IMES 
sensors into the tibialis anterior and lateral 
gastrocnemius muscles [9]. Bi-weekly recordings 
were taken for 12 months. Chronic stability was 
evaluated using statistical markers in the power 
spectral density.  X-rays were taken at post-implant 
and 6 and 11 months post-implant.  

Nine IMES sensors were implanted into the 
forearm of a rhesus monkey. Simultaneous 
recordings have been taken for over two years 
while the monkey performed individuated and 
combined finger flexions on a manipulandum [10].  
Off-line pattern recognition was performed using a 
parallel linear discriminant analysis (LDA) to 
decode finger activity. A second monkey has 
subsequently been implanted with IMES.  This 
experiment is ongoing.  

First-in-human demonstration 
To demonstrate proof of principle, a human 
volunteer was acutely implanted with four pairs of 
fine wire bipolar electrodes into the supinator, 
pronator teres, extensor digitorum, and flexor 
digitorum muscles (Fig. 2). The leads exited the 
forearm percutaneously and were connected to four 
IMES implants, contained within the TC external 
coil. On the same volunteer, four pairs of surface 
EMG electrodes were placed over these same 
muscles.  A two-DOF hand and wrist prosthesis 
(Motion Control, Salt Lake City, UT, USA) was 
driven by either the four pairs of intramuscular 
(IMES) recordings or the four surface recordings, 
allowing a head-to-head performance comparison. 
The comparison was video recorded.  

Results 
Animal Experiments 
The signal content recorded from chronic cats was 
stable over time, and x-rays indicated no migration 
of devices.  All devices operated without problems 
throughout the study.  

In the chronic monkey experiment, EMG from 
different IMES demonstrated very little cross-
correlation.  Training was stable across data sets 
that were collected months apart.   

The animal experiments suggest that IMES 
implants do not migrate over time and yield stable 
EMG signals.  

- 140 -- 140 -



3

Figure 2: System used in 2 DOF prosthesis control 
demo. Fine wire intramuscular electrodes were attached 
to the IMES electrodes via springs. The coil is not 
shown so the IMES cuff can be seen.

First-in-human demonstration 
The IMES control system provided excellent 
tracking of the prosthesis to the movement of the 
natural hand in an intuitive manner, 
demonstratively better than the control obtained 
with the surface electrodes. The combined time for 
IMES parameter setup and training of the 
volunteer was about one hour. Using the IMES 
devices the volunteer was able to simultaneously 
and intuitively control two DOF, in a manner 
which could not be matched with the surface 
control system.  

Discussion 
An IMES system has been designed and tested 
which we believe will offer superior control, 
relative to surface EMG, for upper limb prostheses. 
We have demonstrated the stability of control 
signals in chronic animals and simultaneous two-
DOF control in a human volunteer.  

We are now continuing with design verification, 
which will be followed by miniaturization of the 
telemetry controller for incorporation into a 
prosthesis shell in preparation for human clinical 
trials.   

Conclusions 
The implantable myoelectric sensor offers promise 
as a stable control signal sensor which will allow 
acquisition of independent principal components of 
EMG from distinct muscles, thus mitigating the 
problem of multiple-component EMGs inherent in 
surface recording, and facilitating true intuitive and 
simultaneous multiple-DOF prosthesis control.  
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Abstract 
Selective nerve stimulation may allow decreasing an invasiveness of procedures aiming at restoration of the sensory 
and motor function lost due to neurological disorders or injuries. The beneficial application of selective stimulation in 
medicine is however often hindered by duration of procedures necessary for the setting of the stimulation parameters.  

To find a method allowing for quick determination of the stimulation parameters producing a specified response, an 
experimental setup has been developed. The setup comprises a programmable current stimulator with signal analyzer 
and computer with experimental software that controls the operation of the stimulator and processes signals (EMG, 
ENG, force, displacement, etc.) recorded in response to the stimulation. 

To verify the reliability of the system, preliminary experiments on rats have been conducted. The sciatic nerve has been 
stimulated with the use of a 12-polar cuff electrode. A MEMS gyroscope has been attached to the paw. The value of the 
rats paw’s angular displacement in response to the stimulation has been used as an indicator of muscle response to the 
stimulation. A series of various stimuli have been generated three times. During each series, each stimulus was 
repeated three times. Intra- and inter-series response variability for each stimulus has been calculated.  

The inter-series variability of responses to the same stimulus was significant and higher than intra-series variability. 
However, the spectra of all responses recorded during each series were similar. It has been also observed that stimuli 
of various duration and amplitude, but same charge per phase and stimulation contacts combination, produced similar 
responses.  

The variability of the muscle response to the constant stimulus may have both technical and physiological causes. 
In practical application, e.g. neuroprostheses, this variability may be difficult to be avoided. Therefore, close-loop 
control of stimulation parameters may be necessary in order to precisely control activation level of effectors by 
selective stimulation of nerve fibres. 

Keywords: selective stimulation, peripheral nerves, cuff electrode, rats, inertial sensors 

Introduction  
In neuroprosthetics, direct nerve stimulation is 
used for restoration of sensory and motor functions 
lost due to neurological disorders or injuries [1]. It 
has been shown that the use of multi-contact 
electrodes can allow for activation of various 
effectors by changing stimulation contacts and 
parameters [2]. It is believed that this technique 
might help to restore lost functions with higher 
precision and lower invasiveness. However, 
determination of pulse parameters resulting in 
selective activation of effectors is time consuming, 
what hampers the application of selective 
stimulation in medicine.  

Our work aims at developing algorithms for fast 
determination of nerve stimulation parameters 
allowing for an activation of the specified 

effectors. For that purpose we have developed an 
experimental setup. In order to determine 
reliability of the setup, preliminary experiments 
have been conducted.  

Material and Methods 
The setup 
The setup consists of a computer with especially 
developed control software and a prototype of the 
programmable current stimulator with embedded 
signal analyzer. The software enables the control 
of all stimulation and acquisition parameters, as 
well as processing, logging and visualization of 
acquired data. The current stimulator, model 
PULSEGEN/ANA-16-10, has been developed for 
the purpose of that project by Creotech Ltd. 
(Poland). It has 16 current outputs and 8 inputs for 
signal acquisition. Pulse duration and amplitude on 
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each output channel can be independently adjusted 
with precision up to 62 ns and 8 μA, respectively. 
The sampling rate of input channels is 60 kHz with 
a resolution 8 bit. 

Experimental procedure 
In order to verify the reliability of the experimental 
setup, a series of experiments on rat has been 
conducted. All procedures have been approved by 
the Local Ethics Committee. The rat was 
anaesthetised with chloral hydrate (0.42 g/kg body 
weight). A 12-polar cuff electrode (Fraunhofer 
IBMT, fig. 1) has been implanted around the right 
sciatic nerve. A dual axis gyroscope (LPY530AL, 
STMicroelectronics) has been attached to the right 
paw. The rat’s leg just above the ankle has been 
attached to the stereotactic frame in such a way, 
that the movement of the leg above ankle was 
constrained, but movement of the paw was not 
restricted. 

Fig. 1: 12-polar cuff electrode [3] (left) and symbols of 
stimulating contacts used in the paper (right). 

Three series of various monopolar rectangular 
stimuli have been generated. During each series, 
each stimulus was repeated 3 times. The minimal 
delay between pulse repetitions was 400 ms and 
the delay between each series was 40 minutes. 
During each stimulation series same stimuli in the 
same order have been generated. 

Each time one of the contacts from row B (Fig. 1) 
was anode. The corresponding contacts at rows A 
and C (i.e. A1 and C1 for contact B1) have been 
grounded. In some cases second contact from row 
B has been used as a “steering electrode” [4]; it 
could be anode, cathode or grounded. The 
amplitude of stimulus generated through the first 
stimulating contact (main pulse) was 50, 100, 200 
or 400 μA. The amplitude of the “steering pulse” 
was always (if any) 50 or 100% of the main pulse 
(but in some cases with opposite polarity). Pulse 
durations of 10, 20 and 40 μs have been used. The 
main and the steering pulses were generated 
concurrently and had the same duration.  

Response variability estimation 
After each stimulus the angular velocity of the rat’s 
paw was recorded and the ankle’s angular 
displacement (flexion/extension and ad-/abduction) 
has been calculated. For each stimulus intra-series 
(Fintra) and inter-series (Finter) variability of angular 
displacement normalised to the mean displacement 
value has been calculated. Only angular 
displacements higher than 0,5° have been taken 
under consideration. 
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where: 

k  - series number 
ii yx ,  - ankle ab-/adduction xi and flexion/ 

extension yi values recorded for the particular 
repetition of the stimulus during a specified 
series 

kk yx ,  - mean ab-/adduction kx  and flexion/ 
extension ky values recorded for the stimulus 
during a specified series 

yx,  - mean ab-/adduction x  and flexion/ 
extension y  values recorded for the stimulus 
during all series. 

Results 
In Fig. 2, mean values of maximal displacements 
recorded during the third stimulation series for 
various stimuli are presented. Plots for the first and 
the second stimulation series were very similar to 
the one presented. The circled area indicates the 
highest concentration of the observed responses. 
These responses probably correspond to the 
situation when all or almost all fibres within the 
nerve were stimulated. 

High variability of the displacements recorded for 
the same stimuli during the experiment has been 
observed. The mean value of the intra-series 
variability Fintra was 5.8 (SD=8.99), 4.25 
(SD=4.21) and 4.88 % (SD=4.12) during the first, 
second and third series, respectively. The mean 
value of the inter-series variability for all stimuli 
Finter was 12.26 % (SD=9.91).  

In Fig. 3, angular displacements recorded for 
selected stimuli without steering pulses are 
presented.  Each  point  corresponds  to  mean  paw  
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Fig. 2: Mean maximal displacements recorded during 
the third stimulation series for various stimuli. 
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Fig. 3: Angular displacements recorded for selected 
stimuli during various stimulation series. 

displacement in response to a particular stimulus 
during particular stimulation session. Variability of 
responses to the same stimulus during various 
series can be observed. It is also possible to 
distinguish areas with responses only to stimuli of 
particular charge and (in some cases) stimulating 
contacts combination.  

Discussion 
The variability of the response to the same 
stimulus could have a number of reasons. Among 
them are: response measurement error (drift of 
sensor), nerve impedance change (e.g. due to 
swelling), alternating influence of the anaesthesia 
on the nerve excitability, muscle fatigue due to 
prolonged stimulation. To some extent the 
variability of the muscle response to the same 
stimulus may be also normal physiological 
behaviour.  

Conclusions 
In practical application (e.g. neuroprostheses) it 
may be difficult to avoid variability of responses to 
the same stimulus. Therefore close-loop control of 
stimulation parameters and frequency may be 
necessary to achieve the precise control of 
effectors activation by selective stimulation of 
nerve fibres.  
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Abstract 
With the presented study a data base is being built which should allow the comparison of EMG data of the triceps 
muscle of rats before and after training and / or electrostimulation. The triceps brachii muscle of rats showed strong 
activities during the stance phases of the foreleg. The muscle consists of a medial, lateral and long head. The medial 
head is covered by the two other heads and was not further examined in this study. The triceps brachii muscle in 
general is well investigated. The distribution of the different fibre types (von Mering & Fischer 1999) and the position 
of its motoneurons (Lucas-Osma & Collazos-Castro 2009) as well as the activation pattern for walking on a horizontal 
treadmill (Biedermann et al. 2000, Scholle et al. 2001 and Schumann et al. 2002) are sufficiently known. Furthermore 
the point of electrical sensitivity was identified with a new developed intramuscular multi-channel electrode (Faenger et 
al. 2009). In the presented study this electrode (MED-El) was used for investigations of the activation pattern during 
downhill locomotion on a motor driven treadmill. The activity of the long head reached a maximum before and during 
touch down of the hind limb, which is in contrast to normal locomotion. An additional activation peak was also 
observed in the lateral head directly after touch down. The modified motor control reflects in the different activation 
pattern. This could be explained with the changed acting forces. 

Keywords: triceps brachii muscle, EMG, intramuscular multi-channel electrode, motor control, rats 

 
Introduction 
The long and the lateral head of the triceps brachii 
muscle of rats are under investigation in this study. 
The long head originates at the caudal border of 
the scapula and the lateral from the greater tubercle 
as well as from the neck of the humerus. They 
insert at the olecranon process of the ulna. Beside 
investigations of fibre type and motoneuron 
distributions the spatiotemporal activation pattern 
of rats’ triceps brachii muscle during locomotion 
on a horizontal treadmill was revealed (1, 2, 3, 4). 
The activity shifted from central regions to the 
surface of the muscle. The long head was activated 
shortly before ground contact to dispose the hind 
limb of the touch down. During the stance the 
activity of the lateral head increased and exceeded 
this of the long head to stabilise the elbow joint.  

The downhill locomotion demanded a modified 
activation. Up to now there are no studies which 
investigated the pattern of activity of the triceps 
brachii muscle during this kind of locomotion. To 
reveal the activation pattern the activity of both 
muscle heads were for the first time recorded 
during downhill locomotion. The muscle activation 
patterns of walking on a horizontal and an inclined 
treadmill were compared to expose the differences 
(1, 2, 3). This is needed for the next step of our 
study which is going to be the exercise of the 

triceps brachii muscle by downhill locomotion and 
physiological stimulations. These results should be 
indicating if this is an effective training for this 
muscle. Subsequently the electrostimulation should 
be similar to the physiological pattern to support 
the exercise. 

In former studies matrix electrodes were fixed on 
the muscle surface to measure the myoelectrical 
activity (1). In a recent study a new intramuscular 
multi-channel electrode was developed. It enables 
measurements of muscle activity as well as the 
stimulation of muscles and different muscle 
regions (5). The new electrode worked very well 
with only the period of application as limiting 
factor. A new modified cardiac pacemaker 
electrode (MED-EL) was tested in current 
investigations because of its higher durability. This 
electrode is more inflexible and until now it was 
not possible to fix it reliably within the heavy 
moving triceps brachii muscle for more than a few 
days. 

Material and Methods 
Subjects: 
The experiments were carried out on 4 female 
adult rats (HanWistar). All animals were kept 
according to the German animal welfare 

regulations. The experiments were registered and 
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approved by the Committee for Animal Research 
of the Freistaat Thüringen, Germany. 

Electrodes: 
A new array platinum electrode with 16 channels 
(8 per raw) was used. The single electrodes are 
embedded in silicon. Just the outside is silicon free 
to allow the registration of muscle activity. All as 
well as the reference electrode are connected to a 
20 pin micro connector (ODU Germany). They 
were manufactured by MED-EL (Austria) (Fig. 1). 
A) 

 
 

B) 

 
Fig. 1: A) Multi-channel array electrode, B) electrode in 
higher magnification 

Surgery: 
The animals were anaesthetized with isofluran. 
The nape and the foreleg were shaved; skin 
incisions in the nape and over the triceps brachii 
muscle were connected by a subcutaneous tunnel. 
Electrodes were implanted and fixed in the long 
and lateral head of the muscle. The micro 
connector was positioned in the nape and fixed 
with not absorbable sutures. Afterwards the skin 
incisions were closed. 

EMG measurements and analysis: 
EMG recordings started at the third postoperative 
day. The animals were connected to an amplifier 
box and walked downhill on a motor driven 
treadmill. The treadmill was tilted about 15° and 
the speed was adapted to the preferred pace of each 
animal. The EMG data recording (10-700 Hz, 
sampling rate 4000 Hz, 0,488 �V/bit) and the high-
speed videography (300 frames/s) were 
synchronised. 

For data analysis the frames of touch down and lift 
off of the hind limbs were identified from the high-
speed videos. Those frame times were used in the 
raw EMGs as markers and RMS profiles (root 
mean square) were calculated over 1150 stance 
phases. 

Stimulation: 
After the EMG recordings an intermittent 
stimulation (2-3 mA, 30 Hz, 250 �s pulse 
width / Stiwell MED-EL) of the muscle was tested. 
The muscle reaction was observed. No force 
measurements were carried out. 

Results 
The activation patterns of the long and the lateral 
head of the triceps brachii muscle differ clearly 
(Fig.2A). The first activity in both muscle heads 
takes place at the end of the swing phase 
considerably before touch down of the foreleg. 
Maximum activity of the C. longum peaks two 
times - the first time before and the second during 
touch down. During the stance phase the activity 
decreases and in the second half it increases again. 
The basic level is reached before lift off. The 
activity of the lateral head achieves its maximum 
shortly after touch down. The activation profile 
forms nearly a plateau and ends at the same time as 
the activity of the long head. RMS-profiles of one 
muscle head differ within the amplitude but have 
identical shapes. 
A) 

 
B) 
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Fig. 2.: A) Bipolar RMS-profiles of C. laterale (1-8) 
and C. longum (9-16), stance phase ipsilateral     and 
contralateral        foreleg during downhill locomotion; 
B) Bipolar RMS-profiles of C. laterale (line) and 
C. longum (dots) during walking on a horizontal 
treadmill (modified after 3.) 

As long as EMG measurements could be carried 
out it was also possible to stimulate the muscle. 
The single electrode position determines how 
strong the muscle contracts. 

Discussion 
The activation pattern revealed for walking on a 
horizontal treadmill (1, 2, 3, 4, 5, Fig.2B) differs 
from the pattern in the presented study in two 
points in spite of the same walking speed. During 
downhill locomotion the activity of the C. longum 
reached two maxima before touch down. This 
muscle head acts as a fine tuning tool to prepare 
the foreleg for ground contact (1, 2, 3, 4, 5). 
Because of the tilted treadmill the foreleg has to be 
stretched out further and counteracts against the 
higher acceleration. Therefore the motor control of 
the muscle has to be different which is reflected in 
the modified activation pattern. In the C. laterale 
the maximum of activity in normal locomotion 
occurs in the second half of the stance phase (1, 2, 
3, 4, 5) whereas the maximum in this investigation 
appears shortly after touch down. Because of the 
downhill locomotion the weight increases with the 
acceleration force. The lateral head has to stabilise 
the elbow joint against this higher weight in spite 
of the inappropriate conditions (lever, inertia, 
modified angel). 

Conclusions 
The presented study reveals the so far unknown 
activation pattern of the triceps brachii muscle 
during downhill locomotion. The EMG 
measurements exposed that the activation patterns 
of the C. longum and the C. laterale are modified 
compared to the horizontal walking. The additional 
stretching of the foreleg requires an additional 
activation of the muscle and the elbow joint needs 
earlier stabilisation during the stance phase 
because of the higher acceleration of the animal. 
The data results in the cognition that the downhill 
locomotion is an effective exercise for the triceps 
brachii muscle of rats. Additionally we will try to 
adjust the stimulation parameters to the revealed 
physiological activation pattern to optimize the 
supporting stimulation. 
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Abstract 
Earlier studies aim at a precise characterisation of intramuscularly varying recruitment patterns within 
M. triceps brachii (Biedermann et al. 2000, Faenger et al 2006). For physiologically justified FES (functional electrical 
stimulation) it is a primary condition to know more about inter- and intraindividual activation patterns. To protect the 
delicate muscle structure we developed, in cooperation with MED-El®, a flexible and atraumatic full silicone coated 
array electrode. This electrode can be used for intramuscular EMG measurements and for electrical stimulation. The 
aim of this study was to identify intramuscular electrically sensitive points in rat’s triceps brachii muscle. Additionally 
Sihler´s staining and EMG measurements have been used to identify and display details about the intramuscular 
position of the electrode plate in relation to nerve branches. Results show that the maximum time of feasible continuous 
stimulation varied between a few seconds and several hours, depending on the electrode plate position being the 
stimulation position. Positions of motor end plates do not correspond to the positions of longest excitability. 
Considering the histological results, pairs of electrodes which could be stimulated for a long period of time were 
located very close to nerves or an intramuscular plexus. Around the surfaces of the electrode plates that can hardly 
stimulate the muscle non or only very thin nerves can be found. 

Keywords: electrical stimulation, EMG, Sihler´s staining, motor end plate, multi-channel electrode, intramuscular 
electrical sensitive point 

 
Introduction 
The effects of electrical stimulation on muscle are 
not fully known, but muscle fatigue is a limiting 
factor in functional electrical stimulation (FES). 
Muscle activation patterns have been investigated 
in several experimental studies [1, 2, 3, 4]. The 
results show that individuals have a very stabile 
EMG patterns for cyclic movements. Thus, there 
probably is a possibility to significantly reduce 
muscle fatigue by stimulating the muscle with help 
of these patterns. This could lead to a more 
physiological FES. Therefore, it is essential to 
identify electrical sensitive points in the muscle. It 
was published that there are indications for such 
areas in the muscle. In this study we started to 
identify intramuscular, electrically sensitive points 
in rat’s triceps brachii muscle. Sihler´s staining has 
been used to display details about the electrode 
plate position in relation to nerve branches [5, 6]. 
Additional EMG was used to locate the 
motor end plates. 

Material and Methods 
Subjects: 
The experiments were performed on 4 female adult 
rats (strain Wister), body mass between 246 and 

311 g. All animals were kept according to the 
German animal welfare regulations. The 
experiments were registered and approved by the 
Committee for Animal Research of the Freistaat 
Thüringen, Germany. 

Electrodes: 
For stimulation and for additional EMG 
measurements we used our self-developed flexible 
and atraumatic full silicone coated platinum 
array electrode (Fig. 1). Two array electrodes 
(9 channels each, array with equal spacing between 
all adjacent electrodes) were placed into the 
M. triceps brachii - one array in the C. longum and 
the other one in the C. laterale (Fig. 1). 

A B
 

Fig. 1: Electrodes and orientation. A: Array electrode, 
B: Array electrode positions in M. triceps brachii. 

C. longum, C. laterale 
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EMG measurements and analysis: 
EMG-recordings started at the second 
postoperative day. The EMG was recorded (10-
700 Hz, sampling rate 4000 Hz, 0,488 �V/bit) 
simultaneously with high-speed videography 
(Fig. 2). 

 
Fig. 2: Rat connected to the amplifiers during 
locomotion on a motor driven treadmill. 

Stance phases were identified by the foot-down 
and foot-up points via the high-speed videos. 
Single steps were selected with respect to artefacts, 
ECG-complexes and gait mode. 

In the EMG data the motor endplate activation can 
be localized and the following propagation along 
the muscle fiber can be traced (Fig. 3). 

 
Fig. 3: Bipolar EMG signals during locomotion on 
treadmill. The motor endplates are located at the point 
of reversion of polarity. 

     Motor end plate and propagation 

C. longum, C. laterale 

Sihler´s staining: 
After finishing the stimulation procedures the 
stimulated muscle was stained with 
Sihler's staining to locate the electrode positions in 
relation to the nerve branches. This kind of 
staining allows a high resolution view at the nerve 
branches. 

Stimulation: 
An intermittent stimulation with a positive, 
rectangularly shaped signal of 1–7 mA at a 
frequency of 40 Hz with a pulse wide of 200 �s 
was applied to the muscle. Two seconds of 
stimulation were followed by a period of a two 
second stimulation pause. Rising and declining 
flanks took 0.5 s each. 

Results 
The stimulation time to fatigue (until no further 
muscle contraction could be registered) of different 
electrode pairs was measured in each of the four 
animals. The length of time period of respective 
stimulation is shown for one animal in Fig. 4 and 
Fig. 5.  

 
Fig. 4: Stimulation time and localisation of 
motor end plates. 

motor end plate,  even longer stimulation periods 
possible 

Channels 1–9 were located in the C. longum 
(channel 9 most proximally and channel 1 most 
distally in the muscle) whereas the channels 10–18 
were sited in the C. laterale (channel 18 most 
proximally and channel 10 most distally) of M. 
triceps brachii. The brown circles on top of some 
of the bars in the diagram point out the channels 
that could have been stimulated even longer. In 
those cases the stimulation was stopped to defend 
the life of the animal from the long period of 
anesthesia. The data show that the C. longum can 
be stimulated longest in the proximal region 
whereas the longest stimulation period in the 
C. laterale is in the distal region. According to 
EMG-analysis the circles beneath the diagram 
point out the positions where motor end plates are 
located. It seems to be no correlation between the 

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

9 -8 8 -7 7-6 6 -5 5 -4 4 -3 3 -2 2-1 17 -18 16 -17 15 -16 14 -15 13 -14 12 -13 11 -12 10 -11

Channel 

Ti
m

e 
[s

] 

 

C. laterale distal proximal C. longum proximal distal 

495μs 

Motor end plate

Motor end plate 

495μs 495μs 

- 149 -- 149 -



positions of motor end plates and the regions 
where longest stimulation is possible. 

proximalC. longumproximal distal C. laterale distal

 
Fig. 5: Electrode plate position and nerve staining with 
Sihler’s staining. Different views of rat foreleg. 
-: hard to stimulate, +: good to stimulate,  longer 
stimulation periods possible, Motor end plate 

 
Fig. 6: Nerve staining with Sihler´s staining. Rat, right 
foreleg, ventral view.  

 

Discussion 
The analysis of the stained preparations show that 
pairs of electrodes that can stimulate the muscle for 
a long period of time are located very close to 
nerves or a plexus. However, around the surfaces 
of the electrode plates that can hardly stimulate the 
muscle non or only very thin nerves can be found 
(Fig. 5). In all 4 animals the most proximal 
electrodes in the C. longum can stimulate the 
muscle longest. With help of Sihler’s preparations 
can be demonstrated that those electrodes are 
positioned close to the region where the 
innervating nerve enters the muscle. Since this is 
the region the nerve begins to branch out into the 
muscle belly the cross section area of the nerve is 
accordingly large (Fig. 6). 

Conclusions 
Our results show that the potential stimulation 
duration of the C. longum is longer than that of the 
C. laterale. While the position with the longest 

possible excitability is located proximally in the 
C. longum, such a region is found more distally in 
the C. laterale. The duration of feasible continuous 
stimulation varied between a few seconds and 
several hours. The longest uninterrupted 
stimulation duration was 4 hours 45 minutes, and 
an even longer stimulation would be theoretically 
possible. In consideration of the animal anaesthesia 
time the stimulation duration was restricted. 
Overall, the positions of the motor end plates do 
not correspond to the positions with the longest 
possible excitability of the triceps brachii muscle. 
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Abstract 
The choice of electrode for functional electrical stimulation systems is a compromise between selectivity and 
invasiveness; high selectivity is desirable to obtain maximum functional control, but if the surgical procedure induces 
too high risk the electrode will not be acceptable for human use. Current literature on peripheral nerve electrodes has 
focused mainly on extra-neural and intrafascicular electrodes. The current study presents a new interfascicular 
electrode that could simplify implantation of the electrode because it does not require the nerve to be freed of blood 
vessels and connective tissue. The electrode was implanted in the sciatic nerve of nine rabbits and was capable of fully 
activating the tibial and peroneal nerve branches with high selectivity (SI = 0.98±0.02, mean±SD) in all animals. 
Implantation of the electrode was simple and the interfascicular electrode could be an interesting alternative in 
applications where freeing the nerve is complicated by blood vessels e.g. the vagal nerve. Further studies are needed to 
investigate the stability and safety of the electrode in chronic experiments. 

Keywords: Interfascicular electrode, nerve stimulation, stimulation selectivity, peripheral nerves, animal experiments.   

 

Introduction  
Neural prosthetic devices utilizing stimulation of 
peripheral nerves are in use for multiple 
applications today, including vagal nerve 
stimulation to treat epilepsy, sacral nerve 
stimulation to treat urinary and faecal 
incontinence, phrenic nerve stimulation for 
ventilator assistance, and peroneal nerve 
stimulation for correction of foot-drop [1, 2]. A 
large variety of electrodes have been developed to 
provide the interface of these systems to the nerve, 
ranging in invasiveness from percutaneous to 
extra-neural, intraneural and even regenerative 
electrodes [2]. 

The most successful electrode for peripheral nerve 
stimulation has been the cuff electrode, which has 
been used for many research and rehabilitation 
applications for several decades, but also 
intrafascicular electrodes have received 
considerable interest over the last two decades. The 
intermediate stage between the cuff electrode and 
the intrafascicular electrode, i.e. electrode 
placement among the fascicles, has received less 
interest. 

In a modelling study it was found that an electrode 
placed in the epineurium just outside a fascicle of 
the human deep peroneal nerve was unable to 
stimulate this fascicle selectively with respect to 
neighbouring fascicles [3]. This is a rather intuitive 
result since several fascicles were within a relative 
short distance of the electrode and the impedance 

of the perineurium must be overcome before the 
fascicle can be activated. Tyler and Durand 1997 
did, however, show that a solution to this problem 
could be to include a passive element in the 
electrode that shields non-target fascicles from the 
stimulating contact [4]. 

From a surgical point of view implanting cuff 
electrodes can be cumbersome in some locations 
due to the requirement to free the nerve of 
surrounding tissue such as blood vessels, while 
implantation of intrafascicular electrodes is a 
relatively invasive procedure as well, requiring the 
penetration of the perineurium with a sharp needle. 
An electrode designed to be pushed into the 
relative soft epineurium without lifting the nerve 
could provide a relatively less invasive means of 
placing electrode contacts in close proximity of the 
nerve fibres. This should provide a current 
consumption low enough for an implanted system 
and selectivity at least to the level of activating a 
single nerve. 

In the current study a four-contact interfascicular 
electrode was developed and tested in the sciatic 
nerve of nine rabbits. The electrode contained two 
pairs of contacts, placed on opposite sides of the 
electrode, shielded from each other by the nylon 
frame of the electrode. Orienting the electrode so 
that one contact pair faced the tibial fascicle of the 
sciatic nerve and the other the peroneal fascicle the 
electrode demonstrated excellent selectivity in 
recruitment of the tibial vs. peroneal nerve.  
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In addition, the maximally achieved f and the 
threshold current (I10%), required to produce 10% 
activation of the nerve branch were obtained.  

Results 
The interfascicular electrode achieved functional 
selective stimulation of all 18 nerve branches 
tested in the experiment with Õ = 0.98±0.02 
(mean±SD) and with f up to 0.98±0.04. The 
selectivity was slightly higher for the peroneal 
nerve than for the tibial nerve (1.00±0.00 vs. 
0.97±0.04, p=0.009 by Mann-Whitney Test) 
whereas the maximal selective response did not 
differ significantly (ftibial = 1.00±0.01, fperoneal = 
0.96±0.05, p=0.292). The threshold current for 
stimulating the nerves was I10% = 415±210μA 
(0.02μC per stimulus pulse) with the peroneal 
nerve requiring significantly lower current than the 
tibial nerve (287±111μA vs. 542±213μA, 
p=0.003). 

Discussion and Conclusions 
Electrodes for stimulating of or recording from 
peripheral nerves have been extensively 
researched, but designs have focused on either 
extra-neural electrodes or the more invasive 
intrafascicular electrodes, while interfascicular 
electrodes have received very little interest. In this 
study a new electrode was designed to be easily 
implanted between the fascicles without isolating 
parts of the nerve and to provide fascicle 
selectivity. Implantation of the electrode was 
smooth; the epineurium was easily penetrated by 
the blunt needle while the perineurium was left 
intact. Once a channel was created by the needle 
the electrode could be pulled into the nerve without 
much resistance. 

The results of the present study demonstrate that 
the interfascicular electrode presented here is 
capable of fully activating two fascicles separated 
by the nylon tube of the electrode with remarkable 
selectivity (Õ = 0.98±0.02, max(f) = 0.98±0.04).  

In the present study the electrode was inserted into 
the nerve without any difficulty, but it was difficult 
to see the electrode inside the nerve and therefore 
also to asses if it still had the desired orientation. 
The results and observations during explanation 
do, however, show that electrode placement was 
successful. In this experiment the electrode was 
fixated only by the fascicles pushing on the sides 
of the electrode. No electrode movement was 
observed in the current experiment, but it remains 
to be investigated if this passive fixation is 
sufficient in a chronic environment.  

It should be noted that stimulation of multi-fascicle 
nerves would require a very different design than 

for a nerve with just two fascicles e.g. topological 
sectioning of the nerve into more than just two 
chambers. 

For chronic studies it is necessary to develop a 
non-silver electrode and perhaps to include some 
means of fixation, e.g. tiles. The presented 
electrode design should, however, otherwise 
provide a stable and safe interface to the nerve 
since it does not penetrate the protective boundary 
of the nerve, the perineurium, and does not confine 
the nerve to a limited space, which could lead to 
pressure damage. 
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Abstract 
Muscle tissue composition accounting for the relative content of muscle fibers and intramuscular adipose and loose 
fibrous tissues, can be efficiently analyzed and quantified using images from Spiral Computer Tomography (S-CT) 
technology and the associated distribution of Hounsfield (HU) values. Muscle density distribution, especially when 
including the whole muscle volume, provides remarkable information on the muscle condition. Different physiological 
and pathological scenarios can be depicted using the muscle characterization technique based on the HU values and 
the definition of appropriate intervals and the association of such intervals to different colours. Using this method 
atrophy, degeneration and restoration in denervated muscle undergoing electrical stimulation treatments can be clearly 
displayed and monitored [1]. The reliability of this tool though depends on S-CT assessment and calibration. To assess 
imaging quality and the use of HU values to display muscle composition different S-CT devices are compared using a 
Quasar body scanner [4]. Density distributions and volumes of various calibration elements such as lung, polyethylene, 
water equivalent, trabecular and dense bone are measured with different scanning protocols and at different points of 
time. The results show that every scanned element undergoes HU variations, which are greater for materials at the 
extremes of the HU scale, such as dense bone and lung inhale. Moreover S-CT scanning with low tube voltages (80KV) 
produces inaccurate HU values especially in bones. In conclusion, 3D-Color S-CT scanning is a powerful follow-up 
tool that may provide structural information at the mm scale, and thus may drive choice and timing to validate 
rehabilitation protocols. 

Keywords:  Three dimensional reconstruction , Modeling, Electrical stimulation, Human muscle, Tissue 
composition, Denervation, HU scale 
 
Introduction  
Spiral CT images provide accurate assessment of 
patient geometry. Using the information contained 
in the Hounsfield Unit (HU) data it is possible to 
account for tissue inhomogeneity. Moreover, 
density, volume and the 3-dimensional (3D) 
appearance of a specific region of interest can be 
computed and measured quantitatively using CT 
data and special software tools. In this paper is 
introduced a novel approach based on medical 
imaging and processing techniques to determine 
muscle condition and quantify: 1) progression of 
atrophy in permanently lower motor neuron 
(LMN) denervated human muscles; and 2) their 
recovery as induced by functional electrical 
stimulation (FES). Briefly, we used 3-dimensional 
reconstruction of muscle belly and bone images to 
study the structural changes occurring in these 
tissues in paralyzed subjects after complete 
lumbar-ischiatic spinal cord injury (SCI). These 
subjects were recruited through the European 
project RISE, which aim is to establish a novel 
clinical rehabilitation method for patients who 
have permanent and non-recoverable muscle LMN 

denervation in the lower extremities [2]. Here, we 
have used medical images to develop 3D models: 
shape, volume and density changes were measured 
on each part of the muscles studied.  Changes in 
tissue composition within both normal and atrophic 
muscle were visualized by associating the 
Hounsfield Unit values of muscle fibers, fat and 
loose connective tissue with different colours.  
This 3D approach is based on the use of HU scale 
to quantify density changes and therefore require 
HU value consistency. Indeed there may be a 
significant difference in absolute CT numbers 
depending on various physical factors (e.g., 
kilovoltage, phantom orientation and position in 
the scan aperture) [3].  These differences must be 
taken into account when HU intervals are 
associated to biological tissues.  In this work 
density profiles and HU variation are measured in 
3 different Spiral CT devices using a calibration 
phantom [4]. Different calibration elements and 
protocols are used to assess the HU intervals as 
indicator of muscle composition.   
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Material and Methods 
X-ray computed tomography is an imaging method 
that uses X-rays to produce images of structures 
‘inside’ the body. Each imaged volume element 
(voxel) is traversed, during the scan, by numerous 
X-ray photons and the intensity of the transmitted 
radiation is measured by detectors. The measured 
intensity profile contains information on the 
densities the beam encountered on its path through 
the body (i.e. the denser the regions the weaker the 
signal). With suitable mathematical methods the 
measured profiles of each slice are transformed 
into an image of the structures inside – the image is 
reconstructed, the grey value corresponding to the 
linear attenuation coefficient. These coefficients 
are rescaled to an integer range that encompasses 
4096 values, between -1000 and 3095. From these 
intensity readings, the density or attenuation value 
of the tissue at each point in the slice can be 
calculated. This scale is called CT number or 
Hounsfield unit (HU) and it is expressed by the 
following formula:  

water

waterpixelNumberCT
�

�� �
��1000      (eq. 1) 

With this scaling, if the linear attenuation 
coefficient of a given pixel (μpixel) is equal to that 
of water, the CT number will be 0.  
To assess imaging quality and the use of HU 
values to display muscle composition 3 different S-
CT devices was compared under the conditions 
simulating those encountered in routine body CT 
scanning.  QUASAR phantom was used for this 
purpose (Quality Assurance System for Advanced 
Radiotherapy [4]); it supports the testing of a wide 
variety of dosimetric and nondosimetric functions 
on radiotherapy systems, using different calibration 
elements for measuring both volume and density. 
Density distributions and volumes of various 
calibration elements such as lung, polyethylene, 
water equivalent, trabecular and dense bone are 
measured with different scanning protocols and at 
different points of time. Three Spiral CT devices 
are enrolled into the assessment program: Philips 
Brilliance 64 CT (which is the device used in 
practice), GE medical Light Speed 16 CT and 
Toshiba Aquilon 64 CT.  
These measurements require precise positioning of 
the phantom on the CT scanner couch. The 
calibration phantom is first placed on the couch, 
with the Electron Density Ring closest to the CT 
gantry. The calibration elements are inserted into 
the phantom Body Oval. For best results, the dense 
bone and trabecular bone rods are placed opposite 
to each other, and the water equivalent rod is 
placed in the center. Then the phantom is aligned 

through the laser alignment marks on the Body 
Oval with either the CT suite room lasers or CT 
scanner lasers. Finally the images are acquired 
scanning the entire length of the phantom with 
protocols having tube voltage of 80, 120 and 135 
KV. Slice thickness and increment is set constant 
to 1mm. 
Post processing of the data is performed with the 
programs MIMICS and Excel. 
 
Results and Discussion 
The results of this work shows that every scanned 
element undergoes HU variation. HU variation is 
greatest for materials at extremes of HU scale: up 
to 50 HU values using the same protocol. This 
variation occurs also to elements in middle scale as 
muscle and water but it is contained within 10 HU. 
Figure 1 shows the differences in HU conversion 
among different S-CT devices using the scanning 
protocol used for the muscle monitoring. 

Figure 1: HU differences among different CT scanner 
devices set at 120KV, which is equal to the value used 
in muscle monitoring  
 

 Figure 2 shows the electron density conversion for 
different kilovoltage values: Must be noticed that 
especially for high HU values (representing 
generally bones) a low tube voltage produce great 
variation. 

 
Figure 2: S-64CT Philips brilliance, Electron density - 
HU scale conversion: Dependence from CT scan 
protocols 80KV (dashed) 120KV (star) and 135KV 
(solid line).  
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Figure 3 shows the Hounsfield variation from time 
to time and depending on the different kilovoltage 
values. This variation is less sensible when the 
kilovoltage used is 120KV. 

 
Figure 3: S-64CT Philips brilliance, density differences 
from time to time.  

These results suggest the use of customized HU 
intervals for studying bone and muscle density 
changes. These intervals must take into account the 
type of CT scan device, the used protocol and the 
HU variability which is greater for materials at the 
extremes of the HU scale. The empirical evaluation 
of different tissues in many Spiral CT data allows 
establishing the following table which shows the 
HU intervals for the main tissues in the body.  
Table 1: is a display of main human tissues and their 
empirical HU intervals. 

  
The use of this approach on rectus femoris 

muscle volume allows depicting very efficiently 
muscle tissue composition and structural changes 
due to long term denervation and FES treatment.  
In Fig. 4 the HU intervals of table 1 are used to 
develop the structural 3D appearance of rectus 
femoris. Fat, loose connective, muscle tissue and 
fibrous connective are represented individually in 
3D.  The histogram shows FES treatment allows 
restoration of muscle fiber (from 42% to 58% after 
4 years FES) and sensible decrease of low dense 
muscle fibers/ loose connective and fat (from 41% 
to 31% and from 8% to 2% respectively). 

Conclusions 
In conclusion, 3D-Color CT scanning is a powerful 
follow-up tool that provides structural information 
at the mm scale, and thus may drive choices and 
timings to validate rehabilitation approaches and 
protocols.  

 
Figure 4: 3D appearance and histogram showing 

distribution of fat, loose connective, muscle fibers and 
dense connective in LMN patient after 4 (A) and 8 years 
(B) from injury during that the muscle have been 
stimulated with FES (Patient 2).   
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  Anatomical Tissues    Hounsfield intervals 

Min Max 

Bone 250 3071 

Compact bone 601 1988 

Spongial bone 250 600 

Normal Muscle 41 80 

Dense fibrous connective 
(Tendons-dense muscle) 

81 200 

Loose connective              (low 
dense muscle) 

-5 40 

Fat -200 -6 

Skin -30 60 

Tooth 1200 3071 
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Enhancement of vowel encoding for cochlear implants by adding a 
high frequency signal: a modelling study 

Paredes LP1, Wenger C1, Rattay F1

1 Vienna University of Technology, Vienna, Austria 

Abstract
The outstanding human auditory perception is based on high quality signal transfer between auditory receptor cells and 
the brain. The healthy afferent fibres of the cochlear nerve generate the neural code involving three different coding 
principles, unlike modern cochlear implants which solely incorporate the tonotopic principle. Therefore, an important 
step to improve hearing performance of the electrically stimulated ear might be to include temporal fine structure 
similar to the natural one.  Interesting results using vowels could be obtained by computational evaluation of a multi-
compartment model of the human auditory nerve including the initial approach of adding a high frequency signal. This 
method allows smaller maxima of the source signal to generate spikes and further declines the sharp synchronization of 
action potentials in a population of excited fibres. Analogue speech stimuli without the supporting effect of a 5 kHz 
signal causes firing times that are dominated by the fundamental frequency f0 and the refractory behaviour of already 
stimulated fibres. In contrast to the high frequency method, the variance in firing times and representation of 
frequencies above 1 kHz are poor. 

Keywords:  neural code, cochlear nerve, cochlear implant, computer simulation, temporal theory. 

Introduction  
There is an old controversy whether the inner ear 
uses the place coding principle or the temporal 
structure of the neural code when transmitting the 
information of an acoustic signal. The “place 
theory” introduced by Helmholtz assumed already 
that: (i) the basilar membrane consists of segments 
with varying stiffness, (ii) frequency selectivity is 
based on the resonance of a corresponding part, 
and (iii) each part is connected with a nerve fibre 
[1]. The “temporal theory” was put forward by 
Rutherford, who speculated that each hair cell in 
the cochlea responds to every tone entering the 
inner ear [2]. 

Hundred years later both theories were applied 
independently as basis for two essentially different 
signal processing strategies in cochlear implants 
and auditory perceptions seemed to underline the 
validity of just one of both theories. Early implants 
transmitted the electrical stimulus as a continuous 
voltage, analogous to an amplitude compressed 
acoustical input to a single active electrode placed 
in the scala tympani close to the nerve fibres of the 
auditory nerve [3].  The fact that such single 
channel methods supported vowel discrimination, 
contradicts sheer place theory. However, all 
modern cochlear implants represent acoustic 

source signals according to the tonotopic 
organization of the cochlea, i.e., the signal is 
distributed among multiple channels which are 
tuned to certain frequencies in relation to the place 
principle. Neglecting the temporal fine structure of 
the input is one reason for deficient speech 
understanding with cochlear implants, especially in 
noisy environment.  

Several authors have added noisy signals to the 
stimulus in order to improve the temporal firing 
pattern in cochlear implant users [4, 5], although 
the noise favours phase locking to the prominent 
signal components. Another shortcoming is that 
artificially noise related perceptions are sustained 
rather than transferring the temporal fine structure 
of the source signal accurately. 

Within this study the possible enhancement of the 
temporal fine structure, that is representation of the 
signal maxima, is investigated by adding a 
subthreshold 5 kHz sinus to the audio signal.   

Material and Methods 
The primary segments of German vowels from a 
female speaker are used as analogue stimulus 
signals with and without an added sinus. Series of 
both signals with varying intensities are applied to 
a 27 compartment model of a single human 
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auditory neuron to examine its stimulation by a 
small spherical electrode. The resulting firing 
times represent the response of a group of activated 
neurons placed at different distances away from 
the electrode. In more detail, electrode current as a 
function of time t in [ms] is either 

A[μA]*(speech signal), 

or including the supporting signal 

A[μA]*(sinus(10�t) + speech signal). 

The speech was sampled at 16 kHz within the 
limits -1 to 1.  

The bipolar model neuron is a modified Hodgkin-
Huxley model which consists of a peripheral 
process with 5 nodes of Ranvier, an unmyelinated 
area around the soma and a central process with 6 
nodes of Ranvier (Fig. 1). Geometry, electrical 
parameters and ion channel modelling as well as 
electrode data are used as in [6]. However, in order 
to spare computation time the stochastic 
contributions from ion channel current fluctuations 
are neglected. 

The obtained firing times of the fourth postsomatic 
node of Ranvier are recorded in order to quantify 
the enhancement of the temporal fine structure 
when the sinusoidal high frequency signal is 
added.

Results
The applied sinus signal of maximum studied 
intensity, i.e., A=715 μA (log A = 2,85 and 
Athreshold = 705μA), causes two spikes within the 
first 5 ms. 

The primary 42 ms of vowel /a:/ generate the 
spiking times which are shown in Fig. 2 and 

marked by either triangles in the absence of a sine 
wave, or by circles which represent the extended 
signal .  

Addition of this rather strong constant sinus signal 
has two important consequences: First, because of 

the presence of the sinus the cell is no longer at its 
resting state; instead it is close to the threshold. 
Therefore, the dynamic range of the audio signal is 
constricted to a smaller operating window (circles 
in fig. 2). Second, the representation of the 
temporal fine structure of the acoustic source is 
significantly improved by displaying more signal 
maxima, that is peaks of the audio signal not 
present because of the refractory behavior appear 
to cause firing times in fibres placed distant from 
the electrode. 
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Fig. 2: Stimulus signal /a:/ from a female speaker (bottom) 
and firing times for different intensities (top). Without high 
frequency signal the temporal pattern is poor (marked by 
black arrows). Additional spiking times (green longer 
arrows) occur by adding the 5kHz sinus. At the vicinity of 
log(A)=2.85, the best representation of the fine structure 
could be obtained, then signal values of these amplitudes 
activate neurons placed far away from the electrode that 
should contribute to the group response. 

SOMA

ELECTRODE

RECORDING 
NODE OF RANVIER

Fig. 1: Compartment model of the cochlear neuron and 
its position within a human cochlea

Discussion 
The hearing performance of cochlear implant users 
is still limited, especially when it comes to speech 
understanding in noisy environment even the best 
among all performers show deficits. In order to 
improve acoustical perception, most of the 
developers relied on increasing the number of 
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implant channels confining in the place theory. 
However, the neural code transmitted in the 
healthy ear by speech signals indeed has a 
surprisingly low resolution as demonstrated with 
Fig. 3, where a ‘capture effect’ [7] causes large 
populations of adjacent cochlear nerve fibres to 
respond rather synchronized to the maxima of the 
acoustic input [8] resulting in a neurogram 
containing only a few regions with different firing 
characteristics. 

Next attempts to test this approach should include 
finding valid parameters for the sinusoidal 
frequency and its amplitude. Additionally, 
exploring multichannel strategies with such a 
method might improve the representation of the 
temporal fine structure of a source signal. 

Furthermore, digital signaling strategies should be 
investigated with reference to this concept. 
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Fig. 3: Firing behavior from 223 cochlear nerve fibres from 
a single cat that are stimulated repetitively with the 
synthetic speech signal /da/. The first 20 ms of the stimulus 
(bottom) evokes firing patterns that are recorded with a 
delay of about 12 ms in the fibers with high characteristic 
frequencies and with an additional delay for the low 
frequencies. Every line represents the beginning of a 
poststimulus histogram of the firing times of a single fibre. 
The formant frequencies f1, f2, f3 of the speech signal are 
slowly changing as marked by vertical bars on the left-hand 
side of the histograms. The neurogram contains six regions 
with different firing characteristics. Typically, the peak 
times in one region are strongly related with some of the 
maximum values of the speech signal. 
The intervals between the peaks in one line are not constant 
and they are only closely related to the period duration as 
implicated by the characteristic frequency of the target 
fibre. The three main maximum values of the speech signal 
(indicated by interrupted lines at the bottom of the 
neurogram) which correspond to the fundamental frequency 
f0 cause pressure waves that are recorded in every part of 
the cochlea, i.e. these events are seen in every line of the 
neurogram. From [8], adopted after [9] and [10]. 
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Abstract 
Microelectrodes placed within the densely packed cortical neuronal region are surrounded by many thin processes. 
Although, dendrites are considered to be functionally different to axons, they also possess voltage sensitive membrane 
channels. Therefore, dendritic regions are suitable candidates for spike initiation sites when stimulated externally, 
although they demand for 2-3 times higher thresholds in comparison with thin axons. Simulations based upon recently 
reported distributions of two types of sodium channels and traced pyramidal cell data accompanied by a simplified 
model structure enlightened the spike initiation sites for extracellular cortical microstimulation and revealed insights 
into dendritic excitation patterns. Surprisingly low dendritic threshold values for cathodic stimulation were detected, 
i.e., 3.3μA for a 0.4 μm diameter fibre excited with a 100μs pulse in 4 μm distance. However, according to the 
activating function concept the excited region is calculated by 1,414*electrode-distance, therefore a minimum 
electrode-fibre distance is required as sufficient sodium channels are needed to produce enough intracellular current 
for spike conduction. The minimum distance for dendritic spike initiation increases with diameter and hinders low 
current stimulation of thick dendrites. This effect is in contrast to the inverse recruitment order known from FES. 
Simulations were performed using NEURON and MATLAB.

Keywords:  microelectrode stimulation, pyramidal cell, dendrite stimulation, computer simulation, multi-compartment 
model, current-distance relation, activating function. 

Introduction  
Modern techniques like patch clamp, 
immunochemistry and tracing methods develop 
rapidly and constantly reveal detailed recording 
data causing deficiencies in theoretical 
investigations. Therefore, the excitation pattern 
along the whole neural axis has to be examined to 
understand the underlying mechanism when low 
current pulses are applied for cortical stimulation. 
Consistent with previous work [1] our results 
confirmed the myelinated axons to be the most 
sensitive elements for external stimulation, 
followed by non-myelinaned fibres, whereas the 
soma is rather difficult to stimulate.  

A crucial question concerns the spike generator 
site. New findings on the distribution of voltage 
sensitive ion channels revealed the dendrites as 
possible candidates since they act as independent 
processing units [2]. Although the inverse 
recruitment order, causing plenty of problems in 
FES, states that thick fibres are more excitable, our 
findings indicate that thin dendrites can be easier
stimulated under certain circumstances.  

The presented results for dendritic spike initiation 
are not in accordance with a quadratic current-

distance relation that is assumed by many authors 
without defining which part of the neuron has been 
examined [3]. Accounting for the fact that most 
theoretical investigations focus on simulation of 
intracellular stimulation [4], we applied the 
activating function concept to a L5 (layer 5) 
pyramid cell, a typical cortical neuron, to analyze 
the current distance relations. 

Material and Methods 
The activation function concept has been 
connected with a multi-compartment model to test 
current-distance relations along the neural axis.  
We assumed a monopolar spherical electrode in an 
infinite homogeneous extracellular medium with a 
resistivity of {e = 300 Ohm.cm. Data of a traced 
pyramidal cell (Fig. 1) revealed a dendritic arbour 
consisting of 10 basilar dendrites and one apical 
dendrite consisting of 83 main sections [5]. The 30 
μm long soma is followed by the tapering axon 
hillock and axon initial segment (AIS) of 10 and 
50 μm length, respectively, after which a 400 μm 
long unmyelinated axon proceeds the alternating 
sequence of the myelinated parts, i.e., the 100 μm 
long internodes and the node of Ranvier which 
have a typical length of 1 μm [6]. In accordance 
with the concept that a branching structure can be 
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equivalent to a simple cylinder [7] a rectified 
model neuron with only one simple dendrite has 
also been examined to keep track of the traveling 
voltage. 

As adopted by data obtained from [6], different ion 
channels are non-uniformly integrated throughout 
the functionally distinguished segments and 
combined with a linear leakage current throughout 
the cell. Nav1.2 denotes a high threshold sodium 
current distinguished by the low threshold Nav1.6 
as indicated by its reduced half activation voltage 
V1/2 of -41mV compared to the -28mV of Nav1.2. 
One calcium Ca2+ and three potassium currents are 
present, i.e., fast voltage-gated Kv, slow non-
inactivating Km and a calcium dependent KCa [5]. 
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Fig.1. Geometry of the investigated pyramidal cell 
stimulated by a microelectrode (red circle, compare 
enlargement) positioned close to a branch of the apical 
dendrite. Colour legend displays a calculated action 
potential travelling in direction of the soma.  Note that 
since traced data were only available for the dendrite 
with diameters in the range of 0.34-4.7μm, the axon was 
assumed to be a straight line. 

Results 
Although threshold investigations on current 
distance relation revealed the AIS to be the most 
excitable region with the lowest values, i.e., is 
most likely to be the spike generator site, our 
results also support active dendritic properties as 
reported by [2,4,7,8]. Depending on electrode 
configurations dendrites are capable of developing 
and successfully transmitting an action potential 
reflecting the effect of their ion channel 
composition as demonstrated in Fig. 2. In the 
subthreshold case the effect of the applied 
electrical field either fails to stimulate the neuron 
or the travelling depolarized membrane voltage 
succeeds to cross the soma and reaches the low 
threshold AIS region which triggers an action 

potential. A spike generated by an electrode placed 
above the dendrite (Fig. 2A) will propagate slowly 
and cause a delay compared to the spikes generated 
in the axon (Fig. 2B) due to their increased 
conduction velocity resulting of both the earlier 
activation of the Nav1.6 type and the higher 
sodium channel density. 

A

B

Fig.2. Propagating action potential initiated in the 
dendrite marked as cyan lines (A) and in the magenta 
AIS (B). The 100 μm cathodic electrode needs higher 
threshold in (A) and causes a delay of about 5ms, 
crossing the yellow soma and red hillock travelling 
through the blue unmyelinated region to the node-
internode region marked in green and black resp. 

Comparing the current distance relations along the 
neural axis showed altering patterns for the 
different segments. Threshold currents of 100μs 
monophasic pulses were calculated for changing 
electrode positions, focussing on different 
positions along the dendritic tree including thinner 
and thicker sites as well as branching points. In 
almost every case cathodic thresholds for dendritc 
fibres were smaller than anodic, a fact that is also 
known from peripheral nerve stimulation [9, 10]. 
Anodic thresholds for 100μs pulses are 7.9, 13, 8.3 
and 18 μA for A, B, C and D respectively. The 
greater variance within the group of thin fibres can 
be explained by different conditions in the vicinity 
to a branching point.  

A rather linear current distance relation was 
detected for cathodic stimulation of different 
dendritic areas (Fig. 3). Caused by the low sodium 
channel density, a minimum electrode-fibre 
distance is however required for direct dendritic 
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spiking, with increasing values for thicker 
dendrites. Therefore thin branches can profit from 
the stronger electrical field close to the electrode.  
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Fig.3. Current distance relation for cathodic stimulation 
of dendritic branches of four electrode positions A-D. 
The first marker denotes the minimum electrode-fibre 
distance for which the dendritic segment is directly 
excitable. Note that these values are similar for fibres of 
related diameters and the greatest threshold value of 
15.7 μA for the 4.72 μm appears for the thick dendrite 

Discussion 
When single microelectrodes used for low 
threshold stimulation are placed within the densely 
packed cortex, they are surrounded by many thin 
processes. Due to their abundance dendrites and 
axons from the terminal region have a bigger 
chance to be in close proximity, compared to larger 
elements as soma, axon hillock or even the 
myelinated axon. Our results further approve the 
active properties of the dendritic elements what 
explains recent observations reported by [11] who 
describe that cell bodies of the primarily stimulated 
neurons are usually rather far away from the 
stimulating microelectrodes.  

The current distance relations of extracellular 
stimulation have been studied under quasi-static 
conditions for monophasic pulses acting on only 
one specific traced pyramidal neuron limiting the 
experiments on different branching [7]. In 
accordance with our results [11] report a minimum 
biphasic current of 10 μA needed to activate at 
least one cell with 0.2 μm dendrites and axon. 

Further investigations on the dendritic excitation 
pattern should be concerned with the effect of 
pulse trains, synaptic activities, backpropagating 
signals [2, 8], changing sensitive parameters like 
resistivities, the membrane potential Vm at the 
soma as well as altering values for the composition 
of non-uniformely distributed ion channels [4]. 
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Abstract 

Several major challenges still exist with the development of retinal prostheses. These  range from surgical approach,  
implant placement and fixation (epi- vs sub-retinal), to implant design (size and density of stimulation electrode array, 
biocompatibility, powering), image and stimulus processing paradigms, as well as  selective activation of targeted 
retinal cells. An open challenge is also development, simulation, and test-bench validation of novel stimulation 
strategies for optimal generation of visual information. This article describes some of research efforts that our team has 
dealt with in order to contribute to a better and faster development of retinal prostheses. Following results are 
presented: 1) retinal stimulation/neuronal modeling  where different electrode array designs were tested for selective 
activation of bipolar retinal cells; and 2) development and integration of an on-the-fly stimulus artifact removal scheme 
into an existing in- vitro setup. Finite-element modeling simulation show that 3D electrode geometries yield a tenfold 
increase in selectivity compared to a planar structure of similar dimensions. The artefact removal scheme significantly 
reduces stimulus artifact enabling better recording of stimulus-induced retinal neural activity. Our simulation tools 
enabled optimization of selective activation of retinal bipolar cells while minimizing ganglionic cell activation at 
minimal used power. 

Keywords: selective retinal stimulation, visual prosthesis, stimulation artifact reduction, retinal neuronal model 
 

 

Introduction 

Patient populations suffering from retinal diseases 
such as retinitis pigmentosa and age-related 
macular degeneration can profit from a retinal 
implant placed into the eye that is used to stimulate 
the remaining retinal neural network in order to 
generate useful visual perceptions in the brain. 
Several research groups are currently developing 
such implants e.g. [1-3]. Three different systems 
are currently undergoing clinical European and 
FDA IDE studies (Second Sight, USA: www.2-
sight.com, Intelligent Medical Implants, IMI, 
Germany / Switzerland: www.imidevices.com and 
Retina Implant, Germany: www.retina-implant.de) 
and have already been implanted in several patients. 

Retinal implant systems present medical, surgical, 
and engineering challenges. Two major ones that 
require substantial future research are achieving 
high image resolution (visual perception) and 
achieving high quality of perception. Current 
systems are able to create only crude visual 
perceptions [1-3]. One underlying reason is the 
complexity of the retinal neural network and it’s 
processing [4]. More than 10 different types of 
retinal cells are inter-connected in complex ways. 
The healthy retina consists of 3 major layers: the 
photoreceptor layer, the bipolar cell layer, and the 
ganglion cell layer (Fig. 1). The mechanism 

underlying vision starts when photons hit the 
photoreceptors. Light information is subsequently 
processed in the bipolar and ganglion cell layers 
(convergence and codification of visual 
information) before it is relayed through the optical 
nerve to higher brain centers. Visual information is 
thus more strongly coded at the ganglion than at 
the photoreceptor side of the retina. Because of 
this, recent attempts are focusing on development 
of subretinal vs. epiretinal prostheses, where the 
former are geometrically closer to the bipolar cell 
layer and can, thus, preferentially stimulate bipolar 
cells, acting upstream of the information flow [5]. 
The preferred target for stimulation should be ON 
cone bipolar cells (normally activated by glutamate 
released from photoreceptors). The bipolar cells 
generate sustained graded potentials with 
depolarization levels between -30 and -60 mV [4]. 
The goal is thus not to trigger an ON/OFF event in 
form of action potential (like in peripheral nerve 
stimulation), but to achieve a desired 
depolarization level in a controlled way. Graded 
responses are needed in order to achieve correct 
dynamic range of excitation. In case of saturated 
stimulation levels (on/off triggering) we can expect 
patients only to see white flashes / phosphenes, 
which is the case with current implants [1]. The 
cone ON bipolar cells should be activated quasi-
continuously (corresponding to dynamic image 
information) and with implemented lateral 
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inhibition. The overall retinal stimulation pattern 
corresponding to whole image needs to be 
generated in a similar form as described in [3]. 
This publication presents a new overall paradigm 
for pre-processing of visual information and 
subsequent current source stimulation of the retina 
by application of different spatially and temporally 
filtered patterns (e.g. slow vs. fast dynamics, 
gradients for enhanced contrast). 

The questions that remain to be answered are how 
to achieve the selective stimulation of the bipolar 
ON cells with minimal co-activation of ganglion 
cells with the subretinal approach while also 
minimizing the required electrical power, as well 
as how to validate the stimulation patterns and pre-
processing in in-vitro retinal experiments. For 
latter, when using extracellular microelectrode 
array recording from the ganglion side of the 
retina, ganglion firing pattern generated with 
natural, visual stimuli needs to be compared and 
matched to the ganglion firing pattern evoked by 
electrical stimulation of implanted retinal 
prosthesis. This presents potential means for 
validation of the overall stimulation paradigm. A 
previous study [6] has demonstrated that a quasi-
natural temporal firing pattern of retinal ganglion 
cells could also be achieved by using special 
temporal stimulation profiles. 

In our research, we were focusing on the above 
two questions. We made an attempt to improve the 
existing multi-electrode array (MEA) experimental 
setup and have proposed new stimulation 
configurations verified with new simulation 
models / tools. 

Material and Methods 

Recording and Stimulation 

The MEA60 (200 3D) recording platform 
combined with an 8 channel programmable 
electrical stimulator, a temperature controller, a 
switch-board, a computer interface and software 
(all from MCS Multi Channel Systems GmbH) 
was used for recording and stimulation of retinas 
extracted from knock-out mice and rats (animal 
models for targeted diseases). Recordings and 
stimulations were done with retinas subjected to 
continuous perfusion with oxygenated Ames 
medium. The commercially fabricated 3D MEA60 
biochips (Ayanda Biosystems, SA) contained 
arrays of 60 platinum 3D-tip shaped electrodes of 
the following geometry: rectangular 8x8 matrix 
arrangement with 200 μm inter-electrode spacing, 
electrode dimensions 40 x 40 μm; electrode height 
50-70 μm; recording noise level was 15-20 μV). 
For a control comparison of stimulation, another 4-
channel custom-made stimulator was used as well. 

The array is recording from about 350,000 
ganglion cells (with 60 contacts). Each contact 
covers roughly about 6000 cells. Selectivity for 
recording and stimulation is thus low. For artifact 
removal, an adaptive template matching algorithm 
was developed in Matlab (The Mathworks) and 
was integrated into the MEA environment. This 
allowed for on-the-fly comparison of raw 
recordings vs. recordings with adaptively removed 
stimulation artifacts. 

Modeling and Simulation of Selective Retinal 
Stimulation 

Two models were developed and tested. The first 
model was a 3D FEM model with different 
electrode geometries and configurations (with 
returning electrodes). The outputs of this model 
were electric fields and voltage potential 
distributions produced with different 
configurations and with different timings. 
Configurations generating perpendicular and 
transverse fields as well as combinations of both 
were tested. The second model comprised 
excitation models of bipolar and ganglion cells 
(similar models to those described in [7-9] were 
implemented). It was thus possible to calculate 
which bipolar cells (BC) and ganglion cells (GC) 
were activated and to compare the selectivity 
results across different configurations and 
parameter values (Fig. 1). Following equations 
were used for excitation calculations (V =potential, 
Vm = membrane potential): 

GC: 

BC: 

 
Fig. 1: Retina geometry used in simulations. Stimulation 
was delivered at z=0. BC@ 30 μm; GC@ 100 μm 

The model was also used to evaluate 
(quantify) the effect of repolarization (anodic) 
pulses - which are expected to be minimal 
compared to stimulation (cathodic) pulses. 
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Stimulation and Retinal Response Modeling 

For coupling the above simulation results into a 
dynamic retinal neuronal model, a model from [10] 
was used. Computer simulations were performed 
in order to assist in derivation and to 
verify/validate optimal temporal patterns of 
stimulation for production of graded target 
responses of targeted retinal cells. The nerve cell 
model represents a simplified retinal network 
consisting of a certain number of cells that can be 
taken as representative for retinal modular 
organization. Focus here was on the temporal 
evolution of cell hyperpolarization/depolarization 
in response to dynamic external electrical fields.  

Results 

For optimal artifact removal, several recordings 
with different stimuli parameters (10-800 μA and 
0.1-1 ms) were performed. Large differences in 
artifact temporal patterns were observed having 
non-linear relationship to the input stimuli. 
Varying artifact responses were observed even 
between different channels when using the same 
input stimulus (also due to capacitive coupling, see 
[11]). This excluded the use of a non-adaptive 
artifact template. On-line reconstruction of 
adaptive templates for each recording channel and 
LSQ error optimization for shape adaptation were 
needed. Different adaptive algorithms were 
implemented and tested. One algorithm used 
adaptive estimation of the artifact template with a 
time-stretch factor fitting and exponential 
forgetting. Exponential forgetting weight was also 
adaptive (using two levels and switching between 
them; 0.3 and 0.7) depending on the cross-
correlation value of the current template and the 
newest artifact. In case of a largely different new 
shape, strong forgetting was used. Like this, higher 
dynamics for artifact adaptation and suppression 
was achieved. Algorithm performed very well and 
spike artifacts were removed even when their 
shape was changing between electrodes or with 
time and stimulation amplitude (Fig. 2). The 
algorithm was at the end coded as a plug-in 
extension to the MAE evaluation software.  

In FEM simulations, different planar and 3D 
electrode configurations and shapes were tested 
and compared for their efficacy in recruiting 
bipolar cells and ganglion cells. Also, the effect of 
different electrode and configuration parameters on 
selectivity of activation, needed power, and 
repolarization effects (anodal breakdown) were 
tested. Example of concentric electrode 
configuration is shown in Fig.3 together with the 
area of activated bipolar cells. Concentric electrode 
configuration achieved strongest lateral decay of 

electrical fields minimizing cross-talk activation 
(lateral spread) (see also Table 1). 

 
Fig. 2: Stimulation artifacts, their shapes, and artifact 
removal (red vs. blue traces). 

 

Fig. 3: Testing concentric electrode configuration for 
activation of bipolar cells (in this configuration, no GC 
were activated). 

Electrode surface, injected current, and pulse 
duration were highly sensitive parameters for 
activation of GC. At the tested current levels, GC 
axons were never activated. 

Table. 1: Simulation results, activation of BC and GC at 
same electrode surface area, current, pulse duration, and 
inter-electrode distance. 

Furthermore, 3D electrode geometry was found to 
yield up to a ten-fold increase in selectivity 
compared to an optimal planar geometry of similar 
dimensions (Fig. 4). When the activated retinal 
ganglion cells were identified with the two 
different configurations/structures (planar and 3D), 
the 3D electrodes yielded a smaller volume of 
activation thus allowing generation of more 
focalized images. Figs. 5 and 6 show results of 
simulation where electric stimulation fields from 
3D model were coupled into a dynamical temporal 
simulation of a simplified retinal neuronal 
network.   

anode

cathode

Area of bipolar cells stimulated with a 
33 μA bipolar anodic configuration
(San=4000μ², Scath=10000μ², Dancath=70μ)

115μ

current μA power μW surf. Bipolar μm² surf. Gangl μm² remarks
circular 165 960 78600 19300
rectangular 142 850 79000 20100 aspect ratio 0,3
concentric (D=100μ) 110 658 38800 20400
cylindric 186 1116 77200 18000 height 12μ
conic 174 1042 84000 19200 height 12μ
conic concentric (D=100μ) 108 647 38800 16400 height 12μ
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Fig. 4: Simulation selectivity of 3D electrode 
configuration (triangles) compared to planar 
(squares) electrode geometry over a range of 
cathode disc radii. 

 

 

Figs. 5 and 6: Simulation of a simple retinal network. 
Top: For suprathreshold stimulation of BC ON cells, 
spikes are generated at GL ON cells. GL OFF cells are 
spiking because of lacking light input. Bottom: with el. 
stimulation, spiking of GL ON cells triggered by initial 
light stimulus could be maintained. 

Discussion 

Lots of advances were recently made in the 
development of retinal implants [2,3,12]. The 
visual prosthesis is, however, very complex, thus 
many problems remain unsolved. Here we have 
presented certain improvements in electrode 
design, as well as in recording and stimulation 
techniques and tools that should aid in 
development of next product generations.  
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Preliminary comparison between haptic and electrical stimulation 
adaptive support for upper extremity motor training 

Zadravec M, Oblak J, Cikajlo I and Matjačić Z 

University Rehabilitation Institute, Ljubljana, Slovenia 

Abstract 
Numerous clinical studies have demonstrated that practicing of simple, repetitive and assisted activities effectively 
reduces motor impairment after neurological insult. This preliminary study investigates the efficacy on human motor 
learning in upper extremity when assisted by two different support approaches: haptics and electrical stimulation, both 
controlled with the same adaptive algorithm. Three unimpaired participants, who played a simple game (virtual reality 
based table football) to learn wrist movements with their inferior arm, participated in the experiment. The evaluation 
before training without any support was done, followed by the training with adaptive controlled robotic support (RS) 
and electrical stimulation (ES) and concluded with the evaluation after training. The results show the noticeable 
improvement in the motor performance of all three subjects regardless of the support method.  

Keywords: Adaptive control, Motor learning, Upper extremity rehabilitation, Electrical stimulation, Robotic support, Haptics. 

  

Introduction 
Recent studies in neuroscience have demonstrated 
that the central nervous system can reorganize after 
neurological injury. It has been demonstrated that 
intensive movement-based training delivered either 
by a therapist or haptic robotics – robotic support 
(RS) reduces motor impairment after neurological 
insult. There is also a body of clinical evidence 
showing that the use of Electrical Stimulation (ES) 
improves motor control. It is known that when 
stimulation is associated with the person’s 
intention to move the effect is enhanced [1]. In 
many cases support parameters (delivered either by 
RS or ES) were manually preset before each 
session according to temporary working 
performance of each subject, while during session 
they remained constant. However, recent clinical 
results suggest that form of therapy may be more 
important that its intensity and more importantly 
that active participation of a trainee is required. 
Therefore, RS or ES support with fixed control 
parameters during session is not as effective as a 
concept “assist-as-needed”, which means that only 
the minimum assistance needed to successfully 
accomplish a given task will be provided by the 
robot. The objective of this work was to investigate 
the efficacy of two different approaches in human 
motor learning: adaptive ES and adaptive RS.  

Methods 
Task 
Experimental evaluation was carried out by means 
of Universal Haptic Drive (UHD) [2]. The task for 
training experiment was a simple football game. 
Subjects view a football field with a vertical 
moving player associated with movement of haptic 

arm, and reference player that shows the reference 
trajectories to hit ball into the goal. The aim of the 
game is to achieve as many goals as possible and 
thereby to learn specific movements. In each 
attempt the ball comes randomly from one of two 
possible predetermined directions (Fig. 1). Every 
time the direction 1 (upper shot) is chosen, subject 
gets assistance of ES, while for direction 2 (lower 
shot) the RS is engaged. 

Subjects 
Three neurological intact right-handed adult males 
participated in the experiment. Subjects had to 
train their wrist movements of the inferior arm 
with the assistance of RS or ES.  

Protocol 
Subjects had two electrodes placed over the wrist 
flexor muscles and two electrodes placed over the 
wrist extensor muscles of inferior hand. Their 
hands were strapped in UHD’s forearm support in 
a way allowing wrist flexion and extension 
movements in only 1-DOF as shown from Fig. 2. 
The experiment was composed of three parts. First 
part was evaluation before training that consisted 
of 20 shots on goal (10 upper and 10 lower shots) 
without any support or showing the reference 
player. UHD robot was operated in zero impedance 
mode, meaning that the robot did not apply any 
support forces. Second part of experiment was 
training of 100 shots (50 upper and 50 lower, 
randomly chosen ball direction), visually cued by 
reference player. Every upper shot the ES was 
turned on, and in the case of lower shot the RS was 
provided. After training we did the same 
evaluation as before it. The experiment lasted 
approximately 30 minutes.  
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Support method 
Besides visual guidance (reference player) 
adaptive RS and ES support was implemented 
separately for each movement direction during 
training, where support parameters have varied 
depending on the subject’s performance. In this 
end we define support gain – K through which we 
determine appropriate level of support that depends 
on the error between desired and current player 
position (Eq. 1, Fig. 1).  

 � �refu K e K y y� � � � �  (1) 
Level of support has been adapted after two 
consecutive shot attempts. It decreased in the case 
of two goals, remain fixed in the case of one goal, 
and increased in the case of both missed shots as 
shown in Table 1. According to this adaptation 
method the RS step was 5% and represent the 
change of robot’s stiffness, which ranged between 
zero impedance mode (the robot did not apply any 
support forces) and its maximum value (stiffness 
12000 N/m). The ES’s minimum and maximum 
pulse width were preset before each experiment for 
flexion and extension muscles separately, where 
minimum value corresponded to the threshold 
between sensory (SES) and functional (FES) 
electrical stimulation. Maximal value of pulse 
width was determined in each subject to acceptable 
level not provoking discomfort. We used fixed 

stimulation frequency, which was 40 Hz. During 
training the ES’s amplitude remained fixed, while 
pulse duration has been varied in range between 
100 and 300�s in steps of 2%. Both support 
approaches started at 50% (  0 maxK 0.5 K� ) of 
their maximum values.  

Performance measures 
Two performance measures were analyzed to 
assess subjects’ task performance average error 
and standard deviation of all shots before and after 
training. Error was defined as an absolute distance 
from the goal center, when the ball has reached the 
outline.  

Results 
Fig. 3 shows the results of supporting curves 
during training and both evaluations – before and 
after training, demonstrating similar improvement 
with both support methods. Table 2 shows percent 
of performance improvement at the end of training 
compared to initial assessment. During training the 
level of assistive ES ranged between 36% and 
58%. In the case of lower shots robotic assistance 
decreased to minimum in all three subjects (bottom 
left graph of Fig. 3).  

 
Fig. 1. Block diagram of the experiment. The subject performs the task with UHD's handle bar. Based on the chosen 
ball direction the subject gets assistance in a form of either electrical stimulation (direction 1) or robotic support 
(direction 2), which is driven by performance-based adaptive control algorithm. 

 
Fig. 2. Wrist flexion and extension movements in 
UHD's forearm support in a way allowing in 1-DOF. 

Table 1. The support method after two consecutive shot 
attempts.  

Shots Goals Support 

2 
0 � 
1 = 
2 	 

- 182 -- 182 -



Discussion and Conclusions 
The main aim of this paper was to explore a motor 
learning task based on two different support 
approaches. Preliminary results show that both 
support approaches have similar training effects in 
selected task of motor learning. We were interested 
in adapting the ES support in a similar way as is 
usually done by RS. Therefore, we set the ES for 
upper shots and the RS for lower shots. The 
delicate aspect of ES was electrode positioning on 
the wrist flexors and extensors, which is important 
to adequately stimulate muscles to do the correct 
wrist movements. Furthermore, the range of 
stimulation intensity, which includes minimum and 
maximum stimulation values for flexor and 
extensor muscles, should be carefully chosen for 
effective learning. If the supporting curve is 
decreasing with increasing number of task 
repetitions, that is very likely a good and important 
indicator for effective learning. Such learning can 
be clearly seen from lower shots training where RS 
provided assistance (bottom left graph of Fig. 3). 
In this case all subjects have shown a successful 
motor learning progress. In the case of upper shots 
training with ES support the second person has 

shown similar performance – his supporting curve 
has been decreasing. The first person’s supporting 
curve, which also showed a significant 
improvement as well, did not decline, but rather 
stayed on the same level. There can be several 
possible explanations why supporting curve did not 
decrease even though a person has shown 
successful performance (according to both 
evaluations). One of them is that the healthy 
persons, who participated in this experiment, could 
defy the ES support, so the errors might be greater. 
Another reason could be our inappropriate choice 
of predefined desired trajectories. Probably each 
individual has his own unique way of learning. 
Therefore, the initial support (50% in our case) 
may have been different for each individual. In this 
experiment, we used an adaptation method, where 
support was adapting after two consecutive shot 
attempts. In further research different or modified 
adaptation method could be used. For instance, 
adaptation method could be based on moving 
average error of previous repetitions and its 
support step could also be varied [3]. Another 
option for motor training could be a modified 
system, operated by both support approaches 
simultaneously where motor support would be 
provided by RS while sensory information would 
be enhanced by sub-motor threshold ES.  
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Fig. 3. Results before and after training and 
corresponding training supporting curves.  

Table 2. Evaluation differences between average error 
before and after training.  

Shots Person 
1 

Person 
2 

Person 
3 

Group 
Average 

Upper 65% 86% -7% 48% 
Lower 50% 53% 73% 59% 
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Abstract
The purpose of this single site randomized control trial was to assess the efficacy of Functional Electrical Stimulation 
(FES) therapy over conventional occupational therapy in improving voluntary hand function in individuals with sub-
acute traumatic incomplete C4-C7 spinal cord injury (SCI). 22 individuals with sub-acute traumatic incomplete SCI 
were invited to participate in this randomized control trial. All individuals recruited in the study received treatment for 
both the left and right upper extremities. All 22 individuals recruited in the study received one dose (60 min per day) of 
conventional occupational therapy for hand function. Over and above 12 of the 22 individuals received an additional 
dose of conventional occupational therapy while the remaining 10 participants received a dose of FES hand therapy. 
Therapies were delivered 5 days a week for 8 weeks (40 hours of therapy in total, over and above daily conventional 
occupational therapy). The primary outcome measure was Functional Independence Measure (FIM). Spinal Cord 
Independence Measure (SCIM) and Toronto Rehabilitation Institute Hand Function Test (TRI-HFT) were secondary 
outcome measures. The participants who received FES therapy improved their upper limb function significantly better 
than the controls as measured by FIM, SCIM upper extremity sub-score, and TRI-HFT. The FES therapy effectively 
reduced the degree of disability and restored voluntary grasping function in individuals with tetraplegia when 
compared with conventional occupational therapy.  
 
Keywords: Neuroprosthesis, functional electrical stimulation, therapy, spinal cord injury, quadriplegia, grasping and hand function

 
  
Introduction  
In individuals who have survived cervical spinal 
cord injury (SCI), hand function has been singled 
out as the most important function that these 
individuals would like restored [1]. In recent 
decades various therapies, surgical interventions 
and/or devices have been proposed to improve 
hand function in individuals with C4-C7 SCI. 
Amongst these functional electrical stimulation 
(FES) devices have shown the most promising 
results[2]. Some FES systems for grasping, also 
known as neuroprosthesis for grasping, have been 
successfully commercialized and are typically 
intended for routine use[3,4].  

The purpose of this single site randomized 
control trial was to examine whether FES therapy 
is actually able to improve voluntary hand function 
in adult individuals with incomplete sub-acute C4-

C7 SCI. Based on the results of this single-center 
randomized control trial, one can conclude that 
SCI individuals who undergo short-term FES 
therapy can more effectively improve voluntary 
hand function compared to individuals who receive 
conventional occupational therapy after SCI.  
 
Methods
Patients with sub acute traumatic SCI (Mean time 
since injury in days was 58.33 ± 6.55 for the 
control group and 69.9 ± 14.11 for the intervention 
group) injury from C4-C7 who were unable to 
grasp and manipulate objects were invited to 
participate in the study. A battery of primary and 
secondary outcome measures was administered at 
baseline including Functional Independence 
Measure (FIM), Spinal Cord Independence 
Measure (SCIM) and Toronto Rehabilitation 
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Institute Hand Function Test (TRI-HFT)[7]. 
Participants were randomized upon completion of 
baseline assessments. All participants in the study 
received therapy daily, 5 days per week, for the 
duration of 8 weeks (40 sessions in total). 
Conventional therapy consisted of muscle 
facilitation exercises, task-specific, repetitive 
functional training; strengthening and motor 
control training using resistance to available arm 
motion to increase strength and stretching 
exercises. FES therapy consisted to performing 
ADL’s while being assisted with electrical 
stimulation (Fig 1). The stimulation parameters 
used were: a) balanced, biphasic, current regulated 
electrical pulses; b) pulse amplitude from 8 to 50 
mA (typical values 15-30 mA); c) pulse width 250 
�s; and c) pulse frequency 40 Hz. For the 
intervention group we found that the intensity of 
current administered needed to be increased over a 
period of time as the participant became 
accustomed to the stimulation. Both control and 
intervention groups received therapy for an equal 
amount of time and received identical attention. 
The primary and secondary outcome measures 
were performed again upon completion of therapy 
and at 6 month follow up. 

 

 

 
 

Fig 1.  Examples of object manipulation during the FES 
therapy 

 

Baseline data of intervention and control groups 
were compared using Fisher’s exact test (for 
categorical variables) and Mann Whitney U test 
(for continuous variables). Comparisons between 

the intervention and control groups were carried 
out using linear regression analysis adjusted for the 
baseline degree of disability. All data analyses 
were carried out using SAS program version 9.1 
(SAS Institute Inc., USA). Significance was 
determined at p<0.05.   
Results
The results of this study suggested that both 
intervention and control groups improved their 
upper limb functions due to the therapies provided 
to them. However, the intervention group, i.e., the 
one that received FES therapy, improved 
significantly better as compared to the control 
group (Table1).  
 

Before After Before After

FIM 7.8 17.8 8.1 28.2 0.015

SCIM Upper 
Extremity Sub-

score
3.3 6.4 1.9 12.1 <0.0001

TRI-HFT 
Components

10 Objects 27.2 38.5 37.1 53.8 0.054

Rectangular 
Blocks 29.3 38.4 34.7 49.7 0.124

Wooden Bar (Able 
to Hold) 0.63 0.96 0.8 1.5 0.065

p valuesTest
Control Intervention 

Table 1: FIM, SCIM and TRI-HFT scores before and 
after therapy for control and intervention group. 

Fig 2. FIM total score at baseline and after the therapy 
completion for the control and intervention groups 

(mean ± standard error of mean). 

 
Fig 3. SCIM upper extremity sub-score at baseline and 

after the therapy completion for the control and 
intervention groups (mean ± standard error of mean). 
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Statistically significant improvements were noted 
in FIM self care scores p= 0.015 (Fig 2.), SCIM 
upper extremity sub-score p<0.001 (Fig 3), TRI-
HFT instrumented cylinder score p=0.033, and 
TRI-HFT credit card score p=0.035. TRI-HFT 
total score for manipulation of objects 1 to 10 and 
the TRI-HFT wooden bar test score had p values 
0.0538 and 0.0652, respectively. The only test that 
did not show statistical significance between 
intervention and control groups was TRI-HFT nine 
rectangular blocks test. 

Discussion
The results of this study are overwhelmingly 
positive. Since we have obtained statistically 
significant results with only 22 participants (12 in 
control group and 10 in intervention group) and 
since the variability in the achieved 
results/function is large, our results clearly show 
that the intervention group had to have 
dramatically better improvements in hand function 
as compared to the control group to achieve 
statistical significance with such a small sample 
size. The results of this study as well as some of 
our previous work stress the importance of 
applying a surface FES therapy intervention that 
can be tailored and adjusted to patient needs on a 
daily basis, and can evolve as the patients improve 
their function[5,6,7,8]. Furthermore, our findings 
suggest that if a participant who attempts to 
execute a grasping task is assisted with the FES 
therapy to carry out that task, he/she is effectively 
voluntarily generating the motor command (desire 
to move the arm, i.e. command input). It is 
suggested that FES therapy is providing the 
afferent feedbacks (system’s output), indicating 
that the command was executed successfully. We 
hypothesize that by providing both the command 
input and system’s output to the central nervous 
system (CNS) repetitively for prolonged periods of 
time, this type of treatment facilitates functional 
reorganization and retraining of intact parts of the 
CNS and allows them to take over the function of 
the damaged part of the CNS[8]. Moreover past 
literature shows that the combination of 
performing diverse and meaningful tasks with high 
repetition, and participant’s persistent active 
engagement (i.e., all participants had to devote 
100% of their attention to the tasks performed) 
plays an important role in retraining voluntary 
grasping functions[9]. These strategies are fully in 
tune with recent findings in the field of 
neuroplasticity and suggest that the proposed FES 
therapy is potentially another very effective 
method that can be used to retrain the 
neuromuscular system.
 

Conclusion
We conclude that FES therapy is a very effective 
method of restoring voluntary hand function in 
individuals with incomplete SCI. We also conclude 
that FES therapy is effective in retraining the 
neuromuscular system. This therapy is very easy to 
administer and requires minimal training on part of 
the Physiotherapists and Occupational therapists. 
Donning and doffing the system doesn’t require 
more than 5 minutes. From the logistics point of 
view this therapy can be easily integrated into 
already existing occupational therapy programs 
without a need for additional treatment hours or 
funds beyond those needed to purchase a 
programmable FES system.  
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Abstract 
A multicenter trial of myoelectrically-controlled FES (MeCFES) for assisting hand function in subjects with C5 - C7 
myelopathy and tetraplegia is described. The aim of the study is to test the incidence of potential users, the effectiveness 
as an orthotic device and the utility for activities of daily living (ADL). Myoelectric signal from the wrist extensors is 
used for control of direct stimulation of the finger flexors as to enhance the tenodesis grip. Candidate users are asked to 
use MeCFES in 12 sessions to perform the self selected ADL thought to be facilitated by the device. Of 253 randomly 
selected clinical records of patients with tetraplegia, 166 met the inclusion criteria. Of 107 eligible subjects who could 
be contacted, 27 had a positive response to MeCFES and were enrolled. At the end of therapy 14 of them found the 
device sufficiently useful for use at home. It’s estimated that 9% of the tetraplegia population may benefit from the 
MeCFES method and find it useful for ADL. 

Keywords: Tenodesis, Spinal cord injury, Myoelectric control, Orthosis. 

 
  

Introduction  
A prior pilot study [1] has indicated that 
myoelectrically controlled FES (MeCFES) can 
assist hand function in some subjects with a 
cervical spinal cord lesion.  

This multicenter trial aims to estimate the expected 
number of persons with SCI who can improve their 
activities of daily living (ADL) by using a device 
recording myoelectric activity from the wrist 
extensors to stimulate relevant muscles of the 
thumb and finger flexors. A further objective is to 
test the hypothesis that one surface stimulation 
channel can provide enough hand function to make 
a sensible difference for the users. It is assumed 
that single channel users represent a conservative 
estimate of the number of multichannel users. 

Material and Methods 
Clinical records of patients with cervical 
myelopathy were screened for inclusion (level:C5-
C7, age:18-80 yrs. and medically stable). Eligible 
subjects were assessed clinically. Myoelectric 
signal from wrist extensors was used to  control 
stimulation of the finger flexors. A Hand Test, self 

assessment and performance questionnaires were 
administered. Subjects in whom the MeCFES 
improved grasping, were invited to use the device 
in 12 occupational therapy (OT) sessions, while 
performing relevant self prioritised activities.  

The MeCFES system consisted of an amplifier, a 
signal processor, and a single-channel stimulator. 
The signal was processed to reduce stimulation 
responses and the average rectified value was 
calculated and low pass filtered. This signal 
exerted a direct control of the stimulation 
amplitude using a piecewise linear  function. As a 
consequence, the subject has to sustain activation 
of the controlling muscle (ECR) to maintain a 
stimulation output. The system was battery 
powered and could fit in a pocket. 

Results 
Of N0 = 253 randomly selected clinical records of 
patients with tetraplegia, N1 = 166 (63% of N0)  
met the inclusion criteria. All includible subjects 
were contacted and invited to participate in the 
study, 52 potential responders could not be seen 
clinically for logistical reasons and yet 7 could use 
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the MeCFES but could not participate in OT 
training for logistic reasons or sudden change in 
health status. Since the responsiveness to MeCFES 
for these 59 remained untested, they were excluded 
from the evaluated sample of 107 subjects. Of this 
portion of N2 = 107 subjects, 34 were judged ‘non 
responders’ from first interview due to health or 
functional status and 46 were excluded as non 
risponders at subsequent clinical examination 
leaving N3 =  27 subjects that were enrolled in OT. 
See flowchart in figure 1 for further explanation. 

 
 

Inclusion by 
CR 

 

NR = 87

N1=166 

Request to 
participate 

 

NR = 34PR = 52

Clinical 
examination 

& OT

PR = 80 

NR = 46PR = 7 

PR = 27 

Final evaluation 

Sample of CR 

N0=253 

 
Figure 1. Flowchart of the study. A sample of clinical 
records (CR) is filtered by inclusion/exclusion criteria 
and non-responders (NR) are discarded. Possible 
responders (PR) are requested to participate. Some PR 
cannot participate in the study and are discarded (to the 
left). 80 possible risponders are examinated and another 
7 PR cannot participate in OT.  

The enrolled subjects presented an improvement in 
hand’s function at a first application of the 

MeCFES device and were enrolled in the 
MeCFES-assisted Occupational Therapy program. 
Nr = 14 of the enrolled patients obtained a 
functional gain and wished to continue use of 
MeCFES at home if it was available.  

C6 was the most frequent lesion level accounting 
for 78/253=31% of all cases. 

Discussion 
To summarize: 14 of 107 tested subjects (or 13%) 
were responding positively to MeCFES. It can be 
assumed that there would be the same percentage 
of responders among the untested subjects. Thus 
we missed 8 (13% of 59) possible responders. The 
conservative estimate of responders is 14 of 253 
subjects yielding 6 % of N0. Correcting by the 
fraction of possible risponders that were not tested 
this could be estimated as (14+8)/N0 =  9%. We 
assume that our sample is representative for the 
population of subjects with a cervical spinal cord 
lesion present in Italy. 

Conclusions 
Data suggests that 9% of the tetraplegia population 
may benefit from the MeCFES method and find it 
useful for ADL. 

References 
[1] Thorsen R, Occhi E, Boccardi S, and Ferrarin M. 

Functional electrical stimulation reinforced 
tenodesis effect controlled by myoelectric activity 
from wrist extensors. J Rehabil Res Dev 
2006;43:247-56. 

Acknowledgements 
This work has been supported by the Italian Ministry of 
Health (Ricerca Corrente IRCCS). 

Author’s Address 
Rune Thorsen,  
Fond. Don Carlo Gnocchi Onlus, via Capecelatro, 66 - 
20148 Milano Italy 
rthorsen@dongnocchi.it 

 

 

- 189 -- 189 -



Computer vision for selection of electrical stimulation synergy to assist 
prehension and grasp 

Došen S1, Kristensen GK1, Bakhshaie B1, Pizzolato M2, Smondrk M3, Krohova J3, PopoviÙ MB1,4,5 
1 Aalborg University, Department of Health Science and Technology, Denmark 

2 University of Padova, Department of Information Engineering, Italy 
3 University of Zilina, Faculty of Electrical Engineering, Slovakia  
4 University of Belgrade, Faculty of Electrical Engineering, Serbia 

5 Institute for Multidisciplinary Research, University of Belgrade, Serbia 
 
Abstract 
We describe a method for selection of the grasping synergy of forearm and hand muscles for assisting the hand opening 
and closing in stroke patients during the therapy of upper extremities. The novelty is the stereo vision system realized 
with a simple computer peripheral (web camera) and the software which in real-time decides on the grasp type (lateral 
or palmar) and hand opening requirement (small, middle, large). The test of the vision system in five subjects shows 
that the overall recognition of the objects size and shape was over 90%, failing only due to shadows and overlapping of 
the objects in the scene. The vision system is integrated with the four-channel electrical stimulator. 

Keywords:  Grasping, Control, Artificial Vision, Electrical Stimulation 

 
  

Introduction 
The good rehabilitation practice suggests that the 
recovery of function in stroke patients is benefiting 
from the intensive task related exercise, especially 
if applied in the early phase of disability [1]. One 
of the tools to augment the intensive exercise of 
the upper extremities is to apply multi-channel 
electrical stimulation; thereby, allow grasping to 
stroke patients at the time when they can not do it 
volitionally. This method, termed Functional 
Electrical Therapy (FET) was suggested many 
years ago by Merletti et al., [2], but received the 
attention again with the availability of new 
technology such as Bioness H200 [3], Bionic glove 
[4] and especially Actrigrip and UNAFET [5]. For 
the effective use of stimulation within FET, the 
pattern of stimulation needs to be adapted to the 
type of grasp which entirely depends on the object 
characteristics (size, shape, and mass). The 
electrical stimulation integrated into FET [6] 
contributes to palmar and lateral grasps that are 
used in more then 90% of the daily activities [7], 
and uses the preset intensity of stimulation for each 
of the said modalities. During the therapy session 
the subjects have to manually select the grasping 
modality based on the object that is the target.  

Recently, we introduced a system comprised of a 
web camera, distance sensor and laser pointer for 
the control of prehension of a transradial 
prosthesis. The system uses computer vision to 
estimate object properties (size and shape), and 

sends this information to the rule-based controller 
which determines the size of hand opening, 
orientation of the hand vs. the object and type of 
grasp [8, 9]. This cognitive vision system was 
mounted onto a five-fingered robotic hand attached 
to the forearm of a healthy subject (15 subjects)  
who used it to grasp various 18 objects . 

We present the principle of operation of a new 
stereo web camera system for automatic selection 
of prehension and grasp implemented on a multi-
channel stimulator designed by UNA Sistemi 
(http://www.unasistemi.com/) as a part of the 
project TREMOR (http://www.iai.csic.es/tremor/). 
The stimulator uses the command from the 
cognitive vision for triggering the 
prehension/grasping synergy by activating four 
muscle groups (surface electrodes) (Fig. 1). 

 
Figure 1: The principle of operation of the cognitive 
vision system for selection of the stimulation sequence 
that is appropriate for the object to be grasped. 
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Web camera stereo vision 
The 3D web camera (http://www.minoru3d.com/) 
was mounted on the dorsal side of the forearm 
slightly elevated, so that the camera had an 
unobstructed view of the scene in front of the hand. 
Each camera from the Minoru stereo pair was 
calibrated by using Camera Calibration Toolbox 
for Matlab. The cameras were configured to 
acquire color (RGB) images at a resolution of 
640x480 pixels. The images are visible to the user. 
The system operates through the following phases 
(Fig. 1): 1) the user points the cameras so that the 
target object is central in the scene (multiple 
objects in the scene) and triggers the control 
process; 2) the stereo system assesses the distance, 
and based on the camera calibration data 
determines the size and shape of the object; 3) the 
rule-based algorithm decides on the synergy that 
needs to be implemented [9].  

 
Figure 2: The sketch of the operation of the computer 
vision for determining the shape and size of the object. 
The target object is a small bottle (10.5 cm x 3.5 cm). 
The notations are: L, S – long and short object axes; 
GT, GS – estimated grasp type and size. 

The phases 2 and 3 are further illustrated in Fig 2. 
The cameras acquire the snapshots of the scene, 
and the acquired images are stereo rectified (Fig. 
2[A]). The objects are then segmented from the 
background (Fig. 2[B]) by applying Canny edge 
detection algorithm in the color space and 
morphological operations of opening and closing. 
The object that is the closest to the center of the 
right image is selected as the target for grasping. 
The lengths in pixels of the object short and long 
axes are measured. The centers of masses (COMs) 
of the target object in the left and right image are 
located, and the disparity, i.e., a difference between 
the positions of the COMs along the horizontal 
axis, is computed. The obtained disparity is used to 

estimate the distance from the stereo system to the 
target object. By using the estimated distance, 
focal length of the camera, and the lengths of the 
object axes in pixels, the lengths of the object axes 
in centimeters are determined (Fig. 2[C]). Finally, 
the grasp type and aperture size are selected (Fig. 
2[D]) by applying a set of IF-THEN rules mapping 
the estimated size and shape of the object to an 
appropriate grasp (e.g., if the object is large and 
wide use palmar grasp).  

Stimulation patterns for lateral and palmar 
grasps 
The electrical stimulation needs to achieve muscle 
contractions that would lead to hand posture which 
matches the hand opening and closing to the size 
and shape of the target object (Fig. 3). The hand 
posture generation follows principles well defined 
in motor control literature for grasping of healthy 
humans, that is, formation of the opposition space. 
The opposition spaces were assumed in the 
following manner: 

Grasp Type The opposition space 

Lateral The thumb vs. the radial side of the flexed index finger 

Palmar The thumb vs. the palm with flexed fingers 

 
Figure 3: The palmar and lateral opposition spaces 

These two opposition spaces can be formed by 
stimulating the following muscle groups: thennar 
muscle group, flexor profundus digitorum and 
flexor superficials digitorum. The opening of the 
hand can be achieved by stimulating thumb 
abductor, extensors pollicis longus and brevis, 
extensor indicis and extensor digitorum communis. 
The stimulation profiles were adopted in the form 
shown in Fig. 4 based on previous research [6]. 

The selection of the two stimulation synergies is 
based on information from the vision system 
(grasp type and size). The intensity of stimulation 
also uses information from the vision system (size 
of the object). The intensity levels that correspond 
to different opening and closing of the hand need 
to be determined individually by recording the 
recruitment curves (before the use of the system). 

The time line in Fig. 4 shows that the stimulation 
duration in different phases of prehension and 
grasping (e.g., hand opening, holding, and closing) 
can be varied. It was assumed that at the beginning 
of the therapy the intervals would be set long (  2 
s) in order to allow stroke patients to learn how and 
what to do, and as the skills are being improved 
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along the therapy the interval would be gradually 
decreased to the values characteristic for healthy 
subjects (  0.5 s). 

 
Figure 4: The synergies for lateral (top) and palmar 
(bottom) grasps. The vertical axes are normalized pulse 
charges where the level depends on the recognized size 
of object. The horizontal axis is time. 

The actual implementation is envisioned with the 
system that uses multipad electrodes and protocol 
described by PopoviÙ and PopoviÙ [10].  

Implementation of the web camera in FET: 
An example (Fig. 5) 
The operation of the vision system was tested in 5 
subjects, and the overall success rate of correct 
recognition was above 90%. The wrong 
recognition was analyzed by looking at the video 
that was recorded during the sessions: in all cases 
shadows and overlapping of objects led to wrong 
estimate of the size of the shape.  

 
Figure 5: An example showing the use of the cognitive 
vision system during lateral grasping. 

The cognitive vision allows subjects to practice 
grasping with the most appropriate stimulation 
sequence. The only volitional activity needed is 
pointing the camera to the object.  

The recognition of the size of the object decreases 
the level of stimulation and shortens the period of 
prehension for about 30%. 

 References 
[1] Kroon JR, Lee JH, van der Ijzerman MJ, Lankhorst 

GJ. The effectiveness of electrical stimulation to 
improve motor control and function of the upper 
extremity in stroke. Clin Rehabil.16: 350-60. 2002. 

[2] Merletti R, AÙimoviÙ R, Grobelnik S, Cvilak G. 
Electrophysiological orthosis for the upper 
extremity in hemiplegia: feasibility study. Arch 
Phys Med Rehabil. 56(12): 507-13. 1975. 

[3] http://www.bioness.com/NESS_H200_for_Hand_ 
Rehab.php, accessed on May 11 2010. 

[4] Prochazka A, Gauthier M, Wieler M, Kenwell Z. 
The bionic glove: an electrical stimulator garment 
that provides controlled grasp and hand opening in 
quadriplegia. Arch Phys Med Rehabil. 78: 608-14, 
1997. 

[5] PopoviÙ MB, PopoviÙ DB, StefanoviÙ A, 
Schwirtlich L, Sinkjær T. Promoting recovery of 
reaching and grasping in acute stroke subjects: 
Functional Electrical Therapy. J Rehab Res 
Develop. 40(5): 443-54, 2003. 

[6] PopoviÙ DB, PopoviÙ MB, Sinkjær T, StefanoviÙ 
A, Schwirtlich L. Therapy of paretic arm in 
hemiplegic subjects augmented with a neural 
prosthesis: A cross-over study. Can J Physio 
Pharmacol. 82(8/9):749-56, 2004. 

[7] Peckham PH, Knutson JS. Functional electrical 
stimulation for neuromuscular applications. Annu 
Rev Biomed Eng. 7:4.1–4.34, 2005. 

[8] KlisiÙ Dj, KostiÙ M, Došen S, PopoviÙ DB. Control 
of prehension for the transradial prosthesis: natural-
like image recognition system. J Automatic 
Control. 19: 27-31, 2009. 

[9] Došen S, PopoviÙ DB. Cognitive vision system for 
control of artificial hand. Artif Organs. 2010, in 
press 

[10] PopoviÙ DB, PopoviÙ MB. Automatic 
determination of the optimal shape of the surface 
electrode: Selective stimulation. J Neurosci Meth. 
178(1): 174-81, 2009. 

Acknowledgements 
The works on this project were partly supported by the 
Ministry of Science and Technology of Serbia, EC 
funded project HUMOUR FP7-ICT-231724, and InRES 
project, SCOPES, Switzerland. 

Author’s Address 
Name: Strahinja Došen 
Affiliation: Aalborg University, Department of Health 
Science and Technology, Aalborg, DK 
e-mail: sdosen@hst.aau.dk  
homepage:  http://smi.hst.aau.dk/~sdosen/ 

- 192 -- 192 -



- 193 -- 193 -



- 194 -- 194 -



Session 9
Lower Extremities

- 195 -- 195 -



- 196 -- 196 -



Twenty-five year stimulation of the common peroneal nerve 

Rozman J1, Pečlin P1, Krajnik J2 
1 ITIS d. o. o. Ljubljana, Ljubljana, Republic of Slovenia 

2 University Rehabilitation Institute, Ljubljana, Republic of Slovenia 

 

 
Abstract 
The objective of the report is to summarize the findings after twenty-five year selective electrical stimulation of the 
common peroneal nerve (CPN) for correction of drop-foot in a 52-year-old left-sided hemiplegic patient. Restoration of 
a dorsal flexion and eversion of the foot was achieved with selective functional neuromuscular stimulation (FNS) of the 
particular superficial region of the CPN innervating mostly the tibialis anterior (TA) and partly peroneus longus (PL) 
and peroneus brevis (PB) muscles. In the last ten years of the twenty-five year period the implant provided very good 
functional results until the lead wires of the cuff electrode broke out so the implant had to be replaced. In comparison of 
results with those obtained with the implant implanted ten years before, significant thickening of the CPN at the site of 
FNS was observed. Within the entire FNS period, conduction velocity of the CPN was slightly reduced. 
Electrophysiological and biomechanical findings however, have not revealed an explicit functional sign which could be 
attributed to the damage of the CPN. 

Keywords:  Drop foot, peroneal nerve, electrical nerve stimulation. 

 
  

Introduction 
In 1961, Liberson and colleagues reported the first 
clinical application of FNS [2]. They used a single-
channel peroneal stimulator to activate the ankle 
dorsiflexors in patients with hemiplegia. 
Stimulation was synchronized with the swing 
phase of gait by using a foot switch that allowed 
activation when the foot was lifted off the ground. 
Waters et al. (1975) [9] attempted to solve some of 
the problems with surface electrodes by developing 
an implantable peroneal nerve stimulator. They 
reported the results from the use of this 
implantable stimulator with 16 patients. Significant 
increases were seen in walking velocity, stride 
length, and step frequency. However, the authors 
noted that at a 3-year follow-up, subjects showed 
encapsulation of the electrodes without any 
apparent tissue damage. Difficulties with 
implanted electrodes included the need for surgical 
re-implantations following electrode displacement. 
Continued improvement in electrode materials and 
design performed in our laboratory however, 
resulted in more predictable and reliable 
stimulation of muscles [5]. In FNS of a CPN, the 
recruitment of slow motor units was desired to 
optimize postural holding and antigravity function 
while the recruitment of fast motor units was 
desired when the production of high force or when 
rapid movements were required. The present study 
was aimed at demonstrating the results of analysis 
related to functionality of the implant implanted in 

a hemiplegic patient and comparing these results 
with those obtained with the implant implanted ten 
years before. 

Material and Methods 
CPN is a terminal division of the sciatic nerve, 
passing through the lateral portion of the popliteal 
space to opposite the head of the fibula where it 
divides into the superficial peroneal, deep 
peroneal, and recurrent nerves [6]. Muscular 
branches of the deep peroneal nerve supply the 
TA, extensor digitorum longus, extensor hallucis 
longus, peroneus tertius, and extensor digitorum 
brevis. The superficial peroneal nerve supplies the 
peroneus PA and PB muscles. At the level above 
bifurcation of the CPN, tibial fibers lie mostly 
within the superficial region of the deep peroneal 
nerve. Therefore, a particular region of the CPN 
innervating the three aforementioned muscles must 
be selectively stimulated in order to achieve 
appropriate functional movement of the foot [3, 5]. 
The cuff with a platinum electrode shown in Fig. 
1a, was constructed considering the results of 
modelling selective FNS of superficial regions and 
fibers with different diameters in the CPN by the 
monopolar stimulating electrode [4, 7, 8]. The 
stimulus (Fig. 1b), was a current rectangular 
cathodic component ic which could be preset 
between 1 and 10 mA. The width tc of the cathodic 
component could be set by the patient from 0 to 
500 μs, while the frequency f and the time delay td 
between the cathodic and the anodic part of the 
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stimulating pair was preset at 22 Hz and at 50 μs, 
respectively.  

 
Fig. 1: (a) Implantable stimulator, (b) Stimulating 
pulse, (c) External unit, (d) Antenna and (e) Foot 
switch. 

The work complied with the principles laid down 
in the Declaration of Helsinki; Recommendations 
guiding physicians in biomedical research 
involving human subjects. Informed consent was 
obtained from a 52-year-old left-sided hemiplegic 
male patient.  

The implant with two wire loop electrodes placed 
close to the CPN behind the lateral head of the 
fibula and providing monophasic voltage-related 
stimuli was implanted in 1984 and after ten years 
replaced with a monopolar type. This implant 
providing very good functional results for the next 
ten years was replaced with a new monopolar one 
in March 2008. To activate mainly the TA, PL, and 
PB during the surgery, the stimuli had to be 
delivered to the electrode situated close to the 
corresponding region in the CPN. During fixation 
of the cuff, the ic and tc were varied until the 
optimum movement was obtained. The non-
implanted parts of the system are shown in Fig. 2. 
FNS started 14 days after surgery while the first 
gait analysis was performed 6 months after 
surgery. 

Results 
The results showed that after fifteen years the 
speed of stimulated gait significantly increased. 
After twenty-five years, however, the difference in 
the speed of stimulated and even un-stimulated gait 
increased even more. It was observed that EMG 
activity of the left m. triceps surae (TS) was weak 
during the swing phase. Within the remaining part 
of the gait cycle a typical sign of spasticity of the 
TS was observed. Furthermore, ankle goniograms 
and length of the m. soleus (SOL) and m. 
gastrocnemius (GAST) demonstrate contractures in 
TS. However, they were lower when compared to 

the contractures seen ten years before. Besides 
missing push off, one consequence of impairment 
in GAST was also weak knee flexion, especially at 
the beginning of the swing phase. Consequently, a 
patient has performed the swing phase with 
explicit circumduction. The patient compensated 
for his inability to perform the left swing phase by 
generating additional power in the knee and hip 
and with the right side. It could be concluded from 
EMG of the left TA that this muscle was actually 
not affected. Therefore, considering the 
impairment of the plantar flexors and plantigrade 
foot contact, the pattern of the TA seemed to be 
almost normal. Both, the shape and the amplitude 
of EMG activity in the left m. quadriceps (QUAD) 
seemed almost normal. In the ankle goniogram 
recorded in the last measurement, a significant 
move towards dorsal flexion (~10°) could be 
observed while the shape of the first one was 
almost identical. 

 
Fig. 2: (Upper) SEMG in the TA graph (a), and graph 
(b), and GAST graph (c). Graphs (a) and (c) show entire 
FNS time interval while graph (b) shows a shape of 
activation in motor units, elicited by an individual 
stimulating pulse (M-wave). (Lower) Rectified and 
averaged SEMG in muscles TA, GAST, SOL and PB 
during FNS. Solid lines-without FNS, dashed lines-with 
FNS and grey thick line-normative. 

It could be seen in Fig. 2 (lower part), representing 
EMG recorded in TA, PB, SOL and GAST, that all 
these muscles were stimulated. It was observed 
that without stimulation there was no normal EMG 
activity of the flexor TA while EMG activity of the 
PL could be considered as normal. However, with 
selective stimulation of the CPN both EMG 
activity of the TA and PL could be observed. 
Graphs (a), (b) and (c) in Fig. 3 clearly 
demonstrate the effectiveness of stimulation by 
showing a position of center of pressure (COP) 
along the sole (COPX) and, especially graph (d) by 
showing the ankle goniogram. Furthermore, 
correction of ankle inversion, which should be 
elicited by stimulation of the PL and PB, was 
favorable in the measurement performed in the 
year 2000. Dorsal flexion in the swing phase was 
significantly larger, thus enabling heel contact. A 
co-activation of TS, elicited by unexpected 
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stimulation, actually stabilized the ankle at heel 
contact and additionally contributed to heel contact 
becoming more steadily. FNS significantly 
improved the shape of the ankle torque graph in 
the sagittal plane. However, as a consequence of 
severely affected TS, amplitude in the mid stance 
was heavily decreased. 

 
Fig. 3: (Upper) A trajectory of COP along the sole. 
Graph (a) and graph (b) measured at 2009, graph (c) 
measured at 2000. (Lower) An influence of FNS on 
increase in dorsal flexion graph (d), on torque in the 
ankle graph (e) and, on push off power graph (f). Solid 
lines-without FNS, dashed lines-with FNS and grey 
thick line-normative. 

In fact, during this interval, TS was only able to 
produce passive tonic activity. Immediately after 
heel lift-off, stimulation was turned on, thus 
causing activity to appear in these muscles and, 
consequently, contributing to the push off. This 
could be seen in graph (e) of Fig. 3, showing the 
torque in the ankle. Results also revealed that left 
support lasted longer. 

Discussion 
A system enables highly selective stimulation 
mainly of those muscles that contribute to strong 
dorsal flexion and moderate eversion of the 
hemiplegic's foot. It requires a simple procedure of 
implantation and is suitable for a wide population 
of patients. It was observed that motor conduction 
velocity of the CPN was slightly reduced within 
the twenty-five-year stimulation perhaps due to the 
use of a tight elastic band over the implanted 
region. An examination of the legs did not show a 
more severe loss of muscle control over the legs 
and feet and muscles atrophy. 

Conclusions 
It was shown that even after twenty-five years of 
usage the implantable gait stimulation system is 
capable of making a reliable long-term selective 
activation of FNS of the CP. The highest degree in 
improvement of gait was provided by obtaining 
firm heel contact, which enabled for the beginning 
of support, which become almost normal [10]. 
However, there was still a lack of normal or 

stimulated activity in TS in the mid-stance, 
resulting in an absence of normal push off and 
knee bending in the swing phase. Partial 
coactivation of TS during stimulation actually had 
a functionally favourable effect, since it minimally 
contributed to push off and stabilized the ankle at 
approach. 
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Abstract 
We present a polymyography based method to study the recovery after stroke. The method relies on an instrument 
comprising amplifiers for polymyography, joint angle transducers, software for data acquisition and visual feedback 
(target and achieved trajectory). The user-friendly, menu driven software allows intuitive use to clinicians. The 
instrument that we developed can capture up to 16 signals (between -5V and 5 V) which characterize movement (EMG, 
goniometers, accelerometers, gyroscopes, force sensors, etc.) and send wirelessly processed signals to a host computer. 
We demonstrate the method and the instrument by presenting a cohort clinical study where we followed EMG during 
voluntary dorsiflexion in five stroke patients before and after the intensive walking exercise augmented with multi-
channel electrical stimulation (Functional Electrical Therapy). The reference data were the recordings from five 
healthy subjects. We introduced a new measure Rm as the ratio between the median (line which divides the area under 
the EMG envelope in time domain in two equal regions) in patients and healthy subjects. We show that the recovery of 
function (dorsiflexion) and Rm were well correlated in this study. 

Keywords: assessment of recovery, polymyography, stroke, synergy, median. 

Introduction 
The assessment of recovery of walking in stroke 
patients is based on clinical scores (e.g., Fugl-
Meyer scale, Barthel Index, Functional 
Ambulation Classification, Berg Balance test, etc.) 
and quantitative descriptors such as walking speed,  
symmetry, cadence, stride lengths and duration. 
The missing element is the central nervous system 
(CNS) change that is responsible for the recovery. 
Methods for studying the physiological changes 
within the CNS are based on imaging (functional 
Magnetic Resonance Imaging, Near Infrared 
Spectroscopy [1]) and evoked potentials elicited by 
Transcranial Magnetic Stimulation [2]. We 
propose a method which uses polymyography 
during well controlled movement in order to 
separate the central pattern generator controlled 
movement from reflex controlled movement. The 
control of the movement is left with the patient, 
and relies on visual feedback provided by the said 
instrument [3]. The basis for this analysis is a new 
portable instrument that allows parallel assessment 
of EMG and kinematics. The instrument that we 
developed differs from commercially available 
systems (e.g., DataLOG, Biometrics, Gwent, UK) 
in the feedback, on-line display during long 
sessions (up to 2 hours), and 100% error free 
recordings of up to 16 channels. The instrument is 
supported by the user friendly software that allows 
simple clinical application.  

Material and Methods 
The new instrument consists of a custom designed 
multi-channel signal conditioner for signals from 
sensors (e.g., goniometers, force sensing resistors, 
accelerometers, gyroscopes) and a set of miniature 
(<15g) low-noise amplifiers (Biovision, 
Wehrheim, Germany) for acquiring muscle activity 
(EMG) all connected to the NI USB 6212 A/D 
card and powered by the USB port. The EMG 
amplifiers (CMRR>100 dB, gain = 500-2000) are 
close to the recording sites. The example shown in 
this paper uses Penny and Giles (Biometrics, 
Gwent, UK) flexible goniometers (Fig. 1) which 
output 2.5 ± 2 V for the angle variation between 0 
and ±π (resolution of 0.02 radians). 

The custom designed software runs in the 
LabView (National Instruments, Austin, Texas, 
USA) environment on a miniature portable PC 
(Sony VAIO VGN-UX1XN). This PC 
communicates wirelessly by Remote Desktop 
option with the second host computer used for 
feedback to the patient and real time inspection and 
processing of the recordings.  

Signals are sampled at 1 kHz by NI USB 6212 A/D 
connected to the portable computer. The 
kinematics data are decimated (factor 10). The 
battery life of the portable computer allows about 2 
hours of continuous recordings (the screen turned 
on), and user can control the recordings on a 
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remote computer. This wireless design was 
motivated for prolonged recording sessions in any 
environment (e.g., walking, standing, reaching), if
so required. 

Muscles synergies during voluntary dorsi-
flexion in healthy subjects and stroke patients 
The experiments included 5 healthy individuals 
(55 ± 6 years of age, 3 female and 2 male, with no 
known neurological deficit) to collect benchmark 
data and five post-stroke patients included in the 
clinical trial analyzing effects of Functional 
Electrical Therapy (FET) for augmentation of 
gait, [4]. All subjects signed an informed consent.
Patients were evaluated at the entry point to the 
clinical trial and six months after the entry date.

Figure 1: Setup for the analysis of dorsiflexion recovery 
in post-stroke hemiplegic patients. 

The task of the analysis was to evaluate the 
synergies of major knee and ankle movers during 
the tracking of the progressive dorsiflexion from 
neutral to 90 % of maximal angle with right leg 
(healthy subjects) or paretic leg (patients). We 
recorded EMG from Rectus Femoris m. (RF), 
Biceps Femoris m. (BF), Lateral Gastrocnemius
m. (LG) and Tibialis Anterior m. (TA). Selection 
of the task followed the well known characteristic 
of the drop-foot type disability in stroke 
patients [3].  

The setup for the tests of the new instrument is 
shown in Fig. 1. Electrodes (DS26 disposable 
surface Ag/AgCl electrodes, Bio-Medical 
Instruments, Warren, USA) were positioned 
following the recommendation of SENIAM 
project [5]. Flexible goniometers (type SG110, 
Biometrics) were positioned to measure the knee 
joint angle that should not change, and the ankle 

joint angle (type F35, Biometrics). All acquired 
data was normalized to the maximum values for 
each of the signals using Maximum Voluntary 
Contraction (MVC) method. Envelope of 
normalized EMG was calculated by Root Mean 
Square (RMS) method [6]. Precisely, subjects were 
asked to dorsiflex to about 90 % of the maximum 
joint angle flexion (ϕmax). The straight line between 
the zero and the ϕmax was displayed as the target 
trajectory vs. time. Before the tracking test subjects 
were asked to generate maximum contraction of 
the four listed muscles in sitting position and the 
recorded EMG was used as the maximum for 
normalization [5]. The outcome of the 
measurement was the averaged normalized value 
calculated from the results from ten repetitions of 
the same task. Subjects were asked to rest between 
the trials to minimize the effects of fatigue. 

Results 
Averaged and normalized (to maximal angle 
values) ankle angle trajectories in healthy subjects, 
and patients before therapy and after therapy 
together with desired trajectory are given in Fig. 2, 
top panel. The maximum dorsiflexions were 9±6, 
18±4 and 23±5 degrees for patients before and 
after the FET and for the healthy subjects 
respectively. The two bottom panels in Fig. 2 show 
normalized and averaged EMG envelopes for RF 
and TA muscles in one healthy subject and in one 
patient before and after FET with the individual 
variability in percent. 

Figure 2: Top panel shows the tracking task: 
dorsiflexing to the maximum ankle flexion from neutral 
position. Bottom two panels are normalized and 
averaged EMG activities for TA and RF for one healthy 
subject and one patient before and after the FET during 
the tracking task (percent show EMG variability). 

Based on the analysis of the graphs we introduce 
the median of the normalized EMG envelope as the 
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level of EMG which divides the area under the 
EMG envelope in two equal regions. We analyzed 
the ratio of the medians for patients before and 
after therapy and median values calculated for each 
muscle in healthy subjects. 

Fig. 3 shows the ratio of averaged median (Rm) for 
patients before and after the therapy with respect to 
the values of the healthy individuals. The 
differences for RF and BF are significantly 
different before and after therapy, Fig. 3.  

Figure 3: The ratio calculated between the median for 
subjects before (black) and after (white) the treatment. 
The ideal Rm value is 1. The values for TA and LG are 
about 0.9, while the values for the RF and BF are 
higher. 

Discussion 
This paper presents an instrument which allows 
studies of temporal and spatial synergies. The type 
of results that this instrument provides is illustrated 
with data collected in a small group of stroke 
patients who participated in the clinical trial where 
gait was augmented with electrical stimulation. 
The synergies analyzed are muscles activation 
levels during single joint movement which is 
compromised because of the brain lesion. The 
movement analyzed was the tracking of the 
dorsiflexion angle shown on the monitor. The 
tracking of the target dorsiflexion angle (maximum 
angle was 9±6 degrees) was delayed compared 
with the tracking after the therapy where the 
maximum angles reached values of 18±4, which is 
almost 80% of the values characterizing healthy 
subjects (Fig. 2; top panel). Patients before FET 
had low graduation of TA EMG, and in general 
low activation of TA in parallel with the high 
activation of RF, Fig. 2 (bottom panel) which is 
completely opposite compared with the healthy 
subjects. Patients after FET had steeper graduation 
of TA EMG and reached higher activation of TA, 
in parallel with low activation of RF. This synergy 
is much closer to the one characteristic for healthy 
subjects.  

The measure of closeness of EMG activities 
between those recorded in patients and healthy is 
the Rm. The Rm value was significantly decreased 
for some muscles, suggesting that control closer to
normal was restored (Fig. 3.). This finding could 
be used for hypothesizing that the recovery of the 
ability to volitionally control the foot comes from 
the recalibration and reorganization of cortical 
activities. 

The system presented allows polymyographic and 
kinematics/dynamics analysis of the movements in 
the clinical environment. The portability of the 
system allows also the recordings during free 
walking for long distances. In this case the 
feedback needs to be of a different type. The 
feature of the instrument is the user-friendly 
software which allows simple selection of the 
feedback presented to the subjects (e.g. target 
trajectory, game). 
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Abstract 

Clinical practice suggests that intensive walking exercise augmented with functional electrical stimulation (FES) leads 
to faster and better recovery of walking in hemiplegics. The issue still not resolved is, how to control an FES system to 
match the needs and capabilities of a stroke patient. We suggest the control based on temporal and spatial synergies 
which are created by using a block-box model. The input to the black box is the sensors model of gait events, and the 
output is the set of profiles of muscle activities from the nonparetic leg, acquired from the same patient. In technical 
terms, we propose the use of an artificial neural network (ANN) for generation of stimulation profiles for FES, and 
later implementation of sensors driven finite state control for assisting of the walking. This proposal follows our 
polymyographic studies of walking performance when assisted with a cane and the Walkaround, a device that provides 
postural control and prevents from falls. The polymyographic analysis revealed substantial differences between the 
muscle synergies of not only the paretic, but also the nonparetic leg compared to healthy subjects, and strong 
dependence on assistance used to provide balance while walking. We present here a method how to capture data 
required for the training of the ANN. 

Keywords: FES, control, hemiplegia, polymyography. 

 
  

Introduction 

Providing intensive healthy-like walking training is 
an important component of rehabilitation of 
hemiplegic patients [1]. The control of multi-
channel electrical stimulation that was designed for 
assisting of the walking of complete paraplegic 
patients is not directly applicable, since functional 
electrical stimulation (FES) in hemiplegic patients 
operates on muscles that are still partly volitionally 
controlled; yet, in an altered manner compared to 
healthy. 

 
Fig. 1: Sketch of the proposed model of control 

The synergistic control that we suggest is based on 
black-box modeling (Fig. 1), where the inputs are 
signals from the sensors characterizing the 
geometry, kinematics and dynamics of the body 
(system state), and outputs are patterns of muscles 
activities (actuation) from the nonparetic leg. The 
procedure comprises off-line training of the 
artificial neural network (ANN), and use of a 

determined mapping for real time control of FES. 
This approach asks for the control to be modified 
iteratively during training, since the patterns of 
activities of the nonparetic leg will be changing in 
parallel with the recovery of walking. 

The data presented in this paper are from a 
hemiplegic patient (56 years of age) in the acute 
phase of hemiplegia (3 weeks after stroke). The 
Fugl-Meyer score for lower extremities was 22, 
patient had no other neurological deficits, and was 
cognitively ready to follow the instructions. At the 
time of data collection he could stand on the 
paretic leg with cane support and ambulate slowly 
(v = 0.24 m/s) with the cane. The patient signed 
the informed consent approved by the local ethics 
committee. It is important to say that single case 
presentation does not decrease the generality since 
we propose that in practical applications, control 
needs to be designed for each subject individually.   

Material and Methods 

We collected data during two walking modalities: 
walking assisted by cane (Fig. 2, left panel), and 
walking assisted with the powered Walkaround® 
[2] (Fig. 2, right panel). The patient was required 
to walk along 10-meters long straight-line path. 
Data from the 8 meters in the middle of the 
walking event were used for analysis. Both tasks 

- 203 -- 203 -



were repeated several times and typical pattern was 
considered. 

     
Fig. 2: Experimental set-up: patient walking with a cane 
(left) and walking supported by the Walkaround (right). 

We recorded surface EMG from four muscles of 
both legs: Tibialis anterior (TA), Gastrocnemius 
(GC), Vastus Lateralis (VL), and Biceps Femoris 
(BF), We used GS 26 (Bio-Medical Ins.) 
disposable pre-gelled Ag/AgCl electrodes 
connected to the Biovision EMG-amplifiers [3] 
following the procedures suggested in “SENIAM” 
protocol [4]. We also recorded the ground reaction 
forces with the insoles instrumented with FSRs [5]. 

LabView 8.2 software and NI-USB-6212 card 
connected to Sony Vaio UX Premium Micro PC 
were used for data acquisition. The sampling rate 
for EMG signals was 1000 Hz, and 100 Hz for 
ground reaction forces. The EMG signals were 
full-wave rectified. Envelope extraction was 
performed by 4th order low pass Butterworth filter 
with cut-off frequency 6 Hz. 

Results 

Figures 2 and 3 show processed normalized EMG 
signals recorded from the nonparetic and paretic 
leg of the hemiplegic patient, respectively. EMG 
patterns during walking assisted with a cane are 
presented on the left panels and during walking 
with a Walkaround® on the right panels. Vertical 
lines show swing/stance transition for the healthy 
pattern used as the target benchmark, while the 
swing and stance phases for patient’s EMG are 
shown by horizontal bars. 

Muscle activation synergies were quantified by 
assessing muscle timings and amplitudes. We 
calculated average muscle amplitude and duration 
of muscle activity (burst duration) of individual 
muscles. All parameters were determined on 
separate WAlking Cycles (WAC). Muscle time 
parameters were normalized using the walking 
cycle time, starting from the related heel contact. 
Normalized EMG was calculated with respect to 
the maximum EMG, measured for each of the 
muscles individually at the beginning of the 
walking session. Maximum EMG was recorded 

during maximum isometric contraction (MVC) 
against load. 

 
Fig. 3: Normalized EMG patterns for the nonparetic leg 
(black line) and data from healthy subject (grey area).  

 
Fig. 4: Normalized EMG patterns for the paretic leg 
(black line) and data from healthy subject (grey area). 

Discussion 

When analyzing muscle activities of the nonparetic 
leg during walking with both assistive devices, we 
found substantial differences in EMG patterns 
compared with healthy data (Fig. 3). During 
walking assisted with a cane, muscle timing 
parameters indicate prolonged muscle activities of 

- 204 -- 204 -



TA (35% longer), VL and BF (40% and 50% 
longer, respectively), together with longer TA-GC 
and VL-BF co-contraction periods (20% and 60% 
longer, respectively). Walking assisted by the 
Walkaround® significantly reduced prolonged 
duration of BF (~ 40%) while TA activity 
remained abnormal. These atypical synergies in 
unaffected leg have been reported by others [6, 7], 
and explained as a compensation for the disturbed 
control of the paretic leg. 

Polymyography of the paretic leg shows the 
influence of assistive devices on patient’s walking 
and suggests that FES generated synergy should 
match the type of assistance.  

During walking with a cane, as a consequence of 
inability to dorsiflex the ankle, EMG amplitudes of 
TA and GC are smaller than normal.  

Healthy TA has two major periods of activity, first 
one during the heel contact, and the second during 
initial swing (dorsiflexion), which is in accordance 
with [8]. When walking with a cane, TA muscle 
activity exists only in a swing phase, while the first 
period of its activity that stabilizes the foot during 
loading is missing (Fig. 4a). 

As seen in healthy muscle activity of GC (Fig 4b), 
peak amplitudes constantly increase from mid-
stance towards toe-off, where they reach highest 
values. The highest activity in a toe-off phase is 
responsible for a body weight push-off provided by 
GC muscle. However, peak muscle activities of 
hemiplegic subject walking with a cane reach a 
plateau early in mid-stance, followed by decrease 
of peak amplitudes at terminal stance. 

BF muscle experiences prolonged duration (34% 
of WAC) in a stance phase, for about 10% longer 
than in healthy (around 20%). 

In Walkaround®, amplitudes of TA and GC 
increase up to the levels typical for healthy. TA 
peak activity during initial heel contact is re-
established (Fig. 4a), while GC muscle regains the 
rise of peak activity at the end of the stance phase 
(Fig 4b). Activity of BF is shortened to 23% of 
WAC in healthy. 

With both assistive devices, activity of GC muscle 
resembles the healthy activity, and retains the same 
pattern when walking with cane and 
Walkaround®. VL muscle also does not show 
atypical behavior. 

The differences mentioned above point to the need 
to set the stimulation pattern to the type of 
assistance. If FES is applied when walking with a 
cane it is necessary to stimulate TA-GC complex 
in order to provide leg stabilization during leg 

loading and sufficient push-off during late stance. 
This is not the case when walking is assisted by 
Walkaround®. It is important to notice that when 
supported by Walkaround®, muscle activities of 
both legs became closer to healthy pattern, with 
shorter muscle activities and decreased co-
contraction. Better posture alignment and weight 
bearing in walking with Walkaround® leads to 
increased stability and less stimulation needed, 
assessed by EMG.  

Conclusions 

This study suggests that the design of the strategy 
of stimulation should be adapted to the type of 
assistance. The method presented here allows an 
iterative change of stimulation synergy during the 
treatment (e.g., once a week). The software that we 
developed allows this iterative procedure to be 
used by clinicians. 
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Abstract
Stroke leads to gait impairments that can negatively influence quality of life. FES applied during fast walking is an effective gait 
rehabilitation strategy that can lead to improvements in gait performance, walking speed and endurance, balance, activity, and 
participation post-stroke. The effect of fast FES gait training on mechanical energy utilization is not well understood. The objective
of this study was to test the effects of 12-weeks of FES gait training on mechanical recovery indices of post-stroke gait. Kinematic 
data were collected from 11 stroke survivors before and after 12-weeks of FES training. Mechanical recovery was calculated from 
the positive changes in vertical, anterior-posterior, and medial-lateral components of COM energy. The average mechanical 
recovery increased from 34.5% before training to 40.0% after training. The increase was statistically significant (p=.014). The 
average self-selected walking speed increased from 0.4m/s to 0.7m/s after the 12-week FES training. The results indicate that the 
subjects were better able to generate and utilize the external mechanical energy of walking after FES gait training. FES gait 
training has the capacity to increase the gait speed, improve the mechanical recovery, and reduce the mechanical energy expenditure 
of stroke survivors when they walk. 

Keywords: FES, stroke, gait, mechanical recovery, training.

Introduction
Stroke leads to gait impairments such as slowed 
walking speeds, inter-limb asymmetry, and 
increased energy consumption [1]. Functional 
electrical stimulation (FES) applied to the 
dorsiflexor muscles of stroke survivors is 
commonly used to address foot-drop, [2] and 
therefore improve safety, speed, and efficiency of 
walking [3]. However, FES of the dorsiflexors 
alone does not address other critical gait deficits 
such as reduced ankle plantarflexor moment and 
push-off forces during terminal stance and 
decreased knee flexion angle during swing. Recent 
work has shown that delivering FES to multiple 
muscles during gait, especially to ankle 
plantarflexors, produces greater immediate 
improvements in gait compared to the traditional 
approach of delivering dorsiflexor FES alone [2].

Treadmill training has also recently emerged as an 
effective gait rehabilitation intervention [4].
Treadmill training at fast speeds can provide 
several advantages, such as improved cadence and 
gait symmetry [5]. We developed and tested a 
novel gait rehabilitation intervention combining 
functional electrical stimulation (FES) of ankle 
dorsi- and plantar-flexor muscles and Fast 
treadmill walking (FastFES). We hypothesized that 
combining these 2 independent interventions 
would enable us to correct multiple post-stroke gait 
impairments (decreased forward propulsion, 
decreased swing phase knee flexion, decreased 
trailing limb angle, and footdrop), and thereby 
produce maximal improvements in walking speed 

and endurance. The preliminary results show that 
12-weeks of FastFES gait training results in 
improvements in gait performance, walking speed 
and endurance, balance, activity, and participation 
post-stroke. 

The mechanical recovery index (R) is a measure of 
the mechanical energy exchange that is preserved 
through the pendulum-like motion of the whole-
body center of mass (COM) during gait [6]. It can 
provide insights into the effects of FastFES
training on post-stroke gait mechanics and 
energetics, and therefore, help us to understand the 
mechanisms underlying the FastFES intervention. 
The objective of this study, therefore, was to test 
the effects of 12-weeks of FastFES gait training on 
mechanical recovery indices of post-stroke gait. 

Material and Methods
Subjects
Eleven chronic stroke subjects participated in this 
study. All subjects received medical clearance 
from their physicians to participate in gait training 
and gave informed consent to participate in the 
study which was approved by the University of 
Delaware Human Subjects Review Board. All 
subjects could walk for at least 5 minutes 
continuously at their self-selected speed. 

Training
Each subject participated in 12-weeks (3 
sessions/week) of gait training. Training sessions 
comprised five 6-minute bouts of walking with ~5-
minute rest breaks between bouts (~30-minutes of 
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fast walking each session). Training sessions 
comprised walking practice with and without FES, 
and also included overground walking. Training 
speeds were based on participant’s maximal 
walking speed, and progressed every 4 weeks. 

FES During Training
During training, FES was delivered using surface 
electrical stimulation electrodes to the dorsiflexor 
and plantarflexor muscles. A Grass S8800 
stimulator and SIU8TB stimulus isolation unit 
(Grass Instrument Co, Quincy, MA) delivered the 
stimulation (30-Hz trains, pulse duration of 300μs, 
300ms long). Electrical stimulation timing was 
controlled using a custom-built real-time controller 
using input from two compression-controlled 
footswitches attached to the sole of the forefoot 
and hindfoot of the subjects’ shoes. DF stimulation 
was applied from when the forefoot switch left the 
ground until the hindfoot switch contacted the 
ground (paretic swing phase). PF stimulation was 
applied from when the hindfoot switch left the 
ground until the forefoot switch left the ground 
(paretic terminal stance) [2, 7].

Gait Analysis
Data were collected before and after 12-weeks of 
training. An 8-camera motion analysis system 
(Vicon 5.2, Oxford, England) recorded (100 Hz) 
the positions of 41 retroreflective markers placed 
on the bony landmarks of the foot, shank, thigh, 
pelvis, and trunk of the subjects as they walked on 
an instrumented  treadmill (AMTI, Watertown, 
MA) at their self-selected speed. 

Body segment masses were determined from 
anthropometric data [8] and COM positions were 
calculated from marker position data using Visual 
3D (C-Motion, Rockville, MD). COM positions 
were low-pass filtered at 6Hz. Segment velocities 
and accelerations were calculated by taking  
derivatives of the limb COM positions relative to 
the whole-body COM and used to calculate 
segment kinetic and potential energies [6].

Mechanical Recovery
Mechanical recovery was calculated to assess the 
energy exchange between the vertical, anterior-
posterior and medial-lateral directions of the 
whole-body COM during gait [6, 9]. Mechanical 
recovery (R) was calculated as:

where Wv, Wap, and Wml are the vertical, anterior-
posterior, and medial-lateral components of the 
whole body external work, Wext, respectively. Wv,

Wap, and Wml were calculated by summing the 
positive changes in vertical, anterior-posterior, and 
medial-lateral components of energy, respectively, 
averaged over eight consecutive gait cycles. To 
account for inter-trial and inter-subject differences, 
the whole body external work measures were 
normalized to subject body mass (kg) and distance 
walked (m).

Data Analysis
Paired-sample t-tests were performed to identify 
differences between pre-training and post-training 
average mechanical recovery. Significance was set 
at p<0.05.

Results
The average mechanical recovery across subjects 
prior to FES training was 34.5% (range 18.4 to 
52.9%). After the 12-week FES training, the 
average mechanical recovery across subjects was 
40.0% (range 30.0 to 58.8%). Mechanical recovery 
increased as a result of FastFES training in all but
one subject (Fig. 1).  The mechanical recovery 
levels after FastFES training were significantly
higher than the pre-training levels (p = 0.014).
Overall mechanical recovery was low relative to 
healthy adults walking at self-selected or slow 
speeds [6].

Fig. 1 Mechanical recovery over eight gait cycles for 
each of the subjects as they walked prior to and after 12 
weeks of FastFES training. 

Self-selected walking speeds increased for all 
subjects following FES training. The average self-
selected walking speed prior to training was 0.4m/s
(range 0.3 to 0.7m/s) and after the training period 
was 0.7m/s (range 0.4 to 1.0m/s).

Discussion
One important finding of this study was that 
FastFES gait training resulted in a significant 
increase in mechanical recovery. Another finding 
was that self-selected speed increased after 12 
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weeks of FastFES gait training. Both of these 
outcomes provide functional benefits for stroke 
survivors. 

It is known that an increase in the walking speed of 
slow walking stroke survivors is one method to 
improve mechanical recovery [9]. The change in 
self-selected walking speed had a confounding 
effect on the results. The mechanical energy of the
COM is directly related to the kinetic energy, and 
thereby speed, in the anterior-posterior direction, 
i.e. ½mv2. Additionally, mechanical recovery 
exhibits a parabolic relationship with walking 
speed [6]. Therefore, with increasing speed, some 
post-stroke individuals may better utilize the 
mechanical energy exchanges associated with the 
pendulum-like motion of the body COM. Because 
we evaluated the subjects at their present self-
selected walking speeds, which improved with the 
training, we cannot determine if the observed 
improvements would have occurred independent of 
changes in each subject’s walking speeds. 
However, because increased mechanical recovery 
and walking speed are meaningful benefits for 
stroke survivors, we believe this study and its 
results are meritorious.

The result that mechanical recovery and speed
improved after FastFES training indicates that the 
subjects were better able to generate and utilize the 
external mechanical energy of walking. This
finding implies that the training improved the 
subjects’ ability use the plantarflexors to accelerate 
the COM vertically up and forward over the base 
of support. Improved utilization of the 
plantarflexors in late stance would lead to higher 
gait speeds, which are associated with increased 
energy efficiency [10] and mechanical recovery [9]
in post-stroke gait.

The observed increased in gait mechanical 
recovery and speed support the possibility that 
FastFES training may prolong the beneficial 
immediate effects of FES applied to the dorsiflexor 
and plantarflexor muscles, i.e. greater swing-phase 
knee flexion, greater ankle plantarflexion angle at 
toe-off, and greater forward propulsion [2]. In turn, 
prolonged training with FastFES may enable the 
subjects to learn to adjust their muscle activity 
patterns so as to gain further improvements in 
mechanical efficiency.

Conclusions
This study demonstrated that FastFES training has 
the capacity to increase the gait speed and improve 
the mechanical recovery of stroke survivors when 
they walk.
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Abstract
Using functional magnetic stimulation (FMS) of the musculature, which is largely supposed to be ‘painless’, for 
rehabilitation of patients with partially preserved sensation to support mechanically constrained movements is in 
principle possible and potentially superior to surface electrical stimulation (FES). 
The goal of the project was to develop a procedure and technical means consisting of 1. the mechanical constraint and 
2. the peripheral magnetic stimulation supporting the movement. The potential of the magnetic stimulation, originally 
provided for diagnostic transcranial application, had to be further developed to be used in neurological rehabilitation 
of central pareses. We report the clinical and technical results.     
The optimization steps that we undertook or which are under examination comprise the optimization of the stimulation 
waveform, the adaptation of the stimulation coil to the requirements of muscle stimulation by increasing the stimulation 
surface and fitting the geometry of the coil to the shape of the thigh, as well as the adoption of active cooling to assure 
the required operating time at an effective  power level.           
In particular, applying large surface coils in patients with incomplete paralysis of the musculature ensures a 2.5-fold 
increase of the isometric force evoked, compared to FES, an essential requirement for implementation of effective 
rehabilitative strategies.       

Keywords:  peripheral functional magnetic stimulation , muscle, torque, pain, paresis, cycling. 

Introduction 
Most of the literature on functional electrical 
stimulation (FES) propelled cycling focuses on 
patients with complete spinal cord injury (SCI), 
although the population with incomplete paralysis 
(due to stroke, multiple sclerosis, etc.) by far 
exceeds the complete SCI population. It is thought 
that electrical stimulation can also be used in the 
latter case to achieve mobility (walking or cycling) 
or for training purposes (ergometry). 

However FES cannot be applied in patients with 
paralysis or paresis, who have at least partially 
preserved sensation (e.g. due to stroke or multiple 
sclerosis, MS), at higher stimulation intensities, 
which are necessary to achieve effective training, 
because surface stimulation also activates pain 
receptors located in the skin. 

In contrast, by using time-varying electromagnetic 
fields to induce eddy currents which penetrate the 
tissue mainly tangentially, repetitive FMS activates 
the nerve innervating the muscle while only 
minimally stimulating the skin nociceptors[1]. 

However, comparing FMS with FES, magnetic 
stimulators are bulky and more expensive, and they 

overheat at frequencies used to achieve tetanic 
contraction. As FMS is more diffuse than FES, it 
seems to be ideally suited for stimulation 
producing force (see below) of the large thigh 
musculature. For the stimulation of small muscles 
like those of the arm or hand, FES seems to be 
more suitable.   

The goal of the present study is to investigate 
whether FMS is a superior and ‘more painless’ 
alternative to FES under realistic training setups in 
functional rehabilitation of patients. Here we report 
an excerpt of the project results. 

 Material and Methods 
As commercially available magnetic stimulators 
and coils could not achieve sufficient torque to 
exceed FES, several technical alternatives were 
considered: increasing discharge energy appeared 
to be costly and perhaps painful. The optimization 
of the pulse-shape by varying the number of phases 
showed inconclusive results. Fitting the geometry 
of the coil and increasing its stimulation surface 
was the option we adopted and realized.   
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Experimental Setup 
Therefore torque and pain induced by quadriceps 
stimulation in 13 subjects with preserved sensation 
(with chronic progressive multiple sclerosis, MS) 
were investigated under the following conditions: 
1. small vs. large stimulated surfaces of the thigh, 
2. varying contraction velocities of the muscle 
(isometric vs. 15 and 30 rpm isokinetic 
conditions), and 3. different stimulation modalities: 
FMS vs. FES. In addition, the role of the 
placement of the round coil during magnetic 
stimulation was investigated in 29 subjects with 
MS.

Measurements
A stationary tricycle equipped with a torque 
transducer, an incremental encoder and a 
motorized brake served as the testbed for isometric 
and isokinetic experiments(Fig. 1). Magnetic (Mag 
& More GmbH, Germany) and electrical 
stimulation (Krauth & Timmermann, GmbH, 
Germany) of the quadriceps muscle controlled by a 
PC, was possible in a sequential or synchronous 
manner.
To compare FMS vs. FES measurements the 
electrodes were first placed on the skin, and the 
coil was fastened over the electrodes. To investi-  

Fig. 1. FMS of the legs in a patient with  MS  

gate the dependency on the stimulated surface, 4 
setups were considered (Fig. 3): FES with small  
and normal separation electrodes and FMS with a 
round and a specially manufactured saddle coil 
(Fig. 2). Thirty randomized stimulation intensities 
(in the range of 0 to the maximum tolerable 
amplitudes for that subject and setup) were applied 
each for FMS and FES. The muscle was alternately 
stimulated magnetically and electrically (using 
therefore 2 x 30 bursts at 30 Hz) both in isometric 
and ergometric situations. Subjects were instructed 
to estimate their pain or discomfort verbally using 
a 0-10 scale. During isometric measurements the 
leg was fixed at 120° crank angle (0° defined by 

the left, horizontal, backward-pointing crank arm) 
and during isokinetic experiments the crank was 
turned by the motor at 15 and 30 rpm. For 
statistical comparisons Friedmann’s nonparametric 
analysis of variance was used over the four setup 
conditions.        

Technical results
A large-surface, saddle-shaped coil was 
manufactured (31 x 24 cm) with an inner   

Fig. 2. The saddle-shaped coil with support prepared for 
active cooling. 

Fig 3. Setups: short(A), normal(B) electrode-distance 
FES, round-(C) and saddle(D)-coil FMS 

cylindrical surface and an aperture angle of 140°. 
An actively cooled saddle coil(Fig.2) is also 
available to assure meaningful training times 
(Table 1). 

Clinical results 
In persons with preserved sensibility, torque and 
pain significantly depended on the amount of 
stimulated surface during FMS, on the muscle 
contraction velocity during FES and FMS, on the 
stimulation location during FMS, and on the 
stimulation modality (FMS vs. FES)[2]. In 
particular, FMS with a saddle-shaped coil 
produced more torque (p <0.05, see Fig. 4) and 
less pain than standard FES (p< 0.05).  

- 210 -- 210 -



Further investigations[2] showed that maximal 
efficacy of stimulation can be achieved in a 
specific location of the round coil, a proximal 
ventral lateral position. That means, the coil has to 
be tilted at 45° in relation to the frontal plane. 

Fig. 4. Dependency of torque in subjects with MS on 
stimulation modality (FES vs FMS), the amount of 
stimulated surface (small vs large), and kinematics 
(isometric (black) vs isokinetic (grey)). FES_K: FES 
with small separation electrodes, FES_S: FES with 
standard-separation electrodes, FMS_K: FMS with 
round coil, FMS_S: FMS with saddle coil. Asterisks: 
significant differences between, on the one hand, 
FMS_S and, on the other, FES_K, FES_S and FMS_K 
under all kinematic conditions (isometric, 15 and 30 
rpm) : ** p < 0.001; *p < 0.05.  Hatches: significant 
differences between isometric and 30 rpm conditions: # 
p<0.05;  ## p <0.02; ### p  < 0.005 [2]. 

The finding could be explained by the fact that 
more muscle mass will be penetrated in the oblique 
than in the frontal plane position of the coil, that 
means more volume-current will be induced in the 
excitable tissue. 

Discussion
Whether the achieved technical possibilities can 
satisfy the therapeutic needs of the rehabilitation 
of patients with partial pareses is the object of 
current investigation. It must be emphasized that 
hardly any dose-response relationships are actually 
known in rehabilitation yet. Nevertheless empirical 
data collected during cycle-training supported by 
stimulation in paresis showed that a varying 
amount of preserved sensation can be invoked. 
Therefore training protocols are dependent on the 
disease causing the paresis, the mobility of the 
patient and the exhaustion state of the patient 
(Table 1.). Comparing current technical 
limitations, especially the thermal conditions of the 
coil and the power supply lines with the needs of 
effective therapeutic outcome (Table. 1) shows that 
training protocols for patients with preserved

Table 1: Proposed training-protocols with FMS 

sensation (stroke, MS) can indeed be performed 
successfully. 

Conclusions
The combined therapeutic system will presumably 
allow training durations of 20 minutes at the 
required power to be achieved. This seems to 
represent a general limitation of functional 
magnetic stimulation, which is suitable for patients 
with at least partial preserved sensation. In patients 
with complete loss of sensation, due to the higher 
operating expense, electrical stimulation is the 
method of choice still [3]. 
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Etiology Training 
duration Intensity  Frequency 

Complete or 
incomplete SCI 20 min – 1 h 50-100% 20-30 Hz 

Chronic
progressive MS 

3 x 2 min 
oder 3 x 5 

min
40-70% 20-30 Hz 

Subacute stroke 3 x 5 min 40-70% 20-30 Hz 

Chronic stroke 20 min 40-70% 20-30 Hz 
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Abstract 
The purpose of this study was to examine the time course of whole body oxygen uptake and evoked knee torque during a 
30-minute session of sub-tetanic isometric neuromuscular electrical stimulation (NMES) of the quadriceps muscles. 
Five subjects were tested while positioned in a dynamometer which was set up for continuous recording of extensor 
torque at 60° knee flexion, with simultaneous measurement of respiratory gas volumes using a breath-by-breath 
analysis system. NMES was applied bilaterally with one pair of large hydrogel electrodes per leg, using a stimulation 
frequency of 4Hz, phase duration 600�S and a mean current amplitude of 92mA. The oxygen uptake increased over the 
first 6 minutes to a mean value which was 3.5 (1.0) times the resting level, thereafter stabilizing and gradually reducing 
at a mean rate of -0.045 (0.051) ml sec-1. This was mirrored by a gradual reduction in output torque over the same 
period.  

Keywords:  NMES, oxygen uptake, fatigue. 

Introduction  
NMES-induced isometric exercise has not 
generally been associated with a significant steady-
state aerobic energy component and has therefore 
not become established as a means of delivering 
cardiovascular exercise to patients unable to move 
voluntarily.  Although it has been shown that 
NMES is energetically more costly than voluntary 
exercise of the same work output, this effect is 
short lived and the rate of energy conversion 
cannot be sustained.[1]. Fatigue is a well-known 
feature of NMES with many contributory factors, 
one of which is the unphysiological nature of 
synchronous re-stimulation of the same motor unit 
pool. NMES is also thought to preferentially select 
type II motor units, which have less oxidative 
capacity, and the high stimulation frequency often 
used can  fatigue the neurotransmission process[2].

Low frequency sub-tetanic NMES has been shown 
to elicit therapeutically significant levels of oxygen 
uptake ( 2VO� ) which are sustainable for an hour or 
more.[3, 4]. There is some reduction in the oxygen 
consumption rate over time however the actual rate 
of fatigue has not been assessed to date. The 
purpose of the present study was to assess the 
change in 2VO�  and evoked knee torque during a 
30 minute session of constant intensity NMES at 
4Hz.  

Material and Methods 
Five healthy male subjects, mean (SD) age 41.2 
(10.3), body mass 71.4 (11.7) kg, participated in 
this study. All subjects provided written informed 
consent and the data was collected in accordance 
with a protocol approved by the Ethics Committee 
of University College, Dublin. 

Subjects were positioned in a Cybex dynamometer 
which was set up for measurement of isometric 
knee torque of the right leg at 60° knee flexion. 
The left leg was also restrained isometrically at the 
same knee angle. The torque signal from the 
dynamometer was continuously recorded in a data 
acquisition system (Biopac) at a sampling rate of 
200Hz. Two large (12cm x 16cm) hydrogel 
stimulation electrodes (Axelgaard, Fallbrook, 
USA) were applied to the quadriceps of each leg 
and connected to a research stimulator, NT2010, 
(Biomedical Research, Galway, Ireland), which 
was programmed to produce a constant current, 
continuous, symmetric biphasic 4 Hz pulse train up 
to 200mA peak, with a phase duration of 600μS 
and an interphase interval of 100μS.  The subject 
was  fitted with a face mask connected to a 
pulmonary gas exchange analysis system, (Quark, 
Cosmed Italy), which allowed breath-by-breath 
estimation of oxygen consumed and carbon-
dioxide produced.  After at least 5 minutes quiet 
breathing to establish the subject’s basal metabolic 
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rate the stimulation was started.  The intensity 
level selected for each subject had been determined 
in a previous related experiment as the highest 
level they were prepared to tolerate indefinitely. 
This ranged from 84 to 100mA, with a mean level 
of 92mA. From the torque record, the peak torque 
per impulse was plotted over time and the torque-
time-integral, accumulated over each 10s period, 
was also calculated. The respiratory exchange 

ratio, which is the molar volume ratio  CO2:O2, was 
also calculated and plotted over time. 

Results 

The group mean resting 2VO� rate was 253 (35) ml 
min-1. The results for a typical sample subject are 
compiled in Figure 1, and a compilation of the 
additional 2VO� uptake and torque-time-integral for 
all 5 subjects are shown in figure 2. 

Figure 1.  Torque and Respiratory gas record during 30 minutes of NMES at 4Hz for a typical subject. Top: Torque 
output, with insert expanding to view individual torque impulses. Middle: additional 2VO� over resting level (left axis) 
and Respiratory Exchange Ratio R. Bottom: Force Time Integral (left axis) and Spike Amplitude. 
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Figure 2. Compilation of individual plots for 2VO�
(top) and Torque Time Integral (bottom) for all 5 
subjects. 

The mean oxygen consumed at 500s was 878 (279) 
ml min-1,, which corresponds to a multiple of 3.5 
(1.0) on the resting rate. Visual inspection of the 
fatigue curves suggested that, after an initial 
transient period of approximately 500s, the 
changes could be modelled by a straight line. The 
slopes were estimated by linear least squares 
regression for each subject. The group mean slope 
for 2VO� and FTI was -0.045 (0.051) ml sec-1 and -
0.004 (0.009), N.m respectively.  In general, the 
respiratory exchange ratio R increased rapidly 
from  resting levels indicative of lipid oxidation, to 
exceed unity briefly, thereafter gradually declined 
without recovering  resting levels. 

Discussion. 

The principal considerations in designing an 
aerobic exercise programme based on NMES are 
the magnitude and the sustainability of the 
stimulated oxygen uptake during the exercise 
session. These measurements suggest that 
isometric stimulation of the quadriceps muscle at 4 
Hz produces a significant increase in oxygen 
uptake that is sustainable, with relatively low 

declines in both 2VO� and torque output during a 30 

minute session.  The slope of the 2VO� curve 
suggests that on average the output at 30 minutes 
will have declined by only 9 % compared to its 
peak, with a corresponding low level of torque 
fatigue.  This contrasts with torque reductions of at 
least 40% which have been found using NMES at 
higher frequencies[5]. The absolute 2VO� levels 
during higher frequency stimulation have been 
generally found to be low [6] , and so the issue of 

2VO� sustainability is moot. 

The present study is limited by the small sample 
size and the fact that only one frequency and one 
stimulation intensity per subject was used.  
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Abstract 
The assessment of muscle properties is of great interest for diagnosis of neuromuscular diseases. Ultrasound imaging 
can be used for analysis of muscle tissue dynamics in clinical practice. We examine the quadriceps femoris heads with 
different selective electrical stimulation settings. Therefore, electrodes are placed on the motor points of vastus 
lateralis, vastus medialis and rectus femoris. The femoral nerve is stimulated transcutaneous to activate the vastus 
intermedius. 

Initially the amplitude of the biphasic, rectangular stimulation impulse was increased until the activation threshold of 
each electrode setup was reached afterwards it was further increased in 5V steps to measure the contraction dynamics 
of the isometric twitches. The ultrasound measurements of the pilot study show that the vastus intermedius and the 
rectus femoris are stimulated selective with the different stimulation setups. Selective electrical stimulation and 
activation patterns are verified with measurements of the evoked myoelectric signal, twitch force and the muscle 
vibration. This study provides an insight on the behavior of muscle and potential mechanisms of muscle contractions. 

Keywords:  m. quadriceps femoris, muscle ultrasound, myoelectric signal, neuromuscular monitoring. 

Introduction 
Clinical imaging techniques have become an 
important tool for muscle assessment. Ultrasound 
is a particularly promising tool in this regard [1]. 
One of the advantages of ultrasound is that it is 
real-time, allowing movement to be imaged.  

In [2] a method is described to measure the 
electromechanical delay of the vastus medialis 
obliquus and vastus lateralis. In that case the 
ultrasound image is synchronized with the 
stimulations impulse. During voluntary contraction 
the onset time of activation is measured with tissue 
Doppler imaging (TDI). TDI includes information 
about velocities of tissue motion [3]. 

In this study we examine the quadriceps femoris 
heads with different selective electrical stimulation 
settings. The main interest was to examine deeper 
layers of the anterior thigh during electrical 
stimulation and compare these results with 
superficial muscle layers. 

Material and Methods 
Transcutaneous electrically evoked contractions 
were induced by using two different electrode 
setups. First, self-adhesive stimulation electrodes 
(Ø 3.2cm) were placed on the motor points of each 
head of the quadriceps. The counter electrode 
(10x13cm) was attached to the posterior thigh. 
Second, the femoral nerve was stimulated 

 

Fig. 1: Longitudinal B-mode 
ultrasound image of the anterior 
thigh (A); schematic plots of M-
mode images are shown on the 
right side with different 
stimulation setups - motor point 
stimulation of rectus femoris (B) 
and transcutaneous stimulation of 
the femoral nerve (C). 

a ... femur bone 
b ... vastus intermedius 
c ... rectus femoris 
d ... subcutaneous tissue 
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transcutaneously using a bipolar electrode. The 
amplitude of twitch impulse was increased until 
the activation threshold was obtained and then it 
was further increased in 5V steps until 29V 

A diagnostic ultrasonic device was used with a 
high frequency linear array probe (7.5MHz). The 
focus was set on the line between to muscle heads. 
A gel pad was used to minimize the contact 
pressure onto the muscle. The longitudinal plane of 
muscle structure was displayed in B-mode (a two-
dimensional diagnostic image of echo-producing 
interfaces) or M-mode (motion mode; a plot of the 
tissue structure along a single axis vs. time). 
Myoelectric signals of the superficial muscles were 
recorded with surface electrodes. The surface 
muscle motion was detected with 3-axial 
accelerometers (LIS3L02 STMicroelectronics, 
Geneva CH) on each head of the quadriceps. The 
amplifiers were designed in-house and for the 
digitalisation a data acquisition card (NI USB-
6218, National Instruments Corporation, Austin 
TX, USA) was used. 

Results 
The B-mode ultrasound images rectus femoris 
(RF) and vastus intermedius (VI) are shown in 
Fig. 1A in longitudinal plane. The fibroadipose 
septa of the perimysium that surrounds muscle 
fascicles is seen in this ultrasound image [1]. The 
schematic M-mode images show the different 
activation pattern. During RF motor point 
stimulation (Fig. 1B) only the superficial muscle 
layer is activated, whereas during stimulation of 
the femoral nerve (Fig. 1C) both muscle heads are 
contracted. 

Fig. 2 shows electromechanical measurements 
during electrical stimulation of the motor point of 
vastus lateralis (VL). The ultrasound image shows 
the diameter of VL (DVL). Dynamic changes of 
DVL are observed in the M-mode image (Fig. 1D). 
All measurements show a similar trend with the 
increase of the stimulation amplitude from 9V to 
29V. 

Conclusions 
The pilot study shows that ultrasound imaging can 
provide easy accessible data of dynamic and 
structural muscle properties. Modern ultrasound 
devices are providing real-time motion analysis of 
image points (spackle tracking) which gives 
accurate data and high time resolution. 

The dynamic muscle properties of the quadriceps 
heads can be studied with these electrode setups of 
selective motor point stimulation and 
transcutaneous femoral nerve stimulation. 

References 
[1] Walker FO, Cartwright MS, Wiesler ER et al., 

Ultrasound of nerve and muscle, Clin 
Neurophysiol, 115(3):495-507, 2004. 

[2] Chen HY, Liau JJ, Wang CL et al., A novel 
method for measuring electromechanical delay of 
the vastus medialis obliquus and vastus lateralis, 
Ultrasound Med Biol, 35(1):14-20, 2009. 

[3] Pulkovski N, Schenk P, Maffiuletti NA et al., 
Tissue Doppler imaging for detecting onset of 
muscle activity, Muscle Nerve, 37(5):638-649, 
2008. 

 
Acknowledgements 
This work was supported by the European Union, 
EU-Intereg IVa 2008-2013: N00033 

Author’s Address 
Matthias Krenn 
Medical University of Vienna 
Center for Medical Physics and Biomedical Engineering 
matthias.krenn@meduniwien.ac.at 
www.zmpbmt.meduniwien.ac.at 

A B 

C D 
       M-mode graph, ∆DVL (mm) 

 

Fig. 2: Electromechanical measurements during motor 
point stimulation of vastus lateralis (VL) with different 
stimulation amplitudes; peak-to-peak amplitude of 
evoked myoelectric signal (A) and peak value of surface 
acceleration which detects the muscle contraction (B) – 
both measurements are performed on the muscle belly 
of VL; maximum muscle diameter during contraction 
(C); schematic M-mode graphs of the diameter changes 
of vastus lateralis diameter (DVL) – measured with 
increasing stimulation amplitudes (D). 
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Abstract 
The objective of the present study was to perform a multi-modal analysis of brain activation maps induced by specific 
motor task execution in healthy subjects. Experimental set-up was composed by fMRI and a motion capture system so as 
to acquire the effectively executed movement. Ankle DorsiFlexion (ADF) was chosen as analyzed task because of its 
importance in the gait cycle. The specific goal was to individuate how amplitude affects the related cerebral flow maps 
in active, passive and electrical stimulated (FES) movements. Firstly FES compatibility with fMRI images acquisition 
was assessed, for the safety of both subject and device, and for mutual disturbances evaluation. A single subject 
underwent the block designed experimental protocol and brain activation maps analysis has been performed. First level 
analysis to compare different execution modalities and different movement amplitudes has been performed and 
preliminary qualitative results suggest that amplitude affects brain activation maps and that FES movements have an 
effective relation with motor re-learning, which is not shown in passive movement modality. The long run application is 
the exploitation of this multi-modal system in the evaluation of neurological patients functional recovery where the 
definition of the motor tasks could be only partially accomplished depending on the patient residual functionality. 

Keywords: fMRI, FES, Motor control, ADF, rehabilitation, kinematic measurement, functional recovery, Passive movement. 

 
  

Introduction 
When facing neurological diseases, hemiparesis is 
not a static phenomenon and some recovery is 
foreseen depending on the severity of the damage 
and the choice of the rehabilitation treatment. How 
do rehabilitative approaches affect brain re-
mapping? How does damaged brain re-map single 
motor tasks? To answer these questions, a 
preliminary functional study on healthy subjects is 
needed. fMRI analysis during motor tasks requires 
an adequate monitoring of the effective executed 
movement, so as to correctly interpret revealed 
activation maps. Literature proposes different 
integrated systems with fMRI and EEG, MEG, 
strength signals or more commonly EMG [1, 2]. 
Present work proposes a motion capture system 
tracking the trajectories of plastic retroreflective 
markers placed on significant and repeatable skin 
or bone landmarks. Passive markers don’t interfere 
with the magnetic field of the MRI room and vice 
versa images acquisition doesn’t affect markers 
recording as demonstrated in a previous study [1].  

When facing cortical map activation analysis, it is 
important to determine how movement parameters 
affect the extension and the intensity of the 
activation. Recent studies [2] analyzed the effect of 
different movement modalities on activation maps 

during ankle dorsiflexion in healthy subjects. The 
fall-out of this aspect for rehabilitation is, in fact, 
crucial. Identification of the most efficient exercise 
modality for functional  recovery re-mapping 
through the modelling of the after-stroke brain 
plasticity is of key importance for assessment of 
patient-designed treatment.  

The present work aims to determine how 
movement amplitude affects cerebral activation 
maps (e.g. extension and intensity of activation) 
during active, passive and electrically stimulated 
ankle dorsiflexion as detected by 1.5 T fMRI in 
healthy subjects with the simultaneous kinematic 
recordings. A feasibility study is reported. 

 

Methods 
Experimental set-up 
The experimental set-up (Fig. 1) is composed by 
(A) an MRI scanner 1.5T GE Cv/I™, (B) a motion 
capture system Smart μg™ (BTS, Italy) with (C) 
three recording cameras enveloped by aluminium 
foils and (E) an electrical stimulation device 
current-controlled 8 channel RehaStim proTM 
(HASOMED GmbH) with (F) stimulation 
electrodes arranged as shown in Fig. 1. 
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Fig. 1: Experimental set-up. 

FES compatibility  
FES has only recently been performed during 
scanning [2,3]. Two resistances were placed in 
series with both the stimulation electrodes to 
reduce to security values the maximal current 
delivered as well as two inductors so as to filter 
pick-up of gradient fields by the FES device [2]. 
So as to measure possible induced artefacts of the 
magnetic field on stimulation currents, we tried the 
stimulation waveform on a dead chicken because 
of its skin impedance value similar to the human 
one. In order to check for images distortion, FES 
stimulation was made during homogeneous 
phantom images acquisition and Signal-to-Noise 
Ratio (SNR) was calculated on each slice using the 
standard index for image quality (mean of signal/ 
standard deviation of noise). 

Experimental protocol  
The experimental protocol had a standard 30 
seconds block design with alternate rest and on 
condition blocks. We proposed six different Ankle 
DorsiFlexion (ADF) paradigms, combining 
modalities and movement amplitudes: Active 
Broad (AB) and Small (AS), Passive Broad (PB) 
and Small (PS) and FES Broad (FB) and Small 
(FS). Stimulation was made at tibialis anterior 
(biphasic current pulses at 20 Hz fixed frequency). 
Current amplitude was set individually, 
PulseWidth (PW) was modulated with a 
trapezoidal shape to induce both phases of ADF 
(maximum PW 400 μs for FB and 250 μs for FS). 

Kinematic data acquisition and analysis 
Markers 3D displacements were reconstructed. 
After ankle angle computation and blocks 
identification, kinematic parameters of interest 
were computed (Matlab®). 

fMRI data acquisition and analysis 
For functional imaging sessions a gradient EPI 
sequence weighted on T2 was used; TE = 50 ms; 
TR=3s; flip angle=90°; matrix 128x128; 
FOV=24cm; voxel size=1.8x1.8x4mm. Padding 
was placed around the subject’s head to minimize 
head motion. Functional images were realigned, 

coregistred, segmentated, normalized to standard 
Montreal Neurological Institute (MNI) space and 
smoothed. Realignment parameters were assessed 
for excessive motion. Statistical analysis of fMRI 
data used a mass-univariate approach based on 
General Linear Model (GLM). Analysis was 
carried out separately for each acquisition 
(SPM8®, Matlab). The results are displayed with a 
Family Wise Error (FWE) corrected probability 
P<0.05. 

 

Results and Discussion 
FES compatibility 
SNR percentage loss during FES stimulation 
resulted to be 3.48% with respect to the standard 
environment fMRI images acquisition. At least in 
[4] an SNR loss of about 10% is considered 
negligible in 3T images acquisition. Accounting 
for a factor of about 1/2 while analysing 1.5T 
images [5], we can consider  an SNR loss of 3.48% 
as negligible. 

Kinematic parameters analysis 
Kinematic recordings allowed to verify for each 
movement modality that ankle angle for broad and 
small conditions were significantly different, while 
frequency was constant through all acquisitions. 

Activation maps 
A single subject, female, 36 years old was 
acquired. Results for Broad movements (Active, 
Passive and FES) are shown in Fig. 2. 

AB movement shows significant activation in 
controlateral primary motor cortex (M1) and 
primary sensory cortex (S1), and supplementary 
motor area (SMA). Bilateral activation is revealed 
in premotor cortex (PM) and secondary 
somatosensory area (SII). AS activation map 
revealed a very small activated cluster 
corresponding to PM and ipsilateral SMA areas. 

PB active areas include controlateral M1 and PM. 
SMA area does present only controlateral 
activation; activations in bilateral SII area result to 
be reduced with respect to AB condition. PS 
activated areas result to be analogous and 
comparable in extension with the PB ones. 

FB movement shows activation in controlateral 
M1, S1, SMA and significantly in SII area. The 
overall activation is widespread in accord with 
literature [2]. FS activation map shows an overall 
decreasing of activation with respect to FB, while 
preserving the same involved areas, but for S1 area 
that doesn’t show any activation. SII activation 
results to be strongly reduced. 
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ACTIVE BROAD 

 

KINEMATIC PARAMETERS 

Mean angle: (°) 
64.83±1.21 

 
Frequency: (Hz) 

0.24±0.01 
 

ACTIVE BROAD > REST 
Area # voxels x (mm) y (mm) z (mm) T 
SMC 450 6,6 -38,2 70 9,666 
M1 35     

PM/SMA 103 3 -24 70 9,29 
3 -31 62 8,47 

S1 4 10 -45 70 8,71 
SII 116     

PASSIVE BROAD 

 

KINEMATIC PARAMETERS 
Mean angle: (°) 

31.73±3.19 
 

Frequency: (Hz) 
0.46±0.10 

 

PASSIVE BROAD > REST 
Area #voxels x (mm) y (mm) z (mm) T 
SMC 133 6,6 -45,4 62 7,4025 
M1 6     

PM/SMA 24 3 -25 70 7,18 
1 -31 62 6,48 

S1 --     

SII 41 7 -45 62 7,39 
12 -47 74 6,85 

FES BROAD 

 

KINEMATIC PARAMETERS 
Mean angle: (°) 

39.1±0.04 
 

Frequency: (Hz) 
0.21±0.04 

 

FES BROAD > REST 
Area #voxels x (mm) y (mm) z (mm) T 
SMC 576 10,2 -52,6 74 12,9301 
M1 37     

PM/SMA 103 
5 -27 74 7,84 
3 -26 70 7,77 
3 -33 58 6,17 

S1 14 
7 -36 74 10,49 

14 -42 70 9,78 
39 -35 62 5,62 

SII 103 
10 -53 74 12,93 
30 -45 70 7,07 
5 -40 58 6,25 

 
Fig. 2: Cortical regions significantly activated during 
active, passive and FES broad ADF. Peak coordinates 
refers to MNI space. SMC: sensory-motor cortex; T: t-
value; M1: primary motor cortex, PM: premotor area; 
SMA: supplementary motor area; S1: primary sensory 
cortex; SII: secondary somatosensory area. 

Comparative analysis between ADF execution 
modalities has been done at a first qualitative level. 
Initial results seem to be related to literature. AB 
movement shows a general greater activation than 
PB, particularly in primary S1, SMA and PM area. 
We found an overall widespread activation during 
FES sessions, whose significant feature was the 
increased activation in secondary somatosensory 
(SII) area. FES ADF has greater activation in SII, 
S1, SMA areas with respect to active and passive 
conditions. For what concerns the effect of 
movement amplitude, it has to be observed that 
activation is generally reduced from broad to small 
movement in active and FES ADF movement 

modalities, whereas the activation between the two 
passive ADF sessions are comparable. 
 
Conclusions 
FES compatibility has been assessed before subject 
stimulation so as to guarantee subject safety as 
well as no distortion on image acquisition. Now a 
day, FES is a well known technique in 
rehabilitation, however, FES contribution to CNS 
plasticity still has to be precisely demonstrated and 
the method discussed in this study could be a valid 
work hypothesis. Our study, supported by literature 
findings, opens the doors to possible longitudinal 
investigations on the effects of rehabilitative 
therapy on CNS (e.g. movement re-learning) and 
its correlation with rehabilitation behavioural gains 
in response to a period of FES or passive 
treatment, so as to asses better treatment for 
neurological patients. 

Moreover, the amplitude-related activation in 
active and FES conditions is probably due to the 
number of shooting motor neurons that are 
reasonably more numerous if they should induce a 
broader movement. This is an interesting result 
because it supports the idea that electrical induced 
movement has an effective relation with motor re-
learning, which is not shown in passive movement 
modality. 
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Abstract
Spinal-cord injury causes muscle atrophy, which is particularly severe when lower motor neurons are involved. We 
performed a longitudinal study in 25 patients suffering from complete lesion of Conus Cauda from 0.7 to 8.7 years 
comparing functional and structural thigh muscle properties before and after 2 years of home-based training by 
Functional Electrical Stimulation (h-b FES). Muscles were electrically stimulated by means of large surface electrodes 
and a custom-designed stimulator. The poor excitability of the lower motor neuron denervated muscles was improved 
first by twitch-contraction training and then by tetanic contractions elicited against progressively increased loading. 
Improvement of thigh muscle properties was estimated by transverse computer tomography scan and force 
measurements. In addition, needle biopsies of vastus lateralis were harvested before and after the two-years of h-b FES. 
Twenty out of 25 patients completed the two year h-b FES program, which resulted in: 1. significant increase of muscle 
size (the cross sectional area of the quadriceps increased from 28.2±8.1 to 38.1±12.7 cm², p<0.001, +35%, and the 
mean diameter of muscle fibers from 16.6±14.3 to 29.1±23.3 �m, p<0.001, +75%), accompanied by improvements of 
the ultra-structural organization of contractile material; and 2. a significant increase in force output during electrical 
stimulation (from 0.8±1.3 to 10.3±8.1 Nm, p<0.001, + 1187%). Important benefits for the patients are the improved 
cosmetic appearance of lower extremities and the enhanced cushioning effect for seating. The EU Project Rise shows 
that “home-based FES” is a safe and effective therapy that may maintain life-long physical exercise by active muscle 
contraction (FES is the only option for denervated muscle) to be used as a procedure to recover  tetanic contractility of 
denervated muscle, and to counteract muscle atrophy in order to prevent long-term complications of SCI. 

Keywords:  home-based functional electrical stimulation, denervated muscle, surface electrodes, long impulses. 

Introduction 
Long-lasting complete denervation of human 
muscle resulting from either permanent lower 
motor neuron (LMN) or peripheral nerve lesions 
have major consequences on muscle tissue and 
beyond. During months and years of permanent 
denervation muscle fibers decrease in size 
(atrophy), undergo spontaneous activation (muscle 
fibrillation), and then become un-excitable by 
surface electrical stimulation using standard 
commercial stimulators. Muscle fibers will finally 
disappear being substituted by fibrous and adipose 
tissue. Leg muscles in LMN paraplegic patients are 
commonly not treated with Functional Electrical 
Stimulation (FES) because it is widely accepted 
that long-term and completely denervated muscles 
cannot effectively respond. However, recent 
studies in animal models and humans indicate that: 
i) in rats severe atrophy does not occur for at least 
3-4 months [1,2];  ii) in rabbit, the degeneration of 
muscle tissue does not appear during the first year 
of denervation [3-6]; and iii) in humans 
substitution of muscle fibers with connective and 
fat tissue (muscle degeneration) starts from the 

third year onward [7-12]. In addition we recently 
demonstrated that long term denervated muscle 
maintain L-type Ca2+ current (involved in 
activation of contraction) longer than the 
contractile machinery, providing the rationale of a 
rehabilitation training for human permanently 
denervated muscles that was developed as a result 
of clinical observations [13]. However, Electron 
Microscopy indicates that sarcotubular system and 
myofibrils decays quite quickly, suggesting that it 
is best to start h-b FES as soon as possible after 
SCI [14]. This still leaves a window of 
opportunity, which may be used to initiate muscle 
stimulation with the goal of avoiding muscle 
degeneration.

Material and Methods 
The before-mentioned results [1-14] provides the 
rational for understanding the residual functional 
characteristics of the long-term denervated muscle 
and its ability to respond to a new rehabilitation 
strategy developed in Vienna (Austria). The 
Vienna training (validated by the results of the EU 
Project RISE titled: Use of electrical stimulation to 
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restore standing in paraplegics with long-term 
denervated degenerated muscles) is based on 
home-base Functional Electrical Stimulation (h-b 
FES), involving the use of large surface electrodes 
and custom designed stimulators [7-14]. Since the 
progression of recovery by h-b FES is inherently 
slow, patients were clinically evaluated every 12 
weeks by physiatrists, who progressively modified 
the training protocol according to the patient’s 
improvements [9,15]. 

Results
Two years of h-b FES resulted in: 1. significant 
increase in size of thigh muscles (Fig. 1) and of the 
muscle fibers (Fig. 2), accompanied by striking 
improvements of the ultra-structural organization 
of contractile apparatus [14]; 2. increase in muscle 
force output sufficient to perform h-b FES-assisted 
stand-up and stepping-in-place exercises; 3. 
evidence that the shorter is the time elapsed from 
SCI to the beginning of h-b FES the better is the 
recovery of structure and function of muscle fibers. 
The reorganization of T-tubules, Ca2+ release 
units, and of myofibrils that follows h-b FES likely 
may play a role in the recovered ability of LMN 
denervated muscles to be stimulated and to 
respond with tetanic contractions [4,5,6,7,9,14].  

Fig. 1: The cross sectional area of left and right 
quadriceps muscles in patients starting h-b FES at 
different time points after denervation increased by two 
years of home training. The interstitial tissues (which 
increase with longer denervation periods) decreased in 
the respective patient after two years of h-b FES 

Discussion
At two years, 90% of h-b FES subjects recovered 
tetanic contractions and 25% of them were able to 
stand during electrical stimulation in parallel bars. 
Minimal functional improvements were associated 
with long time elapses between SCI and initiation 

of h-b FES and, possibly lower compliance with 
training. In single case reports, low compliance 
substantially decreased the effects of training, yet 
in the same subjects the mass of thigh muscles 
increased when the patient resumed h-b FES [16-
18]. The immediate benefits of h-b FES for the 
patients are the improved cosmetic appearance of 
lower extremities, the enhanced cushioning effect 
for seating and the reduction of leg edema. In 
addition, further outcomes of our studies are new 
non invasive imaging procedures designed and 
implemented to objectively demonstrate the 
improvements of muscle mass and contractility, 
despite permanent LMN denervation [7,11,19]. 

Fig. 2: Hematoxilin and Eosin staining of muscles 
biopsies harvested from vastus lateralis of LMN 
paraplegic patients before and after two years of h-b 
FES. When started earlier than two years after lesion, 
the h-b FES treatment increases muscle fibers to normal 
innervated values; however, when h-b FES saw started 
late, muscle biopsies showed fewer muscle fibers while 
adipose and fibrous connective tissue did not fully 
regress.

Conclusions
In the future, h-b FES training could be extended 
to patients with similar lesions (incomplete LMN 
denervation of skeletal muscles) and it will be 
extremely important to determine whether this 
treatment can also reduce secondary complications 
related to disuse and impaired blood perfusion 
(reduction in bone density, risk of bone fracture, 
decubitus ulcers, and pulmonary 
thromboembolism). 
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Abstract 
The overall objective of this project is to develop a feedback-driven intraspinal microstimulation (ISMS) system.  We 
hypothesize that sensory feedback will enhance the functionality of stepping by reducing muscle fatigue and adapting to 
external perturbations. In the current study, the controller was tested with intramuscular stimulation and external 
sensors (force plates, gyroscopes, and accelerometers). The walking cycle was divided into 4 states that transitioned 
with external sensory feedback within a preset range of times. Terminations in the swing phase were best served by 
accelerometer feedback, while gyroscopes were used to terminate the stance phase.  Anesthetized cats were partially 
supported in a sling and bi-laterally stepped overground on a 4-m instrumented walkway.  The walkway had variable 
friction to perturb the controller.  In five cats across 7 experimental sessions, the controller (without feedback) 
produced an average step length of 24.9 ± 8.4 (normalized to foot segment length).  Steps were shortened (preventing 
backward slipping) with the addition of sensory feedback to an average length of 21.8 ± 7.5.  Mean peak ground 
reaction force on each limb also increased from 15.9 ± 7 % to 18.0 ± 4.5 % of body weight with the feedback enabled.  
The step period was programmed for 1.5 sec.  The addition of feedback adapted the average step duration to 1.27 ± 
0.25 sec in response to the varying conditions of the walkway.  Eventually, this research can be translated into a 
compact and fully implantable walking prosthesis. 

Keywords:  Intraspinal Microstimulation (ISMS), Intramuscular Stimulation, Dorsal Root Ganglion, Central Pattern 
Generator (CPG), Sensory Feedback, Walking, Gyroscopes, Accelerometers, Ground Reaction Forces, Walking 
Prosthesis. 

Introduction 
There are currently 1.275 million people affected 
by spinal cord injury in the United States [1].  Of 
these, 28.2% have complete paraplegia and 
reduced mobility.  Our laboratory’s overall goal is 
to improve the quality of life of people with 
paraplegia by increasing their mobility.  More 
specifically, we aim to develop a device which will 
use functional electrical stimulation (FES) to 
restore walking.  Current FES devices are limited 
in their ability to restore walking because they are 
unable to adapt to muscle fatigue and external 
perturbations which may lead to the user falling 
[2].  As such, the devices have not been widely 
adopted.  We hypothesize that adding sensory 
feedback will enhance the functionality of stepping 
by reducing muscle fatigue and adapting to 
external perturbations.   

The feedback will control intraspinal 
microstimulation (ISMS) based on either neural 
recordings from the dorsal root ganglion (DRG) or 
external sensors.  ISMS is a method of electrically 
stimulating regions of the spinal cord, called motor 
pools, to produce coordinated movements with less 

fatigue than with surface stimulation [3].  Nerve 
cuff electrodes, while decreasing the current 
required to stimulate a muscle, also unfortunately 
produce fatigable movements. ISMS activates the 
intact neural networks below the lesion using low 
amplitudes (100-200 uA) of current.  By changing 
stimulation parameters in response to feedback and 
timing, it is possible to modify stepping in real-
time. 

During normal walking, there is constant feedback 
provided to the central nervous system (CNS) from 
specialized cells. These signals can be accessed in 
the DRG with implantable electrode arrays and 
provide vital information for the successful 
coordination of movements. Previously, we have 
shown DRG recordings can be decoded to provide 
limb prediction with less than 2 cm error [4].   

However, current controller development has 
utilized intramuscular stimulation and external 
sensors to allow for rapid iterations of the 
algorithm.  The controller employs intrinsic timing 
(similar to the central pattern generator) as well as 
sensory feedback to mimic a physiological walking 
system.  Previous work by Guevermont et al. has 
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shown that controller algorithms relying solely on 
either intrinsic timing or sensory feedback produce 
unstable overground walking [5].  Our purpose for 
this abstract was to present results from the 
development of a hybrid controller which utilizes 
both intrinsic timing and sensory feedback. 

Material and Methods 
Animal Preparation 
All experiments were conducted according to the 
University of Alberta’s Code of Animal Conduct.  
The cats were anesthetized using isoflurane and 
subsequently switched to sodium pentobarbital.  
Stimulation electrodes were inserted 
percutaneously into 8 muscles of each leg (flexors 
and extensors of hip, knee and ankle).  Walking 
patterns were induced from direct electrical 
stimulation of the muscles using trains of biphasic 
charge-balanced pulses (62Hz, up to 20mA, with 
on and off ramping).  The cat was then transferred 
to an instrumented walkway and partially 
suspended in a cart-mounted sling. The cat 
remained under anaesthesia for the duration of the 
experiment. 

Sensor Preparation 
The external sensors, gyroscopes and 
accelerometers, were calibrated and fixed to the 
hind limb.  The 4-m walkway had separate force 
plates for each leg.  Sensor data were acquired 
using a Cerebus data acquisition system at 1000 
samples/sec.  The data were streamed from the 
Cerebus into Matlab to be processed in real time 
by custom programs.   

Controller  

The controller adapted stimulation parameters in 
real time to create a walking cycle.  It contained a 
state system which divided the walking cycle into 
four states and restricted the activation of rules to 
specific states.  The states were swing, touchdown, 
stance and push off.  The controller was preset to a 
walking cycle period of 1.5 seconds with 
individual weighting of states at 20%, 20%, 20%, 
and 40%, respectively.  There were 13 rules 
divided into two groups: intrinsic timing rules and 
sensory feedback rules.  The 9 timing rules mimic 
the intrinsic timing of the CPG.  The four IF-
THEN sensory feedback rules were: swing to 
stance transition, stance to swing transition, fatigue 
compensation, and a safety rule. The fatigue 
compensation rule increased stimulation 
amplitudes (typically by 30%) in the stance phase 
to increase load bearing forces.  The safety rule 
held the load bearing leg in stance while the 
opposite leg cycled through its walking states until 
it regained GRF.  If feedback rules did not 

intervene, the state transitions proceeded according 
to preset timings.   

Operators chose the activation thresholds of the IF-
THEN rules after analyzing data from trials with 
the feedback disabled.  With feedback engaged, the 
controller adapted stimulation parameters 
depending on the current walking state.   All sensor 
data, controller states and kinematics of the leg 
were recorded.     

Results 
Results are shown for 5 cats across 7 experimental 
sessions.  The data include 83 trials encompassing 
both male and female cats with weights of 3.5 to 
4.4 kg.  Specific trials are used to illustrate the 
adaptation of the controller to the varying friction 
of walkway. 

Figure 1 shows that without sensory feedback the 
limb angle (measured from hip to paw) increased 
in regions of low walkway resistance resulting in 
the limb extending more backwards.   
 

 
Figure 1: Limb angle (measured from hip to paw) in 
degrees clockwise from horizontal across the walkway.  
The traces illustrate the difference between intrinsic 
timing alone and with the addition of sensory feedback.   

With the addition of both transition rules, limb 
angle adapted to the external perturbation of the 
walkway.  Backward extension of the limb was 
reduced, which resulted in an increase in the sum 
of the ground reaction forces.  During the intrinsic 
timing trial, the total load bearing support dropped 
dangerously low to about 5% of body weight 
during some steps (Fig. 2).  Due to the 
experimental setup of our sling, 12.5% of body 
weight is considered full load bearing support for a 
single hindlimb.  With the transition rules, the sum 
of the GRF’s only drops to approximately 10%.  
This is slightly shy of full load bearing; however it 
is a marked improvement over intrinsic timing 
alone.  

Looking at the addition of each transition rule 
individually, we can see the effect they have on 
stride length during the trial (Fig. 3).  Early in the 
trial, the stride length is less than 10 cm as the cat 
overcomes static friction and the inertia of the cart.   
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As the cart begins to move and the resistance of the 
walkway decreases, stride length differences can 
be seen for each of the controller algorithms.  
Intrinsic timing alone resulted in a large stride 
length of up to 23 cm.  The addition of the swing 
to stance rule decreased it to 16 cm.  The greatest 
decrease in stride length during the low resistance 
section of the walkway came from adding both 
swing to stance transitions and stance to swing 
transitions. 

Figure 2: The sum of the vertical GRF's are plotted as a 
percentage of body weight.  The upper pane depicts a 
trial using only intrinsic timing whereas the lower pane 
demonstrates the addition of sensory feedback.  They 
are plotted against trial time. 

 
Figure 3: The vertical location of each line represents 
the stride length for a particular step.  The length of the 
line shows the duration of that step across the walkway.  
Three trials illustrate the cumulative effect of adding 
each transition rule. 

Across all the successful trials, we saw similar 
results (Table 1).  Inclusion criteria for a successful 
trial were as follows: the cat walked at least 75% 
across the length of the walkway and the preset 
walking cycle duration was 1.5 seconds. Stride 
length was normalized against the distance from 
the ankle to the metacarpophalangeal joint. Peak 
GRF was normalized as a percentage of body 
mass. Table 1 shows that there is a decrease in the 
average stride length when using sensory 
information. There is also a decrease in step 
duration indicating an increase in the step 
frequency in response to low resistance sections of 
the walkway.  Finally, the safety of walking 
improved with increased peak forces with feedback 
enabled. 

Table 1: Summary of 83 Successful Trials 

 Intrinsic 
Timing 

with Sensory 
Feedback 

Stride Length (norm.) 24.9 ± 8.4 21.8 ± 7.5 

Step Cycle Duration 1.48 ± 0.02 s 1.27 ± 0.25 s 

Peak Force 15.9 ± 7 % 18.0 ± 4.5 % 

Discussion 
In agreement with preliminary evidence presented 
by Guevermont et al. [2], the combination of 
intrinsic timing and sensory feedback provides the 
most functional overground walking.  Throughout 
the regions of least resistance in the walkway, the 
sensory rules allowed the state transitions to speed 
up resulting in decreased stride length.  This 
decrease prevented excessive extension and a loss 
of load bearing ground reaction forces.  Load 
bearing is a critical measure of safety for a 
functional walking device as it prevents falling.   

Conclusions 
Future work will replace intramuscular stimulation 
with ISMS and external sensors with DRG 
recordings to allow the internalization of the 
prosthetic device.  Eventually, we hope to develop 
this research into a compact and fully implantable 
walking prosthesis.  This study relies on currently 
available technologies, some of which are already 
FDA approved for use in humans.  This study will 
provide a proof-of-principle for application to 
humans with paraplegia. 
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Abstract
The purpose of this study is to evaluate the outcomes of actively involving the arms along with the legs in a 
rehabilitation program to improve walking after incomplete spinal cord injury (iSCI). Interlimb modulation 
characterized by the swinging of the arms during walking in humans, involves neuronal pathways between the arm and 
leg control regions in the spinal cord. However, the arms are not actively involved in locomotion rehabilitation 
protocols currently in practice. We evaluated this new intervention in one subject with chronic iSCI using a combined 
arm/leg FES-assisted cycling ergometer. After completing 12 weeks of FES-assisted arm /leg cycling, the participant 
improved his overground walking ability and now requires one less assistive device for walking more than 10m. 
Walking speed improved by 23% (10m test), and endurance by 24% (6min test). Improvements in balance according to 
the Berg scale were observed.  Beneficial changes in the activation pattern of leg muscles as well as in foot clearance 
are reported. The preliminary results suggest that this novel intervention may be effective in improving overground 
walking in people with iSCI. 
Keywords:  Functional electrical stimulation, Cycling, Rehabilitation, Spinal cord injuries, Walking, H-reflex.

Introduction 
While walking and running, humans tend to swing 
their arms in opposition to the legs. Dietz proposed 
that during locomotion, interlimb modulation in 
humans is similar to that found in the cat, and 
involves both arm and leg control centres in the 
spinal cord [1]. The interlimb modulation of 
cutaneous reflexes between the upper and lower 
limbs was found during walking, but not during 
standing [2]. After a spinal cord injury, the regular 
sensory input provided to the spinal cord is 
interrupted. Therefore, the regulation of motor 
patterns becomes disorganized including the 
coordination of arm and leg centres in the spinal 
cord that is normally present during walking.  

Consequently, we believe that the arms can play an 
important role in the rehabilitation of walking after 
a spinal cord injury. A few research groups have 
anecdotally explored this possibility. Their 
findings highlight that arm position and the 
reduction of arm weight bearing during body 
weight supported treadmill training for locomotion 
facilitates stepping [3]. Also, passive arm 
movements potentiate the leg motor output 
(Electromyography) in intact as well as in 
incomplete spinal cord injured subjects, possibly 
through interlimb neural pathways [4]. Although a 
role for the arms in the rehabilitation of walking 
has been suggested, rehabilitation protocols 
currently in practice have not involved the arms 
actively nor systematically measured the benefit 
that they could have on the recovery of functional 

walking. Hence, we want to incorporate the arms 
in a rehabilitation program to improve the ability 
to walk after a spinal cord injury. 

In order to provide regulated sensorimotor input to 
the spinal cord we will use functional electrical 
stimulation (FES) of residual neural pathways as 
required to assist in the rhythmic movement. FES 
does not only target motor nerves causing a 
muscular contraction, but also sensory fibres 
returning to the spinal cord. Therefore, providing 
regulated input to motor neurons controlling 
muscles in the arms and legs which coincides with 
voluntary drive to these neurons could strengthen 
descending connections from the brain.  

Zehr and colleagues found a strong correlation 
across walking, arm and leg cycling and arm-
assisted recumbent stepping, supporting the 
existence of a common neural network as the 
regulator of arm and leg rhythmic movements [5]. 
In order to target this common neuronal network, a 
task such as FES – assisted cycling which is 
already available in rehabilitation centres could be 
used. Therefore, we hypothesize that sensory input 
during rhythmic arm and leg FES–assisted cycling 
exercise will regulate the function of the spinal 
neuronal networks and improve over ground 
walking after incomplete SCI. 
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Material and Methods 
Case description 
One male participant, 46 years old with iSCI at 
T10 completed the 12 – week arm and leg FES – 
assisted cycling program. Prior to the program, the 
participant ambulated with two forearm crutches. 

FES-assisted arm and leg cycling: 
In order to activate the arms and legs 
simultaneously, we used a combined arm/leg FES 
ergometer to generate arm/leg movements 
resembling the coordination present in natural 
walking. The study participant had one hour of 
FES training 5 times a week for 12 weeks. 
Electrical stimulation was delivered through 
surface electrodes targeting leg muscles. Since this 
participant did not need assistance for arm cycling 
no stimulation was delivered to the arms. Through 
the progression of the training, the mechanical 
resistance on the FES – cycling equipment was 
increased according to the performance of the 
participant. All parameters regarding intensity of 
stimulation, speed, resistance and frequency of rest 
periods were monitored.  

Evaluating the effects of FES-assisted arm and 
leg cycling on walking: 
Pre – training, after 6 weeks and after 12 weeks of 
training the participant was subject to clinical and 
electrophysiological evaluation. Initially, the level 
and extent of the lesion were classified using the 
ASIA Impairment Scale (American Spinal Injury 
Association). We performed clinical walking, 
functional and electrophysiological tests. The 
validated Walking Index for Spinal Cord Injury 
clinical assessment method [6] was used as well as 
timed walking tests such as 6 – minute walking 
and 10 meter walking. We evaluated balance 
according to the Berg balance scale [7]. To better 
describe how walking ability improved, we 
evaluated the muscle activation patterns, kinetics 
and kinematics during walking.  

Evaluating the effects of FES-assisted arm and 
leg cycling on monosynaptic reflexes:
Since we are interested in investigating the 
underlying mechanism for the improvements in 
walking and whether they are a consequence of 
reorganization of the neuronal networks, we 
assessed the strength and modulation of the spinal 
monosynaptic reflex. We used a 1 ms single pulse 
to electrically stimulate the posterior tibial nerve 
and measured the H – reflex response in the soleus 
muscle through surface electromyography. 

Results 
The results obtained from each assessment session 
were compared to those obtained at baseline. 
Initial evaluation according to the ASIA sensory 
scale indicated severe impairments in the 
differentiation of light touch/pin sensation. The 
motor scores were particularly low in left hip 
flexors, right knee extensors and left long toe 
extensors. After 12 weeks of training the sensory 
score indicated improvements in stimulated and 
non – stimulated regions, Figure 1. The motor 
score on the right side did not change. On the left 
side the score decreased from 21 at baseline to 19 
after 12 weeks of training even though there was 
improved range of motion in the hip and ankle. 
During the post – training assessment, the new 
range of motion was used resulting in a lower 
score.  
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Figure 1. ASIA sensory scores. Only lower extremity 
regions were evaluated. Maximum score per side = 14. 

The participant significantly improved in the 
endurance, 6 minute – walking test by 23% 
(p=0.026) from a speed of 0.51±0.01 m/s at 
baseline (Figure 2). Similarly, the results of the 10 
– meter walking test indicated an improvement of 
24% in speed from an initial speed of 0.45±0.06 
m/s. 
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Figure 2: Walking speed measured during an endurance 
test of 6 minutes (mean±s.d.), pre-training speed = 
0.51±0.01 m/s. 

After 12 weeks of the training, the participant 
improved his balance by 9 scale points according 
to the Berg Balance Scale. This improvement was 
due to a better ability to stand unsupported, turning 
while standing, and sitting to standing movements 
and vice versa.  

- 234 -- 234 -



K
t

w

F

m

F

F

R

D

t
r

m
t
D

p

A
p

Kinematics a
training, the
clearance in t
left foot traje
(Figure 3). T
weeks in left
of able – bod

Finally, the p
in the left so
muscle relaxe

Figure 3. Righ
after 12 wee
crutches.  

Figure 4. Rect
at baseline (gre
Red arrow ind

Discussion 
Important wa
this first parti
regulation of
cycle could a
speed and ba
of left planta
muscle hyper
the improvem
Despite the 
specifically t
posture, bala
clinically rele

Although no
participant c
devices for 

analysis show
ere were 
the right foot
ctory when w

The muscle ac
t tibialis anter
died individua

peak to peak a
oleus was re
ed.

ht foot trajecto
eks (blue) of

tified EMG act
een) and after 
icates left toe-o

alking improv
icipant. In pa
f left dorsifl
account for im

alance. Reduc
arflexor and t
rtonicity may
ments in wal

fact that th
train balance
ance improv
evant and obs

ot necessary
continues to 
ambulation t

ed that, after 
improvement
t trajectory bu

walking with t
ctivation patt
rior better res
als (Figure 4).

amplitude of 
educed by 24

ory at baseline
f training. W

tivity of left tib
12 weeks (blu
off.  

vements were
rticular, impr

flexion throug
mprovements

ction in reflex
the resulting 

y also be a me
lking speed a
he interventi
e nor involve
vements were
servable for th

, outside th
use the sam

that he used

12 weeks of 
ts in foot 
ut not in the 
two crutches 
tern after 12 
sembled that 

the H reflex 
4% with the 

e (green) and 
Walking with 

bialis anterior
e) of training. 

 observed in 
rovements in 
gh the step 
s in walking 
x excitability 
reduction in 

echanism for 
and posture. 
ion did not 
e an upright 
e the most 
his subject.  

he lab, this 
me assistive 
d before the 

training
with a
improv
daily ac
the fut
effectiv
conven

Conclu
To the 
represe
between
exploite
training
rehabili
conven
interven
conven
therapis
advanta
physica

Refere
[1] V. 

coor
pp. 4

[2] E. V
mod
func
and
Expe
2006

[3] A. L
Train
of C
688-

[4] N.
Loco
Path
ed, 2

[5] E. P
and
loco

[6] J. F. 
for s
in a 
and N

[7] K. B
valid
vol. 

Ackno
Alberta 
Spinal C
Alberta,
Foundat

Autho
Laura A
Univers

g. However, 
an upright p
vements in w
ctivities will b
ture. Future 
veness of t
ntional locomo

usions 
best of our 

ent the first ti
n networks co
ed to impr
g. If the FES
itation protoc

ntional locom
ntion will be 

ntional strateg
sts per client
age of requir
al therapist. 

ences 
Dietz, "Do h

rdination?," Tr
462-467, 2002.
V. Lamont a

dulation of cu
ctionally releva

incline w
erimental Brain
6.
L. Behrman a
ning After Hum

Case Studies,"
-700, 2000. 
Kawashima,

omotive Motor
hway Within S
2008, pp. 2946
. Zehr, et al., "

leg moveme
motor tasks,"  
Ditunno Jr, et

spinal cord inju
multicenter c

Neural Repair
Berg, et al., "M
dation of an in
83 Suppl 2, pp

owledgemen
Heritage Fou

Cord Injury Tre
, Rick Hansen
tion. 

or’s Address
Alvarado Pac
sity of Albert

he is able to
posture. The 
walking and i

be another fa
studies will 
this interven
otor training s

knowledge, 
ime that the n
ontrolling the
rove walkin
S-assisted arm
col is, at lea
motor trainin

translated to
gies require 
t, this approa

ring the assis

human bipeds
rends in Neur
.
and E. P. Z
utaneous refl
ant gait cycle 

walking and 
n Research, vo

and S. J. Har
man Spinal Co

Physical The

et al., "Sh
r Output Throu

Spinal Cord in 
-2955. 
Neural regulat

ent is conserv
vol. 582, ed, 2

t al., "Validity 
ury and other d
clinical trial," 
r, vol. 21, pp. 5
Measuring bal
nstrument.," Ca
p. S7-11. 

nts
undation for 
eatment Centre

n Institute, and

s
heco, Centre 

ta. lalvarad@u

o walk faster
retention of

incorporation
actor to evalua

also evaluat
ntion relativ
strategies. 

these experim
neuronal cou

e arms and leg
ng through 
m and leg cy
st, as effectiv

ng strategies 
o the clinic. W

3 – 4 phy
ach will hav
tance of only

s use quadru
rosciences, vo

ehr, "Task-sp
lexes expresse
phases during

stair climb
ol. 173, pp. 185

rkema, "Locom
ord Injury: A S
erapy, vol. 80

haping Appro
ugh Interlimb N

Humans,"  vo

tion of rhythmi
ved across h

2007, pp. 209-2
of the walking
domains of fun
Neurorehabili

539-550, 2007.
ance in the el
an J Public H

Medical Rese
e Society – Nor
d Alberta Parap

for Neurosci
ualberta.ca 

r and 
f the 

n into 
ate in 
e the 

ve to 

ments 
upling
gs are 

FES 
ycling
ve as 

this 
While
ysical

ve the 
y one 

upedal 
ol. 25, 

pecific 
ed at 

g level 
bing," 
5-192, 

motor 
Series
0, pp. 

opriate 
Neural 
ol. 99, 

ic arm 
human 
227. 
g scale 
nction 
itation 

lderly: 
Health, 

earch, 
rthern 
plegic 

ience, 

- 235 -- 235 -



Optimal walking trajectories estimation using wavelet neural network 
for FES-assisted arm-supported paraplegic walking 

Nekoukar V  and  Erfanian A  

Neuromuscular Control Systems Lab., Neural Technology Research Centre, Department of Biomedical 
Engineering, Iran University of Science and Technology (IUST), Tehran, Iran 

 

 
Abstract 
One major limitation of arm-supported walking using functional electrical stimulation in paraplegic subjects is the high 
energy expenditure and the high upper body effort. One major factor that affects the energy expenditure and the high 
upper body effort during arm-supported FES-assisted walking is the gait pattern. To obtain a gait pattern that lead to 
minimum handle reaction force (HRF), a method is proposed to find the optimal gait patterns that lead to minimum 
HRF. For this purpose, a neural network model of the human walking is presented to relate the joint angles to the HRF. 
Using the neural model, an optimal walking trajectory is determined to minimize the HRF. The experiments were 
conducted on two paraplegic subjects. The results show that the HRF obtained for optimal gait pattern is less than the 
measured HRF. 
Keywords:  Wavelet neural network, gait, paraplegic, functional electrical stimulation. 

 
Introduction 
For over three decades, many researchers have 
demonstrated that limited crutch- or walker-
assisted walking can be restored in paraplegic 
subjects by functional electrical stimulation (FES) 
systems [1]-[2]. Major problem that limits the 
success of the current motor neuro-prostheses for 
standing and walking is the high metabolic rate and 
the high upper body effort  observed in paraplegic 
subjects during the task  [3]-[5].  

Low-strength of electrically-stimulated muscle and 
difficulty of controlling multi-link multi-actuator 
neuromusculoskeletal can be considered as the 
major factors for high upper body activities and 
high energy consumption during FES-assisted arm-
supported walking.  

One major factor that can affect the energy 
expenditure and the upper body effort is the 
reference trajectory of walking. In this paper, we 
present a method to find an optimal trajectory for 
FES-assisted paraplegic walking and demonstrate 
that handle reaction force (HRF) can be reduced by 
defining a suitable walking trajectory.  

To find an optimal reference trajectory, a neural 
model is proposed to relate the joint angles (i.e., 
ankle, knee, and hip joint angles) with hand 
reaction forces. The model is identified using a 
local linear wavelet neural network (LLWNN) [6]. 
Based on the identified model, an optimal walking 
trajectory is estimated to obtain the minimum hand 
reaction force. 

Methods 
The LLWNN 
Local linear wavelet neural network (Fig. 1) is a 
feed-forward network which is used for 
approximation, classification, and prediction [6]. 
The output of a LLWNN is given by 
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�      (1) 
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where ][ 21 n, …, x, xxx �  is the input vector, jiw  
is ith weight of the jth node and 
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that )(x!  is a mother wavelet which is localized 
in both the time space and the frequency space and 

][ 21 iniii , …, a, aa a �  and ][ 21 iniii , …, b, bb b �  are 
the scale and transition parameters, respectively. 

 
Fig. 1: Schematic of the LLWNN. 
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Neural Modelling of the Skeletal System 
To model the relation between the joint angles of 
the lower extremities and the HRF, a LLWNN 
with 6 inputs, 1 output and 12 hidden nodes is 
used. The input vector is defined as 

)]( ),1( ),( ),1( ),( ),1([)( tttttttx hhkkaa ������ ����

 where a� , a�  and a�  are the joint angles of the 
right ankle, right knee and right hip, respectively. 
The output is the HRF of the right hand at time t. 
The particle swarm optimization (PSO) algorithm 
[7] is employed to train LLWNN by using the data 
measured during arm-supported FES-assisted 
walking of two paraplegic subjects using 
neuroprosthesis ParaWalk [8]. 

Optimal Trajectory of Walking 
Optimal trajectory of the paraplegic walking 

" #Thka tttt )( ,)(  ),()( **** �����  is determined as: 
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where � �)( ,)(  ),( tttf hka ���  is a nonlinear function 
relating the HRF and joint angles (i.e., the ankle, 
knee and hip joint angles). The HRF-joint angles 
relationship f  is unknown but can be 
approximated by using LLWNN. To determine the 
optimal trajectory *�  with minimum hand reaction 
force, the  function f  should be minimized (5). In 
this work, the PSO algorithm is used for 
optimization process.  

Results 
Experimental Procedure  
The experiments were conducted on two thoracic-
level complete spinal cord injury with injury at T7 
(Fig. 2) and T11 levels. The paraplegic subjects 
were active participants in a rehabilitation research 
program involving daily electrically stimulated 
exercise of their lower limbs (either seated or 
during standing and walking) using ParaWalk 
neuroprosthesis [8]. The hip, knee, and ankle joint 
angles were measured by using the motion tracker 
system MTx (Xsens Technologies, B.V.) which is 
a small and accurate 3-DOF Orientation Tracker.  
The hand reaction force was measured by a 3-
component piezoelectric force sensor (9602, 
Kistler, Switzerland) mounted underneath the 
walker handle. Two pairs of electrodes (1 left, 1 
right) over the quadriceps muscle, two pairs over 
the common personal nerve, and two pairs over the 
gluteus maximus/minimus muscle. Pulsewidth 
modulation (from 0 to 700 �sec) with balanced 

bipolar stimulation pulses, at a constant frequency 
(25 Hz) and constant amplitude is used to stimulate 
the muscles.  

      
Fig. 2: A paraplegic subject with injury at T7 level uses 
ParaWalk to stand and walk. 
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Fig. 3: The joint angles, measured and predicted HRF 
using the LLWNN for two paraplegic subjects RR (a) 
and MS (b).   
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Neural Network Model of Skeletal System 
The neural network is trained using the data 
obtained from one strike of FES-assisted arm-
supported walking during the first day of 
experiment. Then the trained network is used to 
predict the hand reaction force during subsequent 
sessions of experiment. Fig. 3 shows the results of 
the HRF prediction using the LLWNN for both 
subjects. The root-mean-square (RMS) prediction 
error for a typical strike are 4.90 N (2.99%) and 
4.65 N (4.43%) for subjects RR and MS, 
respectively. 

Optimal Walking Trajectory 
The trained LLWNN was used to determine the 
optimal walking trajectory using the PSO 
algorithm. Fig. 4 shows the obtained optimal 
walking trajectory for the subject RR. It can be 
clearly seen that the HRF for optimal trajectory is 
less than the measured HRF. The same results was 
obtained for the subject MS. The average of the 
optimal HRF is 57.76 N (36.8 N) while the average 
of the measured HRF is 145.12 N (113.0 N) for the 
subject RR (MS). The peak of the optimal and 
measured HRF are 140.48 N (206.0 N) and 244.88 
N (285.0 N) respectively, in subject RR (MS). 
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Fig. 4: Result of the walking trajectory optimization for 
subject RR, (a) ankle joint, (b) knee joint, (c) hip joint, 
(d) the HRF. 

Conclusions and Discussion 
In this work, a model was presented for relating the 
lower extremities joint angles to the hand reaction 
force using neural network during FES-assisted 

arm-supported walking in paraplegic subjects. 
Neural network is a black box model identification 
technique without requiring information about the 
physical parameters of the system. 

The most important result obtained is that the 
proposed model is bale to estimate accurately the 
HRF using only joint angles. The developed model 
was used to determine the optimal walking 
trajectory. It was observed that the HRF for 
optimal trajectory is less than the measured HRF. 
The results indicate that the HRF was reduced 
60.9% and 67.4%, in subjects RR and MS, 
respectively, during walking with optimal 
trajectory. 

The closed-loop control of walking using the 
estimated optimal trajectories constitutes the 
key issue of our current research. 
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Abstract
A pressure ulcer is a medical complication that arises in persons with decreased mobility and/or sensation. Deep 
pressure ulcers starting at the bone-muscle interface are the most dangerous, as they can cause extensive damage 
before showing any signs at the skin surface. We proposed a novel intervention called intermittent electrical stimulation 
(IES) for the prevention of deep tissue injury. In this study, we tested the effects of four paradigms of IES and one 
conventional pressure relief paradigm in preventing the formation of deep pressure ulcers in rats. Pressures equivalent 
to 18%, 28%, or 38% of the body weight of each rat were applied to the triceps surae muscle in one limb. Treatment 
groups received IES every ten minutes for either 5s or 10s and maximal or moderate contraction, or complete pressure 
removal every ten minutes for 10s. The results showed that conventional pressure relief, emulating a wheelchair pushup 
every ten minutes, was inadequate for the prevention of deep tissue injury. In contrast, all IES paradigms were equally 
effective in significantly reducing the extent of deep muscle damage caused by 28% or 38% BW pressure application. 
This outcome provides important information for the development of an alternative method for pressure ulcer 
prevention.  
Keywords:  deep tissue injury, intermittent electrical stimulation. 

Introduction  
Pressure ulcers are a serious complication 
associated with loss of mobility and/or sensation. 
They result from the entrapment of soft tissues 
between a bony prominence and an external 
surface. The resulting lesion may involve damage 
to the skin, fat, and muscle layers, and in extreme 
cases exposing bone. 

The costs to heal a pressure ulcer range from 
US$15,800 to US$72,680 [1]. The total financial 
costs to the health care system are between $2.2 
and $3.6 billion USD [2] annually, in North 
America alone.  

Pressure ulcers can begin at the surface of the skin 
and progress inwards. These ulcers are mainly the 
result of bad nutrition, excessive wetness, and 
frictional forces applied to the skin [3]. More 
dangerously, ulcers can begin deep at the bone-
muscle interface and progress through tissue layers 
towards the skin. This type of ulcers has been 
recently identified as deep tissue injury (DTI). It 
develops as a result of sustained compressive 
pressure which leads to: 1) damaging mechanical 
deformation in muscle tissue, and 2) ischemia and 
an ensuing cascade of harmful metabolic changes. 
Because muscle is more susceptible to breakdown 
due to pressure than skin, this latter class of 

pressure ulcers can develop unbeknownst to the 
afflicted individual or their care giver. Once skin 
signs become apparent, substantial damage to 
underlying tissue would have taken place.  

There are currently several interventions for the 
prevention of pressure ulcers. These include 
frequent repositioning of individuals [4-6], as well as 
the use of specialized cushions and mattresses. 
Despite these efforts, none of the current 
interventions has succeeded in decreasing the 
incidence of pressure ulcers consistently and 
reproducibly [7,8]. An alternative prevention 
technique is needed, particularly for ulcers of deep 
origin.

We have previously shown that intermittent 
electrical stimulation (IES) can be effective in the 
prevention of DTI [9]. It was suggested that the 
IES-evoked contractions allow the muscle to 
reshape periodically, thus relieving pressure at the 
bone-muscle interface, restoring blood flow, and 
increasing oxygen in the tissue. The hallmark 
feature of IES is the substantially longer “OFF” 
period relative to the “ON” period of stimulation, 
which prevents muscle fatigue. To date, the 
standard IES pattern has been 10s of maximal 
stimulation once every ten minutes.  

The goal of this study was to determine the most 
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suitable parameters of IES that could be used in 
clinical settings. More specifically, we investigated 
the effect of the duration of the “ON” period of 
IES and intensity of stimulation on its ability to 
prevent deep muscle damage under varying levels 
of loading pressure.

Materials and Methods 
Experimental Setup and Procedures 
Experiments to quantify damage in the deep tissue 
caused by externally applied pressure were 
performed in sixty-four adult female Sprague-
Dawley rats. All procedures were approved by the 
University of Alberta animal ethics committee.  

Under isoflourane (2%) anaesthesia, constant 
pressure equivalent to 18%, 28%, or 38% of the 
rat’s body weight (BW) was applied to the triceps 
surae muscle group in one hind limb. The 38% BW 
load resembled the load experienced by tissue 
around the ischial tuberosities (ITs) while sitting 
on a hard surface [10]. The 28% and 18% BW loads 
represented the loads experienced when sitting on 
softer surfaces including wheelchair cushions. 
Pressure was applied via a 3mm-diameter indenter 
for two hours (see Fig. 1). 

The rats were divided in two groups: one that 
received stimulation of the experimental limb 
during the loading period and one that did not. The 
no IES group included a control subgroup (CG), 
and a conventional pressure relief subgroup (PG). 
Rats in CG only received the pressure application, 
and rats in PG received manual removal of the 
pressure for 10s every 10 minutes.  

The IES group included four subgroups: maximal 
stimulation for either 5 or 10s (Max5 & Max10), 
and moderate stimulation for either 5 or 10s (Mod5 
& Mod10). Prior to the pressure application, all 
animals in the IES group were implanted with a 
nerve cuff around the tibial nerve. While IES in 
human volunteers is delivered non-invasively 
through surface electrodes, a nerve cuff was 
necessary in the rat due to the small size of the 
muscles and the substantial movement between the 
skin and underlying motor points. Rats in the IES 
subgroups received the 5 or 10s bouts of 
stimulation (50Hz, 100μs, charge balanced, 
constant current) every 10 minutes throughout the 
period of pressure application. After the two hour 
period, all rats recovered from anaesthesia and the 
opioid analgesic, buprenorphine, was administered 
to ensure comfortable recovery.  

Assessing the Extent of Deep Tissue Injury 
Between 17 and 24 hours after the removal of 
pressure, the rats were anesthetized with sodium 

pentobarbital (i.p., 45mg/kg). Magnetic resonance 
imaging of both hind limbs was performed in a 
3.0T magnet using a custom-built, 8 cm birdcage 
coil and a T2-weighted spin-echo sequence. 
Subsequently, the rats were perfused and the 
triceps surae muscles from both hind limbs were 
extracted and prepared for later histological 
analysis.   

Fig. 1: Diagram showing the apparatus used for applying 
controlled levels of pressure. 

The acquired images were analysed using custom 
written Matlab codes, allowing the quantification 
of muscle regions exhibiting edema (see Fig. 2). 
The contralateral leg was utilized as an internal 
control for each rat, and the extent of edema in the 
experimented limb was expressed as a percent of 
the muscle volume. 

Fig. 2: Quantification of edema with in vivo MR; reduction in 
edema from 60.31% in a CG rat (A) to 31.23% in a Mod10 rat 
(both loaded with 38% BW). 

Results
Effect of IES on Extent of Deep Tissue Injury 
As expected, the extent of edema in the control 
groups (CG) increased significantly with 
increasing load (p=0.003, one-way ANOVA), 
demonstrating that an increase in pressure 
corresponds to an increase in muscle damage. The 
extent of muscle edema in the conventional 
pressure relief group (PG) was not significantly 
different from that in the control group for all 
loading levels, in clear contrast to the outcome 
seen with IES.

A significant reduction in the extent of edema was 
produced with IES in the rats that received 28% 
and 38% BW loading relative to the non-IES 
groups (p=0.05, one-way ANOVA). IES reduced 
edema by approximately 50% in both groups: from 
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an average of 28.75% to 13.92% in the 28% BW 
group and from an average of 43.23% to 23.45% in 
the 38% BW group. Surprisingly, there were no 
significant differences between the Max10, Max5, 
Mod10, and Mod5 groups for both of the higher 
load groups; all were equally effective in reducing 
damage in deep muscle tissue (see Fig. 3).  

The level of edema in the 18% BW group was 
variable in this data set. None of the treatments in 
this group significantly reduced edema produced 
by the application of pressure.  

Fig. 3: The average percent of edema in the experimental hind 
limb in each group for all loads, mean ± SE (*, # significantly 
different from each other). 

Discussion
The results showed that the application of external 
pressure equal to 28% or 38% BW for durations as 
short as two hours is enough to generate a 
significant amount of damage in the deep tissue. 
The extent of the damage was closely correlated to 
the level of pressure applied. We found that the 
muscle indeed is more susceptible to damage than 
the skin. The outside surface of the skin in all 
experimental limbs appeared normal and provided 
no clues regarding the underlying edema in the 
muscle.  

The use of IES showed a significant beneficial 
effect when applied to muscles exposed to 
prolonged periods of loading with 28% or 38% 
BW. Interestingly, conventional pressure relief, 
which is similar to a person performing wheelchair 
push-ups, did not show the same beneficial effects 
obtained by IES. We believe this is due to the 
dynamic and active nature of the IES-induced 
contraction which allows not only for a transient 
increase in blood flow, but also to a sustained 
increase in oxygen in the compressed tissue [11].
We found that IES worked equally well for all 
parameters of “ON” period tested, which varied in 
intensity and duration. This suggests that a 5s-long 
moderate muscle contraction produced every 10 
minutes is adequate for reducing the extent of deep 
tissue injury. Future studies will explore additional 
parameters including the longest duration of 
“OFF” period needed to retain the benefits of IES. 
Understanding the effect of IES parameters on 
deep tissue injury will allow for implementation of 
this approach at its maximal potential.

Conclusions
The results demonstrate that IES reduces the extent 
of damage in deep tissue even when utilized to 
elicit 5s-long moderate contractions in the 
compressed muscles every 10 minutes. When 
combined with existing pressure relief strategies, 
IES could provide an effective prophylactic means 
for preventing the formation of pressure ulcers. 
Plans are underway for utilizing IES in clinical 
settings to prevent the formation of pressure ulcers 
in persons with decreased mobility.  
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Abstract 

Purpose: To investigate the potential of electrical stimulation-induced eccentric muscle contractions to enhance the 
benefits of functional electrical stimulation leg cycle ergometry (FES-LCE) in persons with spinal cord injury (SCI). 
Initial tests demonstrated that acute bouts of eccentric FES cycling exercise are safe and provide intense exercise to the 
muscles. Normally-innervated muscle adapts rapidly to repeated bouts of electrical stimulation-induced eccentric 
exercise. Therefore, in theory paralyzed muscle should adapt to eccentric exercise and allow higher loading to be 
developed on the muscles and bones of paralyzed lower limbs. Methods: Three experienced FES cyclists with SCI 
(ASIA A) undertook two sessions of 30-min eccentric FES-LCE (25 rev•min-1) separated by 2 weeks. Standard 
concentric FES-LCE performance was measured 48hr pre and post each eccentric FES-LCE session. Results: 
Concentric FES-LCE performance decreased 48hr post eccentric FES-LCE, but less so after the 2nd eccentric cycling 
session. Additionally, less stimulation was required during the 2nd eccentric cycling session to maintain the desired 
power absorbance during cycling. Conclusion: Trained paralyzed SCI muscle appears to tolerate and adapt well to 
eccentric FES-LCE. Continued exposure to eccentric FES-LCE may allow the development of greater muscles forces 
during FES-LCE. 

Keywords:   Spinal Cord Injury, Eccentric contraction, Cycling Exercise, Electrical Stimulation. 

 
  

Introduction  

During Functional Electrical Stimulation leg cycle 
ergometry (FES-LCE), a computer controls 
electrical stimulation to paretic or paralyzed 
muscles to elicit the appropriate contractions to 
pedal a cycle ergometer. Despite bestowing 
positive health benefits, and the relatively 
widespread use of FES cycling in research, there 
has been a slow uptake and uneven application of 
FES-LCE in SCI rehabilitation. Obstacles include 
uncertainty whether the perceived benefits exceed 
the regular training effort invested and whether 
FES cycling systems build muscle mass or 
maintain bone density in patients. 
 
Eccentric exercise involves applying stretch-
resistance to muscle while it is actively shortening. 
Low-intensity voluntary eccentric exercise in weak 
populations (e.g. elderly [1]) has demonstrated 
substantial improvements in muscle hypertrophy 
and strength. Recent investigation with paralyzed 
muscles has suggested that eccentric FES-LCE is 
technically feasible and safe when performed 
appropriately [2]. Data from acute eccentric FES-
LCE sessions suggested that it might offer a 
superior training stimulus compared to concentric 
FES-LCE which is usually employed. Preliminary 
results showed that substantial force loss was seen 
24 hrs following eccentric exercise, but blood 

borne indicators of muscle damage were not 
observed suggesting that eccentric FES-LCE does 
not result in marked muscle damage. 
 
The purpose of this study was to investigate the 
effect of repeated exposure to eccentric FES-LCE 
cycling. Non-paralyzed muscle adapts very quickly 
to eccentric exercise whether induced voluntarily 
or involuntarily via electrical stimulation [3]. If 
paralyzed muscle adapts to eccentric exercise then 
eccentric cycling may be a feasible part of an FES 
cycling program. 

Material and Methods 

Three people with SCI (3 ASIA-A) participated in 
this pilot study. Written informed consent was 
obtained from all subjects. Prior to commencing 
the study all subjects had trained with concentric 
FES-evoked cycling for at least 6 months. For 
training the subjects usually performed FES-LCE 
three times per week for up to 45 min. 

The experiment involved six FES cycling trials 
performed over three weeks (Table 1).  FES 
cycling was performed on a custom built FES 
cycling system based around a Motomed Viva 
cycle ergometer [4]. In the first and third week the 
subjects performed two concentric (Mon & Fri) 
and an eccentric FES cycling trials (Wed). For the 
second week the subjects returned to their usual 
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training schedule (FES cycling 2-3 times per 
week). Stimulation parameters during FES cycling 
were pulse-width 300 �sec, frequency 35Hz, and 
maximum pulse amplitude 140mA.  

Each concentric cycling session was performed for 
30-min at a preset power output using stimulation 
feedback (pulse amplitude modulation).  Eccentric 
FES cycling was performed at a similar power 
(absorption) and was produced by stimulating the 
muscles 180° out of phase compared to concentric 
cycling firing angles. Stimulation amplitude was 
recorded during each FES cycling session.  

Results 

Compared to baseline measurements, concentric 
cycling performance was reduced 48hr after 
eccentric FES cycling (Figure 1). Reduction in 
cycling performance was apparent in the 
stimulation required to maintain the preset power 
output (100% vs. 73% maximum stimulation). The 
reduction in performance was less after the second 
eccentric cycling session with the stimulation 
taking longer to reach maximum stimulation 
(25min vs. 10min). Less stimulation was required 
to maintain cycling performance during the second 
eccentric session compared to the first (Figure 2).  

 
Figure 1 Comparison of stimulation current vs. time for 
concentric cycling sessions. Key: � Baseline, � 48h 
post eccentric cycling 1, � 48h post eccentric cycling 2. 
Error bars represent standard error (N=3). 

Discussion 

By visual inspection of changes in stimulation 
amplitude across the exercise sessions, paralysed 
muscle would seem to demonstrate the repeated 
bout effect from eccentric exercise. In populations 
with normal neural innervation, electrically-evoked 
eccentric exercise has demonstrated the repeated 
bout effect [3]. This suggests that the repeated bout 
effect is due to changes in muscle structure and 
muscle recruitment. Therefore, it is not surprising 
that paralyzed muscle would also adapt quickly to 
eccentric FES exercise.  

Repeated exposure to eccentric FES cycling 
exercise might allow paralyzed muscle to develop 
greater eccentric muscle forces for further 
improvement in muscle hypertrophy and strength, 
and bone density.  

 
Figure 2 Comparison of stimulation current vs. time for 
eccentric cycling sessions. Key: � eccentric cycling 
session 1, � eccentric cycling session 2. Error bars 
represent standard error (N=3). 

 
Conclusions 

Trained paralysed SCI muscle appears to tolerate 
and adapt well to eccentric FES-LCE. However, a 
carefully designed long-term training study is 
required to determine the benefits that eccentric 
FES cycling exercise might confer to persons with 
muscle paralysis or paresis. 
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Abstract 
Early stage spinal cord injury involves a period of bed rest and low activity. Subsequent co-factors such as low blood 
pressure and muscle atrophy lead to a decrease in cardiopulmonary fitness. It is proposed here that the introduction of 
an appropriate training programme during the early stage of injury may attenuate this loss of fitness. This work 
examined the cardiopulmonary responses of three motor complete and three motor incomplete spinal cord injured 
subjects to a number of robotics-assisted stepping exercises. Subjects participated in periods of passive, active and 
electrically stimulated stepping. Increases in a number of cardiopulmonary parameters were observed with some 
subjects, in response to these exercises. These results show that those with an incomplete SCI may benefit from this 
form training during the early phase of injury. 

Keywords:  spinal cord injury, rehabilitation, functional electrical stimulation, cardiopulmonary, erigo. 

Introduction 
Spinal cord injury (SCI) results in partial or 
complete paralysis and loss of sensation below the 
level of lesion. In most cases, treatment involves 
an initial period of bed rest which causes rapid and 
extensive muscle atrophy in the affected limbs 
with a subsequent reduction in cardiopulmonary 
(CP) fitness [1]. 

Paralysis also inhibits vasomotor control and can 
result in orthostatic hypotension (OH) with 
vasodilatation occurring when moving from a 
supine to an upright position. Venous return and 
cardiac output are compromised, promoting OH 
and resulting in syncope or fainting [2]. Physical 
interventions for the prevention of OH include 
wheelchair training, compression stockings, 
passive movements of the legs and tilt table 
training with an integrated automated stepping 
device [3]. 

Delays in rehabilitation can occur as a result of 
secondary de-functioning due to prolonged bed rest 
and intractable OH. Active training with robotics 
assistance may induce positive CP adaptations and 
counteract the decline in fitness in early stage SCI. 

Recent work has shown that some forms of 
robotics-assisted exercise may have a role in 
reducing the rate of decline of physical fitness [4, 
5]. The aim of this work was to determine if 
training on a tilt table with an integrated automated 
stepping device (Erigo, Hocoma, Switzerland) 

(Fig. 1) can elicit a positive cardiopulmonary 
response in early-stage SCI subjects, and to 
investigate any differences in response between 
volitional stepping and stepping supported by 
electrical stimulation. 

Fig. 1: Tilt table with integrated automated stepper 

Methods 
Subjects 
This study was approved by the NHS South 
Glasgow and Clyde Local Research Ethics 
Committee. Six male SCI subjects (Table 1) were 
recruited from the Queen Elizabeth National Spinal 
Injuries Unit for Scotland (QENSIU). All subjects 
provided informed consent prior to participation. 
Subjects are identified in Table 1 as either motor 
complete (SC) or incomplete (SI).  
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Table 1: Subject profiles 

Subject Age [yr] Weight [kg] Post-injury 
[wks] 

Level AIS 

SC1 25 60 21 C3 B 
SC2 22 70 16 T4 A 
SC3 18 76 18 T8 A 
SI1 54 81 9 C4 C 
SI2 44 98 40 T2 D 
SI3 53 86 46 T9 C 

Exercise protocol 
Each subject was asked to participate in a set 
exercise protocol as identified in Table 2. 

Table 2: Testing protocol 

Phase Position Exercise 
1 Supine No stepping 
2 Vertical Automated stepping 
3 Vertical Automated stepping with volitional input* 
4 Vertical Automated stepping with volitional input* & FES 
* motor incomplete subjects only 

Each phase of exercise was five minutes in 
duration. The vertical phases of exercise were 
carried out at 70° of tilt from horizontal. Stepping 
speeds that were comfortable for each individual 
subject were selected and were in the range of 20 –
40 steps/minute.  

Cardiopulmonary measurements

Oxygen uptake (�	 
�� (Metamax, Cortex 
Biophysik GmBH, Germany) and heart rate (HR) 
(Polar S410, Polar Electro Oy, Finland) were 
continuously measured throughout the 
experimental session. 

Functional electrical stimulation 
Transcutaneous neuromuscular electrical 
stimulation electrodes (PALS Platinum, Axelgaard, 
Denmark) were placed over the quadriceps (5×10 
cm oval), hamstring (5×10 cm oval) and calf 
(4×6.4 cm oval) muscle groups while the subject 
was in the supine position. Stimulation was applied
automatically and in time with the robotics-assisted 
stepping (Motionstim, Krauth+Timmermann, 
Germany). Stimulation frequency and pulse width 
were fixed at 20 Hz and 300 μs respectively. 
Stimulation intensities (28 – 100 mA) were 
adjusted individually for each muscle group. 
Stimulation intensity was set to maximum for the 
complete subjects and was set to a level that was 
comfortable for those subjects with sensation. 

Statistical analysis

Data recorded in the fourth minute of each phase 
of exercise was averaged for each subject. The 
fourth minute was chosen to allow a sufficient 
transition from the previous phase to occur. Data 
from the complete and incomplete subjects were 
pooled and analysed separately. A repeated 

measures ANOVA (SPSS v.15.0, IBM, USA) was 
performed and a Mauchly test with a Huynh-Feldt 
correction was applied. When applicable a post-
hoc Wilcoxon signed rank test was performed. 

Results
Baseline (Phase 1) was compared to the passive 
(Phase 2), active (Phase 3) and electrically 
stimulated (Phase 4) periods of exercise. Active 
and electrically stimulated periods of exercise were 
also compared for the incomplete subjects. 

The averaged �	 
� and HR data are presented in 
Fig. 2 and 3 respectively. �	 
� was normalised 
with respect to body weight and all error bars 
indicate one standard deviation.  

�	 
� and HR did not change throughout the passive 
phases of exercise. No changes were observed 
during the active phase of exercise (Phase 4) for 
the complete subjects. An increase was found 
during the active phases (Phase 3 and 4) of 
exercise for the incomplete subjects, though these 
increases were not found to be significantly 
different from baseline. 

A comparison of active (Phase 3) and electrically 
stimulated (Phase 4) stepping for the incomplete 
subjects indicates that the addition of FES may 
elicit an increased �	 
� and HR response over 
volitional input alone, though these increases were 
not found to be statistically significant. 

Fig. 2: Phase comparison of oxygen uptake 

Fig. 3: Phase comparison of heart rate 
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Figure 3 compares the �	 
� of a complete and an 
incomplete subject (SC2 and SI2). During Phase 4, 
the �	 
� of the incomplete subject is much larger 
than that of the complete subject. This suggests 
that there is a CP benefit to volitional participation 
in this form of robotics-assisted exercise.

Fig. 4: Comparison of oxygen uptake  

Discussion 
Increases in CP and vascular parameters were 
found for the incomplete subjects, who also 
reported feeling fatigued at the end of the test. 

The benefits of applying FES are unclear. Phase 4, 
the only phase that included FES, also required a 
degree of volitional input. The magnitude of the 
FES contribution to the exercise is not quantified 
and is further questioned by the similar results 
found in the complete subjects, who were unable to 
make a volitional contribution to the exercise. No 
increase in �	 
� or HR were found for the complete 
subjects in response to FES. 

The complete subjects were found to have highly 
atrophied leg muscles, which may have contributed 
to the poor responses found. It may be possible to 
improve their response by extending the 
intervention with a period of muscle conditioning 
and by starting training as early as possible to 
minimise the effects of muscle atrophy. 

A spinal lesion at level T6 or above compromises 
the normal function of the sympathetic nervous 
system. In this study, no difference was found 
when comparing the results of those with a high 
level injury (T6 and above) to those with a low 
level injury (below T6). However, the small 
number of subjects tested makes it difficult to 
conclusively report on the effect of compromised 
sympathetic nervous function during this form of 
exercise. 

This pilot study included a small and complex case 
mix and varying time of intervention post injury. 
Due to these limitations, statistical significance 

was not found, although clear trends could be 
observed for the incomplete subjects. 

The variable results found in this pilot protocol 
would not support universal adoption of this type 
and timing of intervention but would suggest that 
targeted training may be beneficial in selected 
groups such as early incomplete injuries. 

Conclusions 
Oxygen uptake and heart rate were found to 
increase for incomplete SCI subjects during 
robotics assisted stepping. This modality of 
exercise may provide an effective form of 
cardiopulmonary training in SCI if instituted early, 
before the onset of extensive muscular atrophy.  
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Abstract
FES-evoked electromyography (eEMG) has been used to characterize the onset of fatigue in individuals with spinal 
cord injury (SCI). However, the relationship between eEMG and muscle torque is not always consistent amongst 
individuals nor over repeated bouts of FES-exercise.
Purpose: This study investigated whether the relationship between Torque and eEMG variables remained constant 
after short recovery periods between repeated bouts of isometric FES contractions.
Methods: Six SCI males volunteered to participate in this study. We employed a custom-built evoked EMG acquisition 
system to control FES and synchronize myoelectric signals with torque data from a Biodex muscle dynamometer. Each 
subject performed 3 FES-induced isometric contractions with the knee at 60 deg separated by recovery periods.
Results: Inspection of time curves revealed that key m-wave variables recovered at a faster rate than did muscle torque 
during and after the 2nd and 3rd

Conclusions: Since the relationships between m-waves and muscle torque was not consistent between the 3 
contractions, the potential use of eEMG signals as a proxy for muscle fatigue must be further investigated. Clinicians 
may need to re-plan their strategies for using eEMG as feedback for muscle fatigue in SCI individuals and further 
explore the different causes of fatigue during FES-induced exercise.

contractions. Different patterns emerged between individuals, but there was a clear 
trend for eEMG data to "recover" more quickly after repeated muscle stimulation. 

Keywords: FES-induced fatigue, Evoked electromyography, Isometric muscle contraction.

Introduction
Functional electrical stimulation (FES) - evoked
exercise can increase leg muscle strength and 
provide functional outcomes for people with 
neurological impairments. Cycling, standing, 
stepping and walking are examples of exercise 
modes that may be induced via FES [1]. However, 
muscle fatigue occurs considerably more quickly 
in the muscles of spinal cord-injured individuals 
compared to the muscles of able-bodied persons,
and especially under FES whereby muscle fibres
are activated synchronously by external 
stimulation pulses [2].

Evoked EMG signals (eEMG; a.k.a. m-waves) are 
electrical muscle responses generated during FES-
evoked contractions. They represent the sum of the 
action potentials from the activated motor units. 
Several authors have utilised eEMG signals during 
FES-evoked exercise to characterize the “quality”
of muscle contractions and onset of fatigue in 
individuals with spinal cord injury [3, 4]. Rapid 
FES-induced muscle fatigue becomes particularly 
serious for neurological clinical populations when 
activating their lower limbs in upright postures,

because it may lead to trips, falls [5] or unexpected 
knee-buckle [6].

We have recently proposed interval training (i.e. 
short bouts of FES-evoked leg exercise with 
recovery periods) as an alternative approach to 
continuous walking for functional gait training in 
the spinal cord injury (SCI) population [6]. As an 
adjunct to interval-type gait training, it might be 
useful if eEMG signals could be used to 
characterise or predict muscle fatigue in real time.

This study investigated whether the relationship 
between muscle torque and eEMG variables 
remained constant after short recovery periods 
between repeated exercise intervals of isometric 
muscle contractions induced by FES.

Material and Methods
Subjects:
Six SCI males, with complete or incomplete spinal 
cord lesions between C7 and T11, aged 45.6±15.7y 
and 10.5±6y since their injury incident volunteered 
to participate in this study. All were “experienced” 
FES users, currently undertaking such exercise at 
least twice weekly for previous months to years.
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Evoked-Electromyography and FES systems

We employed a custom-built computerized 
evoked-EMG acquisition system º the UniSyd 
e2MG [7] º to acquire myoelectric signals with 
torque data from a Biodex®

Using the UniSyd e

muscle dynamometer. 
Bipolar eEMG detection (Noraxon dual, 10mm 
diameter, 20 mm centre to centre, Ag/AgCl) was 
deployed to gather myoelectric data. On each 
subject’s bilateral lower limbs, two medium size 
stimulating electrodes were positioned above and 
below the quadriceps muscle belly. FES 
parameters were biphasic pulses, with a frequency 
of 25Hz, pulse width = 300μs and amplitude up to 
140mA as required to attain a desired torque of 
40Nm. Each subject performed three FES-induced 
isometric contractions at 60� knee angle separated 
by recovery periods (5 min), and muscle torque 
and eEMG data were pooled from both limbs for 
later analysis. Contraction intervals lasted from 
20s-60s depending upon when muscle forces fell 
below 40% of their maximal value for the first 
contraction.

2

Repeated-measures ANOVA was employed to 
determine whether repeated intervals of FES 
isometric contractions resulted in delayed times to 
peak for Torque, P2Pamp and M-area. Regression 
analysis was used to explore relationships between 
muscle torque, eEMG variables and time.
Significance was set to the 95% confidence level 
(P<0.05) and data are shown as mean ± SE.

MG system, seven variables 
were extracted and plotted in real-time from the 
acquired m-waves: (i) positive peak amplitude; (ii) 
negative peak amplitude; (iii) peak-to-peak 
amplitude; (iv) peak-to-peak duration; (v) time 
between stimulus artefact and positive peak; (vi) 
time between artefact and negative peak; and (vii) 
m-wave area [8]. In the current paper, only muscle 
torque [Torque], peak-to-peak amplitude [P2Pamp] 
and m-wave area [M-area] data have been 
presented for brevity. For each subject, data have 
been normalised to 100% representing the highest 
value for each variable in the first contraction 
interval.

Results
Fig. 1 portrays from the onset of neurostimulation, 
that Torque showed a significantly longer time to 
achieve its maximal value in the second 
(5.83±0.93s) and third FES intervals (7.64±0.85s) 
compared to the first (3.24±0.92s) [P<0.05]. In 
contrast, time to maximal P2Pamp only showed a 
significantly quicker response between the third 
interval (13.36±1.65s) and the first (16.91±1.32s) 

[p<0.05]. There were no significant differences 
between contraction intervals for time to greatest 
M-area.
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Fig. 1: Time to maximal Torque (left panel) and time to 
peak P2Pamp (right panel) for FES exercise intervals 
separated by brief recovery periods. �ºº� denotes p<0.05
between mean contractions. While time to achieve 
maximum Torque became progressively longer, time to 
peak P2Pamp shortened.

Fig. 2 and Fig. 3 portray the Torque-time and 
P2Pamp-time relationships for the first through 
third FES-evoked contraction intervals. Curves are 
shown from the point in time where P2Pamp 
started to decay.

Fig. 2: Decline of normalised torque during the first 
(black-�), second (light gray-�) and third (dark gray-
�) contraction interval. Interpolation markers fitted by 
uniform Loess smoothing. Shifting of curves 
downwards is clearly observed and initial force was 
lower during each subsequent contraction

Discussion
In the current paper we presented evidence of 
delayed-onset of muscle contraction force for FES-
evoked isometric exercise intervals lasting 20s to 
60s duration. Time to peak torque nearly tripled, 
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from the first to third contraction. In contrast, time 
from onset of neurostimulation to maximal 
P2Pamp fell modestly, and was only different 
between the first and last contractions. 

Fig. 3: Decline of normalised P2Pamp during the first 
(black-�), second (light gray-�) and third (dark gray-
�) contraction intervals. Interpolation markers fitted by 
uniform Loess smoothing. No shifting of curves is 
observable and subsequent initial P2Pamp always above 
75%

From onset of neurostimulation, while P2Pamp 
and M-area curves were still increasing towards
their maximal values (plateau) during the first FES 
contraction interval, Torque was already declining 
with values observed around 90% and 85% of 
peak, respectively. During this brief period of time, 
m-wave variables and the Torque were shifting in 
opposite directions. Consequently, different 
patterns were observed between them. To reduce
this discrepancy, we filtered out samples from 
Torque and m-wave date obtained during the 
ascending part of the P2Pamp curves. Logistic 
sigmoid regression models would then fit P2Pamp 
curves for most subjects or trials. However, a
single sigmoid regression model to fit all variables 
for all subjects and every trial was not achieved.

Torque data on the muscle dynamometer revealed
substantial decrease from the 1st through 3rd

Conclusion

contraction, suggesting poor recovery of muscle 
forces between the FES intervals. Changes 
appeared to reside within the intercept coefficients
of the regression model, with no apparent change 
of the torque-time slopes. P2Pamp and M-area
showed full recovery between contractions 1 and 
2; with values occurring above 100% of the first 
interval for some subjects (this has been termed
“m-wave potentiation”). During the third 
contraction interval, P2Pamp and M-area also 
presented higher averaged values than the Torque

data. No significant differences between 
contractions 1 and 2 could be detected on the 
averaged m-wave variables.

Since the relationships between m-waves and 
muscle torque appeared to be inconsistent between 
the 3 FES contractions in these SCI subjects, the 
potential use of eEMG signals as a proxy for 
muscle fatigue must be further investigated. If 
FES-evoked interval exercise is to be preferred for 
gait training [6], then improved “fatigue 
prediction” from eEMG signals must be achieved.
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Neural control of posture and locomotion

Deliagina Tatiana

Department of Neuroscience, Karolinska Institute, Stockholm, Sweden

Maintenance of the basic body posture is a vital motor function based on in-born neural mechanisms. Inability 
to maintain the basic body posture and equilibrium is one of the major motor disorders following traumatic 
spinal cord injury, stroke and other neurological conditions. Instability of posture strongly affects locomotion in 
these patients. Selection of appropriate rehabilitation strategies (including FES) for compensation of locomotor 
and postural deficits depends largely on an elucidation of corresponding neural mechanisms. We study postural 
networks, their impairment caused by central and sensory deficits, as well as principles of their interaction with 
locomotor system, by using animal models. The main conclusions of our study are the following: (i) A number of 
motor centers (including motor cortex, brainstem and spinal cord) participate in stabilization of body 
orientation in space. Each of them operates on the feedback principle and generates corrective motor commands 
if the body orientation is perturbed. (ii) The spinal cord contains neuronal networks underlying spinal postural 
limb reflexes, which contribute to body stabilization in intact animal. (iii) Perturbations of body orientation 
during locomotion cause postural corrections, which are well incorporated into the basic locomotor pattern. (iv) 
Corticospinal and reticulospinal systems mediate interaction of postural and locomotor networks.
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Abstract 
The stabilization of the basic human body orientation in space relies on continuous motor coordination and dynamic 
adjustment of sensorimotor transmission, particularly during the execution of postural multi-joint and volitional single 
joint tasks. The underlying control mechanisms can be assessed by studying monosynaptic spinal reflexes and their 
movement-induced regulations. To elicit such responses in multiple lower limb muscles bilaterally and simultaneously, 
we applied a non-invasive technique of transcutaneous spinal cord stimulation. During the execution of controlled 
postural and volitional multi- and single joint lower limb movements, characteristic task-dependent reflex modifications 
were demonstrated: (i) The monosynaptic test reflexes were modulated in a way revealing the functional role of the 
muscles in a particular task. (ii) Information on motornuclei excitability was derived even for muscle groups that were 
quiescent during that task. (iii) The excitability of motornuclei was modified already in the preparatory phase of a 
movement, i.e., before its execution. The significance of the present approach lies in that it represents a vital tool to 
investigate how motor control is triggered and maintained in individuals with intact or altered nervous system 
functions. Furthermore, it allows evaluating the relation between segmental reflex organization and corrective 
movements during the execution of motor tasks. 

Keywords: monosynaptic spinal reflexes, posture, motor task, conditioning-test paradigm, sensorimotor transmission 

 
Introduction  
Dynamic task-dependent regulation of spinal 
reflexes plays an essential role in human motor 
control and sensorimotor integration [1]. 
Commonly, the soleus H reflex has been used to 
assess the efficacy of the transmission from Ia 
afferents to alpha-motoneurons within the spinal 
cord [e.g. 2]. Though equivalents to the soleus H 
reflex can be also evoked in some other lower limb 
muscles by peripheral nerve stimulation, their 
selective elicitation is usually difficult to achieve, 
particularly during movements, and often requires 
special techniques such as reflex reinforcement [3]. 

We have previously shown that electrical 
stimulation applied over the lumbosacral spinal 
cord via epidurally implanted electrodes or 
electrodes placed over the body surface can elicit 
muscle twitches in multiple lower limb muscles 
bilaterally and simultaneously in subjects with 
injured or intact nervous system functions [4,5]. 
When elicited at low frequencies (e.g. 2 Hz) these 
responses, named posterior root-muscle (PRM) 
reflexes, were shown to be monosynaptic, 
segmental reflexes like the H reflex [4,5,6]. 
Recently, it was demonstrated that the stimulation 
of the spinal cord with surface electrodes can elicit 

PRM reflexes in upright standing healthy [7] and 
spinal cord injured people [8]. Thus, 
transcutaneous spinal cord stimulation (tSCS), 
providing afferent input to multiple segmental 
levels at the same time, presents a potent tool 
extending classical H reflex studies confined to a 
single muscle to investigating sensorimotor 
transmission of numerous lower limb muscles 
simultaneously. 

Here, we aimed at testing the effect of distant, 
selective motor tasks and postural maneuvers 
incorporating the whole body on sensorimotor 
mechanisms regulating the reflex gain of multiple 
lumbosacral spinal cord segments. In a single 
subject, we furthermore assessed changes in 
motornuclei excitability taking place even before 
the execution of a movement, i.e., during its 
preparatory phase. 

Material and Methods 
Subjects 
Four healthy subjects (aged 22-34, male) 
participated to the study. Stimulation and recording 
protocols utilized in this manuscript were approved 
by the local ethics committee. 
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Transcutaneous spinal cord stimulation  
Self-adhesive surface electrodes (Schwa-medico 
GmbH, Ehringshausen, Germany) were used to 
apply tSCS. To this end, a pair of stimulating 
electrodes (Ø 5 cm) was placed on the back at T11-
T12 vertebral levels, left and right to the spine. A 
pair of indifferent electrodes (8 x 13 cm) was 
attached to the abdomen, one on either side of the 
umbilicus. Both electrodes of each pair were 
connected to function as a single electrode. 
Symmetric, biphasic rectangular pulses with 
widths of 2 ms were delivered by a constant-
voltage stimulator. For details see [5,7].  

Surface-poly electromyography 
Electromyographic (EMG) activity from 
quadriceps (Q), hamstrings (Ham), tibialis anterior 
(TA) and triceps surae (TS) bilaterally was 
recorded with surface electrodes. EMG signals 
were amplified using Phoenix amplifiers (EMS-
Handels GmbH, Korneuburg, Austria) with a gain 
of 502 over a bandwidth of 20-500 Hz and 
digitized at 2048 Hz per channel. 

Study protocol 
Elicitation of PRM reflexes. PRM reflexes were 
elicited simultaneously in all recorded muscles. 
The placement of the stimulating electrodes was 
adjusted as to yield in symmetric bilateral 
responses. Stimulation intensity was increased 
until all evoked PRM reflexes had peak-to-peak 
amplitudes ≥ 100 μV. The reflex nature of the 
responses was verified by applying double stimuli 
50 ms apart; attenuated responses to the second 
pulse hinted at long refractory periods associated 
with reflexes. For the conditioning-test paradigms, 
single stimuli were applied at 0.2 Hz. 

Conditioning-test paradigms. For each paradigm, 
five unconditioned PRM reflexes were elicited 
followed by five conditioned ones. All responses 
of a recording were evoked under constant 
stimulation conditions. In three subjects, following 
conditioning-test paradigms were utilized: (i) 
unilateral dorsi- and plantar flexion (cycle period 6 
s) in one of the lower limbs being unloaded while 
standing on the contralateral lower limb, with one 
hand resting gently on a bar; (ii) leaning forward 
and backward at the ankle from neutral standing. 
In one further subject, PRM reflexes were elicited 
in supine position during preparation phase of a 
volitional withdrawal movement performed in 
response to an acoustic signal. 

Data analysis 
The peak-to-peak amplitudes of the five 
unconditioned and conditioned PRM reflexes of 

each recording were computed and averaged. 
Mean conditioned responses were normalized with 
respect to the corresponding averaged controls. In 
case of unilateral dorsi- and plantar flexion, group 
results of the three subjects were derived by 
arranging both lower limbs into the categories 
ipsilateral or contralateral to the movement. The 
resulting six values for each muscle were averaged. 
Data were analysed off-line using Matlab 6.1 (The 
MathWorks, Inc., Natick, MA, USA). 

Results 
PRM reflexes in all recorded muscles bilaterally 
with peak-to-peak amplitudes ≥ 100 μV were 
elicited on average at 34.3 ± 3.4 V in the three 
subjects tested in standing position and at 31 V in 
the subject studied in supine position. 

 
Fig. 1: Bar diagrams and inserted values representing 
group results of conditioning-test paradigms with peak-
to-peak amplitudes of conditioned responses normalized 
with respect to unconditioned ones. Underlined values 
marking consistent results found in at least 5 of the 6 
lower limbs studied. A, unilateral dorsi- (black bars) and 
plantar flexion (white bars) while standing on the 
contralateral lower limb; B, leaning forward (black bars) 
and backward (white bars) from neutral standing. 

Unilateral dorsi- and plantar flexion in standing 
position. A consistent feature of PRM reflex 
modulations found in all tested subjects during 
dorsiflexion (Fig. 1A, black bars) was the 
suppression of ipsilateral Ham and TS responses 
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and the facilitation of the ipsilateral Q responses. 
During plantar flexion (Fig. 1A, white bars), PRM 
reflex modifications could vary interindividually; 
responses were either suppressed or facilitated with 
respect to the unconditioned controls. As compared 
to dorsiflexion, Ham and TS responses were 
always larger during plantar flexion (by a factor 
1.29 and 6.36, respectively). 

Leaning forward and backward at the ankle. 
Leaning forward was accompanied by facilitated 
Ham, TA, and TS responses (Fig. 1B, black bars). 
Leaning backward (Fig. 1B, white bars) resulted in 
a suppression of the responses of the posterior 
compartments of the lower limbs (Ham and TS) 
and a facilitation of the anterior compartments of 
thigh and leg (Q and TA). 

Preparatory phase of a movement. During the 
preparatory phase of an active withdrawal 
movement (Fig. 2), facilitation of the Q responses 
ipsilateral to the planned motor act was revealed. 
At the same time, all recorded muscles of the 
contralateral lower limb stabilizing the body 
posture were facilitated.  

 
Fig. 2: Peak-to-peak amplitudes (bars and inserted 
values) of PRM reflexes elicited during the preparatory 
phase of a fast withdrawal movement normalized to the 
unconditioned controls. Data derived from a single 
subject in supine position. 

Discussion and Conclusions 
The present results demonstrate that PRM reflexes 
elicited in the lower limb muscles are modified in a 
way revealing the functional requirements of a 
particular motor tasks (e.g. attenuation of TS 
responses during dorsiflexion) and to counteract 
perturbation of equilibrium (e.g. facilitation of 
posterior lower limb compartments and TA 
responses during leaning forward, the latter due to 
the necessity to stiffen the ankle joint during this 
task). In particular, the excitability of motoneurons 
associated with muscles quiescent during a specific 
task is inhibited. Facilitation of responses elicited 
during the preparatory phase of a task showed that 
the motornuclei excitability is modified even 
before the execution of the movement. 

The presented approach opens a new avenue for 
investigating how motor control is triggered and 
maintained at the level of the human lumbosacral 
spinal cord. Expanding the knowledge about the 
interaction between segmental reflex organization 
and automatic postural capacities will be crucial in 
designing new and adjusting already available 
rehabilitation strategies for restoration of 
locomotor functions in people with neurological 
disorders. 
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Abstract 
Human lumbar circuitries isolated from supraspinal structures by spinal cord injury (SCI) have the capability to 
generate locomotor-like lower limb movements. Continuous multi-segmental afferent input to the lumbar cord produced 
by epidural electrical stimulation can activate these premotoneuronal structures to generate rhythmic flexion-extension 
movements of paralyzed lower limbs. The corresponding EMG activities of thigh and leg muscles consist of series of 
responses to stimulation of posterior root afferents. These posterior root-muscle reflexes demonstrate phase-dependent 
alterations in amplitude as well as response latency within the rhythmic motor patterns. The data suggest that the 
human lumbar spinal circuitry can coordinate spatiotemporal patterns of motoneuron firing and select alternative 
segmental circuitries involved in the generation of rhythmic activity. Recently we described a non-invasive 
transcutaneous spinal cord stimulation technique of activating lumbar posterior root afferents. We used this technique 
to apply continuous stimulation in humans with SCI during treadmill stepping assisted either manually or by a robotic 
gait orthosis. We could demonstrate a phase-dependent augmentation of motor output in motor complete SCI and 
improved stepping in incomplete SCI subjects. Integrated into multimodality rehabilitation strategies, future biomedical 
engineering approaches should utilize the ‘motor repertoire’ of the human spinal cord to ameliorate motor function 
after injury. 

Keywords: spinal cord injury, spinal cord stimulation, treadmill stepping, spinal pattern generator, locomotion 

Introduction 
The mammalian lumbar spinal cord contains neural 
circuitry that can be activated by a non-patterned 
drive to generate motor behaviours like stepping. 
In animals, these central pattern generators can be 
set into action by continuous electrical stimulation 
of supraspinal structures and their descending 
projections [1] as well as afferent pathways of the 
spinal cord (posterior roots/columns) [2,3]. When 
epidural spinal cord stimulation (eSCS) became 
available as a clinical tool, it provided a means to 
apply continuous stimulation to the posterior 
lumbar cord structures in humans [4]. 

We demonstrated that such non-patterned 
stimulation could produce stepping-like activity in 
complete spinal cord injured (SCI) persons in 
supine position [5,6]. The mechanisms for these 
effects have been attributed to stimulation of 
afferents within multiple posterior roots with 
subsequent trans-synaptic activation of lumbar 
locomotor networks by the tonic input conveyed 
via axonal collateral branches [6,7].  

Recently, we described a method for non-invasive 
spinal cord stimulation through surface electrodes 
placed over the lumbar paraspinal and abdominal 
muscles, so-called transcutaneous spinal cord 
stimulation (tSCS) [8,9]. 

The purpose of the current report is to review 
evidence for the existence of a human spinal 
pattern generator for locomotion activated by 
eSCS. Neurophysiological information on the 
operation of these locomotor circuitries provided 
by electromyography from paralyzed lower limb 
muscles in motor complete SCI people will be 
presented. Finally, we will report our experience 
using continuous tSCS for enhancing motor output 
during treadmill stepping assisted manually or by a 
robotic gait orthosis, the Lokomat, in SCI subjects. 

Material and Methods 
Subjects
Six subjects with traumatic, complete SCI in a 
chronic condition participated to the study utilizing 
eSCS. The effect of tSCS was tested in 2 motor 
complete and in 4 non-ambulatory, motor-
incomplete chronic SCI people. 

- 259 -- 259 -



Epidural spinal cord stimulation 
The eSCS system consisted of a cylindrical array 
with four independent electrodes (Pisces-Quad 
electrode, Model 3487A, Medtronic, Minneapolis, 
MN, USA) connected to an implanted 
programmable pulse generator (Itrel 3, Model 
7425, Medtronic), that generated monophasic, 
charge balanced stimuli with a pulse width of 210 
μs. For details see [4,6]. 

Transcutaneous spinal cord stimulation  
The stimulation method utilizes equipment 
available in electrodiagniostic laboratories and in 
physical rehabilitation departments. A pair of 
electrodes (∅ = 5 cm) were placed over the 
paravertebral skin on each side of the spine at the 
T11-T12 interspinous space (Fig. 1). Reference 
electrodes were a pair of rectangular electrodes (8 
cm x 13 cm) placed over the abdomen. The two 
electrodes of each pair were connected to function 
as a single electrode. Symmetric, biphasic 
rectangular pulses of 2 ms width were delivered by 
a constant-voltage stimulator. The paravertebral 
electrodes were operated as the anode during the 
first phase of the stimulus pulse. Neural elements 
were stimulated at the transition from the first to 
second phase of the biphasic stimulus, when the 
function of the paravertebral electrodes changed 
from anode to cathode. For details see [8,6]. 

Fig. 1: A. Electrode placement for transcutaneous 
lumbar posterior root stimulation. B. Sketch of 
stimulation electrodes with respect to spine and spinal 
cord and of C. the stimulated posterior roots. 

Results 
Tonic eSCS at 25-50 Hz in complete SCI persons 
was effective to produce rhythmic lower limb 
muscle activities in supine position (Fig. 2). The 
EMG signals of the induced rhythmic activities 
consisted of series of compound muscle action 
potentials (CMAPs) occurring with the stimulation 
frequency. Each CMAP was a posterior root-
muscle reflex (PRM reflex), initiated in large-
diameter afferents of lumbosacral posterior roots 
and detected from the homonymous lower limb 
muscles. Thus, the muscle activities consisted of 
series of PRM reflexes, with characteristically 
modulated amplitudes forming the shape of an 

EMG burst, followed by phases of PRM reflex 
suppression.  

In addition to amplitude modulations, we found 
alterations of PRM reflex latency within the 
rhythmic motor patterns as well as. Bursts during 
extension-like phases of rhythmic activities were 
composed of monosynaptic PRM reflexes. During 
flexion-like phases, these short-latency PRM 
reflexes were replaced by polysynaptic PRM 
reflexes in tibialis anterior and other muscles that 
were co-active. These data suggest that the human 
lumbar locomotor circuitries can produce 
coordinated spatiotemporal patterns of motoneuron 
firing as well as control the phase-dependent 
selection of segmental circuitries involved in the 
generation of rhythmic outputs.

Fig. 2: Locomotor-like activity induced by continuous 
epidural spinal cord stimulation in a complete SCI 
individual in supine position. EMG activity of 
quadriceps (Q), hamstrings (Ham), tibialis anterior 
(TA), and triceps surae (TS); constant stimulation of 
posterior lumbar cord with 10 V, 25 Hz. 

Continuous tSCS at 30 Hz augmented muscular 
activity recorded from EMG electrodes placed over 
proximal and distal flexors and extensors of the 
lower extremity as with eSCS. Stimulation applied 
to motor complete SCI subjects at moderate 
intensities during body weight supported treadmill 
stepping (BWSTS) considerably increased EMG 
amplitudes with minor changes of the EMG 
patterns of the paralyzed lower limb muscles as 
generated by manually assisted stepping alone. 
With stronger stimulation, rhythmic activities in 
the lower limb muscles were generated, but were 
not linked to the externally imposed gait cycle. The 
most profound effect of tSCS was seen in the 
incomplete SCI participants. Sub-motor threshold 
stimulation at 20-30 Hz (that produced 
paraesthesiae in the lower limb dermatomes) 
applied during BWSTS resulted in a gait-phase 
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appropriate augmentation of lower extremity motor 
output and improved limb movement (Fig. 3). In 
the Lokomat, adding loading and increasing gait 
speed improved EMG output but this was 
augmented to a greater extent when tSCS was 
simultaneously supplied. 

Fig. 3: Modulation of lower extremity motor outputs 
produced by continuous tSCS at 30 Hz applied to a 
motor incomplete SCI subject while performing 
treadmill stepping. Filtered, rectified EMG averaged 
from 10 step cycles with and without tSCS. 

Discussion and Conclusions 
The generation of stepping-like lower limb activity 
in humans does not require connectivity between 
the brain and spinal cord, when sustained electrical 
stimulation is delivered to the lumbar posterior 
roots. Afferent input to the human lumbar cord, 
when continuously and multi-segmentally 
provided, can activate premotoneuronal locomotor 
structures to generate rhythmic flexion-extension 
movements of the lower limbs.  

This ‘motor repertoire’ of the human spinal cord 
should have important implications for strategies to 
improve motor function in humans with SCI or 
other motor disorders. Minimally-invasive epidural 
or non-invasive transcutaneous techniques of 
spinal cord stimulation are promising means to 
switch the circuits into different operating modes 
and produce multiple patterns of motor outputs and 
behaviour. It is very likely that these approaches 

will have even more potential with further 
technological development as well as when 
integrated into multimodality rehabilitation 
strategies including robotically-assisted locomotor 
training and FES. 
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Marked multi site stimulator of the lumbar posterior roots as a tool for 
studies of the locomotor pattern generator in humans.

Bijak M

[Vienna, Austria].

Successful demonstrations in humans showing that it is conceivable by transcutaneous electrical stimulation of 
lumbosacral roots in man to (1) lead to extension of this technique to studies of posterior root-muscle reflexes 
{PRMRR] elicited by single stimuli (2) as well by train of stimulation with lower [2-15 Hz] and higher frequency 
[20-50 Hz]. Single posterior root muscle reflexes resembled H-reflex responses but to the contrast of H-reflexes 
elicited by stimulation of mixed nerve trunks and recording H-wave in the corresponding muscle group H-wave;
transcutaneous PRMRR can elicit simultaneously in a number of spinal cord segments PRMRR, equivalent to 
plurisegmental H-reflexes. This new exposition of spinal reflex activity with increased frequency reveals different 
functional configuration of lumbar interneurone and their functional presynaptic modification of spinal motor cells 
of motor nuclei resulting in a variety of functional movement in subjects with paralyzed lower limbs, due to 
separation from brain control by occasional traumatic SCI. Therefore, further studies become essential in order to 
have multisite stimulator with independent control of multiple (>8) stimulating channels in order to examine 
segmental organization of human lumbar pattern locomotor generator. We shall present technical characteristic of 
such multistimulator and how stimulation parameters, [strength, frequency, width of single stimuli and trains] and 
their time and site relation can be programmed and applied in neurophysiological studies of motor control in 
humans.

1. Maertens de Noordhout A, Rothwell JC, Thompson PD, Day BL, Mardsen CD> Percutaneous 
electrical stimulation of lumbosacral roots in man. J Neurol Neuroeurg Psychiatry. 1988; 51:174-
181.

2. Minassian K, Persy I, Rattay F, Dimitrijevic MR, Hofer C, Kern H.:m Postrior root muscle 
reflexes elicited by transcutaneous stimulation of the human lumbiosacral cord. Muscle Nerve 
2007; 35:327-336.
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Human neurophysiology of the voluntary motor tasks

Rothwell John

UCL Institute of Neurology, Queen Square, London, UK

Increasing understanding of the flexible organization of sensorimotor networks in the spinal cord has revealed 
the large range of behaviors that can be evoked even with relatively unpatterned inputs such as those provided 
by external stimulation. How does descending volitional input from the cerebral cortex address this circuitry? 
Are volitional inputs equivalent to “switches” or “tonic external drives” that activate intrinsic self-organizing 
networks, or is there more direct supervisory control of spinal excitability that updates commands on a moment 
by moment basis? The question is important in terms of the type of function we might expect to restore after 
spinal injury following interventions to promote regeneration and reinnervation. I will show that transcranial 
magnetic stimulation and other imaging methods can be used to investigate the extent of volitional inputs to 
spinal cord during relatively automatic movements such as gait or stance, and begin to provide some answers to 
these basic functional questions.
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Abstract
The enormous parallel activities with up to 1016 signals per second hinder detailed simulation of the human nervous 
system. On the other hand, a single neuron cannot discern through which pathway excitatory or inhibitory information 
enters the cell. This fact allows to partially substitute the input of descending pathways in cases of injuries by afferent 
projections that are electrically stimulated in order to drive pattern generators in the spinal cord. The main elements of 
this network which has to generate the neural patterns for posture and locomotion can be simulated by populations of 
interacting neurons with rather simple structures. The model concept is based on the central pattern generator of 
experimental animal and is adapted to account for observations from electrical stimulations of the human spinal cord 
with implanted and surface electrodes. The tools for human data analysis are multichannel EMG responses that are 
sharply synchronized with the stimulus pulses. Delays of responses and EMG amplitude modulations are essential 
elements for model evaluation. Therefore, every simulated neuron that is part of the network model consists of a 
membrane model of the Hodgkin-Huxley type with an additional stochastic component and a delay representing the 
temporal influence of signal conduction in axons and synapses. 

Keywords: central pattern generator, spinal cord stimulation, electromyography, posterior root-muscle reflex, 
computer simulation.

Introduction  
Neural coding within the central nervous system is 
concerned with how sensory and other information 
is represented by neurons. In order to reduce 
computational efforts, most neural network models 
consist of point neurons, neglecting dendritic 
geometry. The synaptic activities are often 
summed linearly to determine spike times that are 
send without delays to the connected neurons. In 
comparison with real neurons, the accuracy of 
these models depend essentially on the formalism 
for spike development, that can include Hodgkin-
Huxley dynamics for the main ion types at the 
somatic membrane [1,2] or simple rules for 
synaptic currents that are added until threshold is 
reached (LIF: the Leaky Integrate-and-Fire Model) 
[3-5].  

In many cases it is of interest which circumstances 
influence the accumulation of the synaptic inputs. 
The example in Fig. 1 shows the local excitation of 
a single dendritic branch of a cortical pyramidal 
cell, short after external stimulation with a 
microelectrode in the vicinity of this branch, see 
[6] for details. In a similar way the same dendritic 
region can be excited by local excitatory synaptic 
inputs. Note that subthreshold synaptic excitatory 
activities in other main branches would not support 
this spike initiation. 
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Fig. 1.  Simulation of a conducted dendritic spike. 
Colour codes the transmembrane voltage in mV.  
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Results
The example of Fig. 1 demonstrates the spatio-
temporal dependence of excitatory and inhibitory 
synaptic events: local concentration along a few 
100 μm of synaptic activity within a small time 
window is most effective and several dendritic 
domains can operate as individual processing units. 
In contrast to the apical dendrites, the soma 
together with all proximate parts of the basal 
dendrites can be seen as a single processing unit, 
because of a rather low intracellular resistance 
between all of these elements. 

It is important to note, that the spikes which are 
finally conducted along the axon do not carry any 
information about their origin. This principle 
allows to substitute neural inputs by other 
pathways, e.g., the neural input from cortico-spinal 
pathways in humans with spinal cord injuries can 
be partially replaced by spikes initiated in dorsal 
root fibers [7,8]. Usually, the dorsal root fibers are 
stimulated in humans either with epidural 
electrodes [9] or transcutaneously [10].  

Depending on the stimulus frequency the method 
allows in paralyzed subjects  

(i) to reduce spasticity [11],   
(ii) to elicit lower limb extension [12], 
(iii) to cause stepping-like movements [7, 9]  

A simplified scheme of a neural network (Fig. 2) 
for simulating the characteristic features of the 
electrically stimulated human lumbosacral cord is a 
modification of the work presented in [1]. In 
contrast to the previous explanations related with 
Fig. 1 it is not necessary to simulate spatial 
elements like dendritic geometry or the conduction 
in the axon. This way the computational effort is 
reduced by a factor 100. Spike conduction from 
cell to cell is however included as delayed synaptic 
activity. Every element in Fig. 2 is represented as 
population of neurons. Stochastic components are 
included in every neuron (Hodgkin Huxley type) in 
order to represent ion current fluctuations as 
expected in the real situation. 

Our human experimental data are restricted to 
multi-channel EMGs, showing sharp 
synchronization with the train of stimuli, but with a 
change of the delay indicating a transition from 
monosynaptic to polysynaptic pathways for higher 
stimulus frequencies [7-13]. 

The simulation of the electrically stimulated neural 
responses demand for a three step procedure: 

(i) The electrical potential is calculated along 
the neural structures that are primarily 
excited.

(ii) It was shown that these structures are the 
thickest dorsal root fibers [14, 15]. For a 
given situation (stimulus frequency, 
amplitude and electrode positions) the 
firing pattern of selected sensory axons are 
evaluated.

(iii) A system of neurons (Fig. 2) is supplied 
with this artificially generated sensory 
input that replaces the missing input from 
the brain. A delay representing the 
temporal influence of signal conduction in 
axons and synapses is included. 

PATTERN 
GENERATOR

Xmissing input from
 higher centers

Fig. 2.  Neurons of pattern generators of the human 
spinal cord can be activated through electrical 
stimulation of afferent axons, thus bypassing the 
input from the brain. 

Conclusions
The human nervous system has many components 
comparable with the number of stars in the 
universe, with every neuron like a galaxy when 
considering the possible synaptic interactions. It is 
therefore surprising that neural processing can be 
reduced to some features that are characteristic for 
those tasks to be solved. 

In order to generate for instance stepping like 
movements in patients with spinal cord injury it is 
important to send neural signals to the relevant 
interneurons. These inputs, although coming from 
other neurons, should have characteristic features 
similar to the healthy case. Therefore it is not 
surprising that combing treadmill walking with 
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electrical lumbar cord stimulation show a better 
coordination in the EMG patterns of lower 
extremity muscles in comparison with a single 
application, that is, either manual guided stepping 
or electrical stimulation. 
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Can FES device be also a tool for assessment of motor control

Mayr W [Vienna, Austria]

Neurological deficits, drop foot, wrist drop, variety of paralysis, paresis, mono, para, tetra, hemip are a result of 
modified motor control of volitional, automatic postural, reflex activity. FES biomedical approach in the clinical 
practice is to provide appropriate stimulation of motor points, motor and mixed motor and sensory axons of nerve 
trunks with appropriate strength, time of stimulation to elicit missing movement or component of it in order to 
improve human body motor performance. Motor control studies, particularly in the last two decades, extensive 
studies by multichannel surface electrodes polielectromyography with standard protocols, electrode positioning, 
amplification, frequency bands [1] and automatic electronic analysis [2,3] help us to learn that there are different 
features of residual motor control for clinically same or similar neurological deficits. Therefore, it becomes relevant 
to have insight into the residual motor control of neurological motor deficits, motor control impairment, while we 
are fitting FES electrophysiological braces. It is critical for the comfort of the fitted person to achieve functional 
interaction between external control pattern of stimulation and residual motor control of body movement.
Enhancement of residual motor control can significantly improve motor performance, endurance after spinal cord, 
head injury, stroke, multiple sclerosis and other neurological conditions. In the presentation, we shall demonstrate 
protocol for assessment of residual motor control of upper motor neurone drop foot with the single channel FES 
stimulator in the outpatient clinic environment. Similar approaches can be applied to assess more complex motor 
control of the alter features and FES movement restoration. Finally, we shall discuss expected benefits of such 
practices in providing information, about not only clinical defects, but also underlying neurophysiological 
mechanism.

1. Sherwood AM, McKay WB, Dimitrijevic MR: Motor Control after sopinal mcord injury: 
assessment using surface EMG. Muscle Nerve 1996 19(8);m 966-79.

2. McKay WB, Lim HK, Priebe MM, SDtokic DS, Sherwood AM. Clinuical neurophysiological 
assessment of residual motor control in post-spinal cord injury paralysis. Neurorehabil Neural 
Repair. 2004 18(3): 144-53.

3. Lim HK, Lee DC, McKay WB, Protas E, Holmes SA, Priebe M, Sherwood AM: Analysis of 
sEMG during voluntary movement: II Voluntary response index tio change. IEEE Trans Neu Sys 
Rehab Eng. 2004 12(4): 416-21.
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Comparison of neuromuscular stimulation to exercise

Vrbova Gerta

Division of Life Sciences, UCL Gower Str. London, UK

The final structure that is responsible for movement is the motor unit. It consists of the motoneurone, it’s axon 
and the muscle fibers it supplies. Each muscle is composed by a number of different types of motor units.  During 
normal activity as well as exercise these motor units are recruited in a highly organized fashion depending on 
the excitation of the motoneurones within the central nervous system, which depends on a number of mechanisms 
such as the size of the motoneurone, as well as excitatory and inhibitory inputs that are impinging upon it. This 
recruitment order is a rigidly fixed property of the system and for this reason during normal movement or 
exercise the smallest and most fatigue resistant motor units will always be used first followed by the larger and 
more fatiguable units. Thus only most intensive exercise can affect the largest and most fatiguable motor units. 
In contrast, neuromuscular stimulation preferentially recruits these large, fatiguable motor units, since their 
axons are more excitable by externally applied electrical current. In view of this, the muscle fibers of these 
motor units will be transformed into fatigue resistant muscle fibers and will be able to participate in electrically 
elicited movement more effectively. This change of muscle properties of the least active motor units may be 
useful in situations where after spinal cord injury movement has to be achieved by either activating the central 
pattern generator of the spinal cord, or elicited by external devices.
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1100-Channel Neural Stimulator for Functional Electrical Stimulation 
Using High-Electrode-Count Neural Interfaces

Hiatt SD1, Wilder AM1, Guillory KS2, Dowden BR1, Normann RA1, Clark GA1 

1 University of Utah, Salt Lake City, USA 
2 Ripple LLC, Salt Lake City, USA 

Abstract 
The use of high-electrode-count (HEC) microelectrode arrays in neural prosthetic research has given rise to 
the need for stimulation hardware capable of generating complex stimulation patterns across hundreds of 
electrodes.  Here we present the design and testing of an expandable, multi-channel, constant-voltage neural 
stimulator with user-adjustable anodic and cathodic stimulation voltages and electrode biasing voltage.  This 
stimulator has the ability to independently control stimulus rate, timing, duration, and inter-phase interval on 
each stimulation channel.  Channels can be configured to output monophasic or biphasic (anodic or cathodic 
first) stimulation.  The stimulator is designed to function both as part of an integrated HEC Functional 
Electrical Stimulation (FES) platform or as a stand-alone stimulator.  Incorporated into an HEC FES 
platform, the stimulator was tested in a feline model.  Intrafascicular stimuli were delivered to two nerves of 
the hindlimb via two implanted Utah Slanted Electrode Arrays.  The pulse-width modulated constant-voltage 
stimulator produced graded motor activation similar to that evoked by amplitude-modulated, constant-
current stimulation.  Further, multi-electrode, multi-nerve submaximal stimulation of the feline hindlimb 
nerves using the stimulator produced functional, multi-muscle, multi-joint, sit-to-stance behavior. 
Keywords:  functional electrical stimulation, neural stimulator, high-electrode-count microelectrode device, Utah 
Slanted Electrode Array, intrafascicular multi-electrode stimulation, neuromuscular stimulation. 

Introduction 
The introduction of penetrating 

microelectrode arrays with over 100 independent 
stimulation sites has made the selective stimulation 
of many very small populations of neurons 
possible. However, the high-electrode-count 
(HEC) of these neural interface devices has made 
the use of commercially available 1-16 channel 
count stimulators cumbersome, necessitating the 
development of HEC stimulators.  Without  the 
incorporation of HEC stimulators integrated into 
HEC FES systems, the ability to investigate neural  
control strategies for the functional restoration of 
movement or sensation, and the capabilities of 
intrafascicular FES cannot fully be realized [1].  

 To stimulate via hundreds of electrodes 
independently and simultaneously requires 
stimulation hardware and software capable of 
controlling the individual stimulation parameters 
and timing of each electrode while making the 
system manageable to a researcher.  Several 
designs for HEC stimulators have been presented, 
but have been demonstrated with up to 128 
independent channels [2,3].  In this paper, we 
discuss the design, construction, and validation of 
an 1100-channel pulse-width-modulated, constant-

voltage stimulator and its control software.  The 
stimulator is designed to function independently or 
as part of an integrated HEC FES system.  The 
integrated HEC FES system enables control of 
complex patterns of stimulator output, and to 
determine stimulus-response characteristics (EMG, 
force, or torque recruitment) in an autonomous 
closed loop manner. 

Material and Methods 
 There are three basic components of the 
stimulation system: (1) a User Interface and 
controlling software running on a PC with a high-
speed Digital Input Output (DIO) card, (2) a data 
and power distribution printed circuit board, and 
(3) several 50-channel constant-voltage stimulator 
printed circuit boards.  Stimulator function begins 
when a stimulation command is received by the 
stimulation control software, where it is translated 
into low-level hardware control signals.  These 
signals are sent to the stimulation hardware 
generating the desired voltage pulse patterns for 
the electrodes. 

This stimulator was explicitly designed to 
address complex sets of electrodes with 
independent stimulation parameters and timing 
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when connected to an HEC FES system.  To 
validate this capability 12 channels were selected 
and set to biphasic cathodic-first stimulation, 
monophasic stimulation (cathodic only), or 
biphasic anodic-first stimulation.  The electrodes 
were placed in groups for interleaved or 
synchronous stimulation and each group was 
assigned a different stimulation frequency.  Each 
electrode was also assigned independent 
stimulation parameters (such as pulse width).  A 
single stimulation command, containing all 
stimulation information, was sent from the 
integrated HEC FES system control module to the 
stimulator control software(Fig. 1).  

Experiments were conducted on two adult 
male cats under guidelines of the University of 
Utah Animal Care and Use Committee.   Detailed 
surgical procedures have been described 
previously [4].  In summary, the left femoral and 
sciatic nerves were exposed and two 10x10 Utah 
Slanted Electrode Arrays (USEA) were implanted.  
Fine-wire EMG electrodes were implanted into the 
femoris, gastrocnemius, soleus and tibialis 
anterior, and the medial and lateral portions of the 
quadricep muscles 

The left ankle was instrumented with a 
torque load cell.  Each of the 100 stimulation sites 
was mapped to determine the muscle activated by 

each electrode as determined by EMG, and the 
stimulation threshold for evoked torque using the 
integrated HEC FES system described elsewhere 
[5]. Then torque recruitment curves for all 
stimulation sites with an evoked torque threshold 
under 100 μs were collected using an automated 
stimulus-response mapping routine in the custom 
software referenced above.  The torque load cell 
was then used to instrument the knee.  Torque 
recruitment relationships were then determined as 
for the sciatic implant. 

The supporting trough was then permitted 
to rotate, allowing the cat to assume a sitting 
posture.  The feet were strapped to the table, and a 
counter weight was placed to offset approximately 
¾ of the cat’s weight.  Ten electrodes capable of 
independently either evoking knee extension or 
ankle plantar flexion were selected.  Stimulus 
intensity for each channel was set to a level that 
produced 15% of maximum torque.  Pulse trains 
were applied to ankle plantar flexors while bearing 
¼ of the animal’s weight, beginning with one 
electrode and adding an additional electrode every 
200 ms until all five electrodes were active, then 
subtracting electrodes in the reverse order at 200-
ms intervals.  Individual electrode stimulation 
parameters were adjusted to obtain graceful plantar 
flexion with a maximum joint angle of 
approximately 100 degrees.  Similar trials were 
conducted on the knee extensors with a target joint 
angle of approximately 150 degrees. 

Results 
  Stance-like behavior involving two joints 
was attempted by applying stimuli obtained 
individually for knee and ankle motion overlaid in 
various temporal sequences.  Individual electrode 
stimulation parameters and timing were adjusted to 
produce graceful and natural motion.  Fig. 2 shows 
selected frames from a video of a sit-to-stand-to-sit 
maneuver accomplished after choosing appropriate 
stimulation parameters.  The full maneuver was 
accomplished over a 9.8 second period.  Other 
maneuvers including a sit-stand-squat-stand-sit 
behavior have also been achieved with the 
stimulator. 

Discussion 
The ability of the stimulator described in 

this paper to independently control hundreds of 
stimulation sites facilitates neural research by 
allowing for multiple HEC neural implants to be 
collectively controlled by one FES system.  This 
ease of use has been shown by using the stimulator 
in an integrated FES system to quickly characterize 
the stimulus-response characteristics of HEC 
neural interfaces [5].  This allows a researcher to 

Figure 1. Simultaneous Multi-Electrode Stimulation Control. 
One multi-electrode command from High-Channel-Count 
Functional Electrical Stimulation (HEC FES) software was 
used to stimulate 12 electrodes simultaneously in a complex, 
user-defined manner. 
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quickly select individual stimulation sites for 
desired movements, and to investigate control 
strategies for graded fatigue-resistant motor 
restoration. 

The circuit design of this stimulation 
system is useful for exploratory experiments using 
trans-cutaneous connectors to the neural interfaces.  
Researchers can easily explore various timing and 
rate parameters over many stimulation sites that 
could then be included in implantable high-
electrode-count neural stimulators.   

Conclusions 
We have described an 1100-channel constant-
voltage pulse-width modulated neural stimulator 
and its controlling software and hardware drivers.  
The stimulation system has been shown to have the 
ability to selectively activate large numbers of 
small sets of neurons, the control of cathodic, 
anodic and bias voltages, and independent 
stimulation circuitry for each channel.  The system 
has the ability to evoke coordinated movements 
using multiple high-electrode-count (HEC) neural 
interfaces that are controlled by user defined 
temporal patterns.  Future work on the stimulator 
will involve the development of more sophisticated 
stand-alone capabilities and a more dense data 
scheme for hardware control to increase the 
temporal resolution of the stimulator when 
coordinating many HEC interface devices. 
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Figure 2.Hind Leg Stance in an Anesthetized Feline.  Slow, graceful stance was achieved using graded force recruitment
that was controlled by sequential activation and deactivation of different electrodes.  Full maneuver lasted 9.8s: 4.3s for
complete sit-to-stance, 1.5s for stance maintenance, and 4s for return to sitting position 
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Abstract 
Functional Electrical Stimulation has been used since 1970s for providing patients with thoracic spinal-cord injury 
(SCI) with leg, urinary and sexual functions. After recognizing that people with SCI tend to suffer ill-health due to the 
secondary effects of inadequate exercise, much work has been done on using functional electrical stimulation (FES) for 
cycling and rowing using surface electrodes. However, applying the electrodes is tedious and few of those who start 
FES training continue. It is now timely to develop an implanted stimulator for these functions that will allow this to be 
done without taking so much of the users´ time to apply surface electrodes. The Implanted Devices Group (IDG), 
University College London, is currently developing a new Sacro-lumbar Anterior Root Stimulator Implant (SLARSI) 
system to improve quality of life of patients and reduce the cost of healthcare. This paper assesses the pros and cons of 
this new implant by comparing it with a previous lumbar anterior root stimulators implant (LARSI), also developed by 
the IDG. 

Keywords:  FES exercising, FES-cycling, LARSI, SARSI, urological functions, sexual functions. 

 

Introduction 
People with spinal-cord injury (SCI) tend to suffer 
ill-health due to the secondary effects of 
inadequate exercise especially by the large muscles 
of the legs. Substituting the arms, such as in 
wheelchair sports, is liable to cause injury to joints 
of the shoulder and therefore is not ideal for long-
term maintenance of fitness. Much work has been 
done on using functional electrical stimulation 
(FES) for cycling and rowing using surface 
electrodes. Cycling and rowing can be enjoyed as 
sports if sufficient training is maintained. Surface-
electrode FES-cycling systems are now 
commercially-available and it is generally 
acceptable for patients to use them without 
supervision. 

Games and races in sports halls may be exciting 
but to build up and maintain the muscles, FES 
exercise must be frequent (at least three times per 
week) which means that it probably must be done 
at home. However, applying the electrodes is 
tedious and few of those who start FES training 
continue. An implant that is always available, so 
that the patient only needs to transfer onto the 
exercise machine, might make FES exercise much 
more practicable.  
In the 1990s, the Implanted Devices Group (IDG) 
trialled lumbar anterior root stimulator implants 
(LARSI) in two patients in the hope of providing a 
method for standing and stepping. However, after 

two years of practice, one of the two subjects 
implanted was only able to take 24 consecutive 
steps before needing to sit down, and her standing 
posture is still very unsatisfactory. Yet, she was 
able to cycle with the muscle combinations 
available [1]. She was therefore the first person to 
demonstrate FES cycling using nerve root 
stimulation (See Fig. 1) and has cycled over 1 km 
on several occasions [2]. 

Based on this experience, the IDG is now working 
on a Sacro-Lumbar Anterior Root Stimulator 
implant (SLARSI). The first aim of this implant is 
exercising. However, it also will allow bladder 
voiding and the recovery of some sexual functions 
by sacral anterior root stimulation.  

 
Fig. 1: FES cycling.  
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This paper assesses the pros and cons of this new 
SLARSI by comparing it to the LARSI, previously 
developed by the IDG.  

Comparing the SLARSI with previous 
LARSI 
The LARSI system [1, 3] consists of an R.F. 
coupled multiplexed receiver implant with 
intradural book electrodes trapping the anterior 
spinal roots from L2 to S2 on both sides. The 
controller, worn externally, powers and controls 
the implant via a transdermal transmitter, which is 
placed immediately over the receiver implant when 
in use.  

Compared to the LARSI, that was research based, 
the aim of the SLARSI is to provide the patients 
with a tool they can use daily to improve their 
quality of life and their health. The two systems 
differ in many ways, detailed in the following 
paragraphs.  

Focus on rehabilitation 

The LARSI system was originally intended for 
standing and stepping, but has failed to show 
satisfactory results for those aims (see 
Introduction). Cycling and rowing are more 
practical activities than walking, safer and without 
the strenuous effort of standing up and balancing. 
They are much simpler to control because the feet 
are fixed to pedals or foot-rests so the motion of 
the body is highly constrained. 

The current project is therefore focussed on 
cycling and rowing, for exercising and thus long-
term health, rather than walking. In this way, the 
implant system is designed to be integrated in a 
seamless manner to a recumbent tricycle or rower 
(e.g. through the use of a shaft encoder). 

Functions 

Besides exercising, patients who opt for SLARSI 
will also be able to empty their bladders by S3 
stimulation and to regain some sexual functions by 
S2 stimulation (SARS technique). Those functions 
were not available using the LARSI.  

However, patient suffering from detrusor 
overactivity will have to decide whether or not to 
undergo a rhizotomy. Some urologists consider 
that deafferentation should be avoided because it is 
destructive and irreversible so might preclude the 
patient from benefitting from future new 
neuroregenerative therapies. 

If they do not want a deafferentation, and they are 
content to continue to empty their bladder by self-
catheterisation, they would continue to use 

anticholinergics or Botox injections as before to 
prevent incontinence. 

Electrode arrangement 

The LARSI electrodes were configured as tripoles 
with connected anodes, as shown on Fig. 2a [4]. 
This electrode arrangement was attractive because 
only one wire is necessary for all anodes of a book. 
Three tripoles were used per book on a four wires 
cable. It was advantageous because all the wires 
need to pass through a grommet in the dura, where 
space is restricted.    

Unfortunately, a high level of cross-talk was found 
in the implanted patients. To solve this problem, 
the electrode arrangement proposed in Fig. 2b is 
used in the SLARSI system. By using separate 
tripoles, the current is confined to the slot, hence 
stimulation should only occur under the active 
cathode. 

 
Fig. 2: Electrode arrangement.  

Technology improvement 

Since the LARSI implant was designed about 
twenty years ago, it did not benefit from modern 
technology. Improvements of the new SLARSI 
system include: 


 bidirectional communication (to and from 
the implant) that will inform the user of the 
state of the implant, humidity level, 
electrode loads, etc.; 


 a custom integrated circuit for the implant 
that will reduce the size and power 
consumption, while allowing independent 
stimulation of each slot; 


 a larger range of current amplitude for the 
output stage;  


 an integrated transmitter that will be 
smaller and more robust; 


 a smaller external control box with a 
friendlier user interface, and a data logger 
that will be able to monitor the state of the 
implant, electrode loads and patient use. 
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This combination of technological advances will 
allow a state of the art implant uniquely adapted 
for nerve root stimulation. 

Reliability and risk management 

As far as possible, the SLARSI system design is 
similar to that of the Sacral Anterior Root 
Stimulator Implant (SARSI), which has been 
successfully used in many countries throughout the 
world [5], because this simplifies the process for 
getting permission to carry out experimental 
implantations. For the same reasons, the LARSI 
system was also based on SARSI.  

More precisely, when possible, components and 
materials are the same. Furthermore, the surgical 
procedure will also be based on SARSI system, 
because it has proven to be very reliable, especially 
compared to FES implants with intramuscular 
electrodes. About 3000 SARSIs have been 
implanted, generally with good clinical outcomes 
[6]. 

Work achieved 
The whole system is currently under development. 
The implant system bidirectional communication 
was successfully tested using two FPGA. The 
output stage was also successfully tested in an 
ASIC (Fig. 3). The final implant ASIC is now 
being designed, including both the communication 
and the new output stage architecture. The 
transmitter specification and architecture have both 
been completed, and the transmitter ASIC is also 
being designed. The control box is being 
implemented, including the user interface.  

 
Fig. 3: Output stage ASIC.  

Future work 
Our first aim is to complete the development of the 
new SLARSI system and liaise with hospitals 
where the clinical teams are able to competently 
implant the system, measure the responses to 
stimulation and set up the stimulator program for 
the exercise that the patient will use.  

The scientific question is whether the functional 
anatomy allows useful exercise when stimulating 
whole roots. If the conclusion is favourable, the 
method will be transferred to a company. This 
second step is difficult unless sales increase 
reasonably quickly after the investment needed to 
reach regulatory approval (CE Mark, etc).  

If we succeed, patients with spinal cord injury will 
benefit from a commercial product that improves 
their quality of life while reducing the cost of 
healthcare. In the longer term, this research also 
opens new horizons in other related fields such as 
direct control of paralysed muscles by cortical 
neurons [7]. 
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Abstract  

Cortical stimulation provides a useful tool for investigating mechanisms of plasticity and functional connectivity 
within the brain, as well as offering the potential to facilitate learning and rehabilitation in patients. Here we 
describe use of a thin film electrode array for stimulation experiments in the visual system.  In a preliminary at-
tempt we electrically stimulated visual cortex while monitoring effects in the superior colliculus (SC).  Visually 
activated SC neurons showed excitatory responses to stimulation in visual cortex demonstrating that thin-film 
electrocorticogram (ECoG) arrays can be readily modified for stimulation purposes. Ongoing experiments will 
probe these stimulation effects in more detail. 

Introduction 

Cortical electrical stimulation has emerged as a po-
tential therapy to promote functional recovery of the 
brain following stroke [1], as well as enhancing mo-
tor learning and skill acquisition [2], potentially by 
reinforcing pre-existing/underlying cortical plastic-
ity mechanisms [3].  Electrical stimulation can also 
be used to probe functional connectivity between 
cortical and subcortical brain structures [4]. Stimula-
tion thus represents a useful tool for both clinical 
therapy and basic research. 
 
In both these fields there is a need for small, flexible 
cortical stimulation devices which can be chroni-
cally implanted for long time periods. Thin-film 
MEMS (micro-electromechanical systems) technol-
ogy has already been used to develop long-term im-
plantable stimulation/recording electrodes for map-
ping somatotopy in rat motor cortex [5]. We aim to 
extend this approach to incorporate use of thin-film 
arrays for recording and stimulation across multiple 
cortical areas. As a preliminary step, the work out-
lined in this paper demonstrates stimulation of vis-
ual cortex with a thin-film electrocorticogram 
(ECoG) grid array, in order to influence spiking ac-
tivity of visually-responsive neurons in the superior 
colliculus of an anaesthetized ferret. 

Methods 

ECoG array 
A schematic of the electrode EcoG array for cortical 
stimulation is shown in figure 1. This basic array 
was originally designed for cortical recordings in 
the rat; in the current study it was used purely for 
stimulation. It was processed using cleanroom tech-
niques, as described previously [6], and comprised 
20 platinum electrodes (diameter 0.2mm, pitch 
0.4mm) on a thin film polyimide U-Varnish S (UBE 
Tokyo Japan) substrate. Electrode sites were subse-
quently coated with platinum black by electro-
chemical deposition.  The impedance magnitude of 
the Pt-black coated electrodes ranged from 3.44 kΩ 
to 4.16 kΩ at 1 kHz. 
 
Conductor tracks (width 15μm, pitch 30μm) lead 
via a cable section to bonding pads, to which a cus-
tom-made screen printed ceramic adaptor was con-
nected via microflex bonding. This adaptor was then 
soldered via insulated copper wires to a conven-
tional connector (Farnell) allowing the electrode to 
be connected to a laboratory stimulator. Bonding 
pads, cables and connectors were coated with sili-
cone rubber to protect them during experimental 
handling.  
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Fig.1 Schematic of thin-film array. Electrodes used for 
monopolar stimulation are highlighted. 

 
Recording from superior colliculus 
Testing of the suitability of the EcoG array for elec-
trophysiological experiments was conducted in a 
single anaesthetized ferret. The animal was prepared 
for recording and visual stimulation as described 
previously [7]. Briefly, after being placed in a 
stereotaxic frame, the skull was removed over the 
approximate location of ferret parietal cortex in the 
right hemisphere, and the dura was resected to ex-
pose the underlying pia and cortical surface. Follow-
ing this, a recording electrode (dual shank Michigan 
probe with 16 contacts per shank) was inserted 
through the pia and cortical tissue into the superior 
colliculus (SC) by means of a manipulator.  Loca-
tion of the electrodes within the SC was confirmed 
using stereotaxic coordinates and by testing the re-
sponses of single and multi-unit spikes to brief 
stroboscopic flashes of light presented to the contra-
lateral eye.  Signals were recorded at each probe 
contact via a Neuralynx Cheetah recording system 
(Neuralynx, MN, USA) and separated online into 
two components by band-pass filtering the data ac-
cordingly, 0.1-300Hz for local field potentials 
(LFPs) and 500-5000Hz for spike data. LFPs were 
then sampled at 2713 samples/sec and spikes at 
32556 samples/sec; all data was recorded to disk for 
offline analysis. LFPs will be the subject of further 
analyses and are not dealt with further in the current 
report. 
 
Stimulation via thin-film array 
After positioning the recording electrode within SC, 
a second craniotomy and dura removal was made 
over visual cortex. The array for stimulation was 
then placed on the cortical surface in the approxi-
mate location of V1/extrastriate cortex according to 
stereotaxic coordinates (fig 2). Monopolar stimula-
tion of the cortical surface was carried out through 

electrodes 12 and 18 of the array (against a ground 
wire inserted in the nose) using biphasic symmetric 
cathode-first current pulses with intensities ranging 
from 0.1 to 1mA, phase width 50ms. With such 
long, almost DC stimulation pulses the theoretical 
charge density at maximum current intensity of 1 
mA would have been extremely high (150 mC / cm2 
per phase) exceeding the reversible limits for safe 
stimulation with platinum. Electrode 12 was subse-
quently destroyed after stimulating at this level. 
However, electrode 18 remained intact after stimu-
lating at 0.8mA. Ongoing stimulation experiments 
will use significantly shorter pulse widths (e.g. 100 
μs) and much lower current intensities in order to 
stay within safe limits for platinum electrodes (al-
though see [2] for use of DC stimulation). 
 
Stimulation pulses were delivered manually via a 
function generator connected to a stimulus isolator. 
Approximately 100 biphasic pulses were delivered 
with a frequency of 1-2Hz while recording from SC. 
Times of stimulation were recorded in parallel with 
neural data by means of TTL pulses. Offline, spikes 
were discriminated in Plexon Offline sorter. Despite 
the long stimulation period it was still possible to 
discriminate multi-unit spikes from stimulus arte-
fact. Peri-stimulus time histograms (PSTHs) were 
compiled for SC units by binning each unit’s spike 
times relative to the onset time of stimulation in the 
cortex, bin width 5ms. 
 

 
 

Fig.2. Photograph of exposed visual cortex with thin-film 
array in place 

Results 

With the stimulating array in place (fig 2), we re-
corded low amplitude, multi-unit spikes at one con-
tact of the SC electrode. We analysed the effect of 
cortical stimulation on the spiking activity of these 
SC units via the PSTH. Increased or decreased spik-
ing activity time-locked to the onset of stimulation 
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would reveal itself as a peak or trough in the histo-
gram, respectively. Figure 3a shows a clear peak at a 
latency of 25-30ms in comparison to the mean spon-
taneous background activity of the unit from the 
pre-stimulus time window (horizontal dashed line). 
This can be interpreted as a brief period of increased 
spiking probability following stimulation at the cor-
tical surface. The peak was relatively narrow in du-
ration (1-2 bins, 5-10ms) and its magnitude in-
creased as a function of stimulus current intensity 
(fig 3b) suggesting that spiking activity was facili-
tated as a result of stimulation and not due to other 
factors.  
 
 

 
Fig 3. Peristimulus time histograms show excitatory ef-
fect on spontaneous superior colliculus discharge in re-
sponse to cortical stimulation. Each plot compiled from 
approx. 120 stimuli. A and B: responses to 400 and 
800uA stimulation current, respectively. 

Discussion 

The work presented here demonstrates putative ef-
fects in SC due to visual cortical stimulation. Multi 
unit spikes that responded to electrical stimulation at 
the cortical surface could also be activated by a brief 
flash of light, in line with previous work [8]. Re-
sponse latencies to electrical stimulation, however, 
were approximately 30ms, which is longer than the 
short-latency effects (6-8ms) mediated by mono-
synaptic afferent projections from primary visual 
cortex to superficial layers of SC [8].  Longer la-
tency responses could be mediated by oligosynaptic 
pathways involving additional cortical or subcortical 
structures (e.g. extrastriate cortex or lateral genicu-
late nucleus). The relatively imprecise nature of the 
stimulation location and parameters used in the pre-
sent study most likely account for this indirect acti-
vation of SC neurons.   

Conclusion 

A thin-film polyimide-platinum ECoG electrode ar-
ray was used for visual cortical stimulation. Ongo-
ing work aims to yield focal stimulation via iridium 
oxide electrode coatings, narrow pulse-width stimu-
lation protocols, and precise mapping of cortical ar-
eas using visually-evoked responses. Optimal 
alignment of stimulating and recording sites will al-
low examination of modulatory influences of corti-
cal stimulation on plasticity. 
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Abstract 
In this paper, we propose a multiple waveform energy-optimal stimuli dedicated to intracortical microstimulation. 
Therefore, we focused on designing improved exponential and quarter-sine waveforms generators with output current 
ranging from 0 to 300 μA. The proposed circuits deliver an exponentially rising current with maximum value of 200 μA 
with a dynamic range of 60 dB, and a quarter-sine pulse with maximum value of 300 μA. Both stimuli have been made 
biphasic using a H-Bridge output driver circuit. Minimizing the area (number of transistor counts), improving the 
dynamic range and the pulse duration of the generated output currents and saving the energy are also some other 
major concerns, we took into consideration. 
 
Keywords: Stimuli generator, rising exponential waveform, quarter-sine pulses.  
 

Introduction  
  In bio-medical instrumentation energy-efficiency 
is a prime factor for both the safety concern of 
human tissues and the minimum power dissipation 
of the whole circuit as well as in the intracortical 
sites. In [1], it has been proved that the rising 
exponential signal is the most energy-efficient 
waveform to safely stimulate the neural tissues. 
Similar to rising exponential signal, a quarter-sine 
pulse signal generates less energy compared with 
square and half-sine pulse signals [2]. The energies 
are compared by estimating the areas under the 
graphs of the signals for same peak amplitudes and 
over the same time durations. An energy-efficient 
signal pulse needs less battery power to produce it, 
leading to circuits that are more economic to 
implement when hundreds of channels are used for 
microstimulation purpose. 
  With the considerations of energy-efficiency and 
economics of the electronic circuitry in our minds, 
we have proposed a new quarter-sine waveform 
and an improved exponential waveform generator, 
to be used in the implantable stimulation module 
dedicated for visual cortex microstimulation, 
aimed for the ‘Cortivision’ project which is in 
progress in the Polystim Laboratory.     
  In the following section, we present the detailed 
circuit diagrams for the pulse generators together 
with the supporting circuitry, such as, the ramp 
voltage generator and output driver circuits. The 
theories and working principles for these circuits 
are included under the section on material and 
methods. The simulation result is presented in the 
results and discussion section, and finally, we 
conclude summarizing the achievements. 
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Fig. 1. Pulse generators: (a) Rising exponential and (b) 
Quarter-sine pulse (*All units are μm/μm)  
 
Material and Methods 
Proposed Exponential Pulse Generator: 
  Fig.1(a) shows the schematic diagram of 
exponential pulse generator, consists of a 
differential pair with two diode connected loads, a 
biasing current source, I0 and a cascode current 
mirror. The bias voltage at Vin1 was set to 0.9 V. A 
ramp voltage with a range from 0.5 to 0.9 V was 
generated using the ramp generator circuit 
designed in [2] and applied to the Vin2 input of the 
circuit shown in Fig. 1(a). The biasing current 
source, I0 was set to 2 μA to operate all of the 
transistors in weak inversion region. The drain to 
source current, IDS of an N-MOS transistor 
operated in weak inversion region can be 
expressed as follows 

           
TnV

thVGSV

L
W

D0IDSI
�

� exp              (1)   
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Fig. 2. (a) Cascode current mirror followed by (b) H-
Bridge output driver circuit (*All units are μm/μm) 
 
As shown in equation (1), by simply varying the 
gate-to-source voltage, VGS from 0 to a value, 
which is less than the threshold voltage of N-MOS, 
Vth, which is 0.6 V in our case, we obtained an 
exponentially rising drain-to-source current. 
Afterwards, this current signal has been amplified 
to 200 μA using a cascode current mirror.  
       
Proposed Quarter-Sine Pulse Generator: 
  If the differential pair transistors, Md1 and Md2 as 
shown in Fig 1(b), operate in subthreshold region, 
then assuming equal threshold voltage for Md1 and 
Md2, equation (1) can be re-arranged as 
             �� )
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Again, we can write these following two equations 
for bias current, I0 and the output current, Iout 
 
                            I0 = IDS1 + IDS2                             (4) 
and                  
                              Iout = IDS1 - IDS2                               (5) 

After manipulating equations (2), (3), (4) and (5) 
we obtain our desired equation for Iout, which is a 
hyperbolic tangent function, and can be 
approximated as a quarter-sine function for a 
certain range of Vin beyond which the generated 
signal does not resemble a quarter-sine pulse. 

                      
T

nV
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V
0out II tanh�                       (6) 

In equations (2) and (3) we have assumed that both 
Md1 and Md2 have same dimensions.  
  The bias current I0 for this circuit was set to 15 
μA. The width of the transistor, Md2, in Fig 1(b) is 
made slightly greater than that of Md1 in order to 
minimize the DC current, which was flowing 

through the output terminal even in the absence of 
input signal. 
 

 
Ramp Voltage Generator: 
 
  We used the ramp voltage generator depicted in 
[2] to set the duration of quarter-sine and 
exponential pulse signals. The voltage ramp can be 
generated from the nanoscopic output current of 
this circuit realizing the following function of a 
capacitor. 

                          
C
I

dt
dV in�                                 (7) 

 

  To obtain the required pulse duration the 
capacitor, C, and the biasing current, Iin are made 
programmable with the range from 0.25 pF to 10 
pF and from 5 nA to 1.5 μA respectively. The 
resulting slope range of voltage ramp is 539 V/s to 
9x104 V/s. To generate the quarter-sine and rising 
exponential pulse we increased Vin from 0 to 205 
mV and from 500 mV to 900 mV respectively. 
 
Biphasic Output Driver: 
 
  The biphasic output driver circuit, designed using 
an H-Bridge circuit as shown in Fig. 2(b), consists 
of four switching transistors, M1 to M4, one 
transistor, Mm for mirroring the current from 
cascode current mirror, one load resistor, R and a 
capacitor, C. Here, R represents the electrode-
tissue interface impedance which can be as high as 
100 kΩ [4]. A multichannel, high-density stainless 
steel-platinum microelectrode array designed by 
the Polystim Laboratory team [5] or irridium oxide 
microelectrode array with impedance of 50 kΩ 
from Blackrock Microsystems will be used for 
performing the in-vivo test. As the load current 
may drop for large value of electrode-tissue 
impedance, our next design goal is to increase the 
output impedance of the stimuli generator. For a 
maximum stimulation current of 150 μA, a voltage 
compliance of 15 volt is required across the 
microelectrode with an impedance of 100 kΩ and 
this on-chip technology is available in our 
laboratory [4]. Capacitors with values of 40 pF and 
150 pF have been used for quarter-sine and rising 
exponential cases respectively for suppressing the 
clock feed-through effect during switching, and in 
our next design, this capacitor will be eliminated as 
it occupies large area.  
 
Results and Discussion 
  All the circuits shown in Fig. 1 and Fig. 2 have 
been designed using CMOS 0.18 μm technology. 
The supply voltage was set to 1.8 V to minimize 
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Fig. 3. Generated biphasic exponential signal 

0 5 10 15
-300

-200

-100

0

100

200

300

Time in μs

Iqs
ine

 in
 μA

Iqsine = 100, 150 and 300 μA

 
Fig. 4. Generated biphasic quarter-sine signal 

 

TABLE I 

PARAMETERS AND RESULTS COMPARISON 
 

Case [2] This work 
Process 0.18 μm 0.18 μm 
Waveform Half-sine, 

Exponential 
Quarter-sine, 
Exponential 

Maximum stimulation current 200 μA 300 μA 
Dynamic range in dB 49.52 dB 

(Iexp = 
150.27 μA) 

60 dB 
(Iexp = 

201.9 μA) 
No. of transistor counts without 
output driver circuit (expon.) 

     - 9 

No. of transistor counts without 
output driver circuit (sine) 

     14 
(Half-sine) 

8 
(Quarter-sine) 

 
the power consumption. The simulation results of 
the circuits shown in Fig. 1 and Fig. 2 are plotted 
in Fig. 3 and Fig. 4. The biphasic rising 
exponential current pulse for three different ranges, 
50 μA, 150 μA and 200 μA is shown in Fig. 3. The 
dynamic range of exponentially rising signal of 
amplitude 200 μA is approximately 60 dB (not 
shown here), which is quite large. As shown in Fig. 
3 the duration of the pulse is 8 μS, which can be 
programmed by varying the capacitor and the bias 
current in the ramp voltage generator circuit. In 
quarter-sine case, current pulse with the peak value 
higher than 300 μA was obtained. The simulation 
result for three different ranges of current, 100 μA, 
150 μA and 300 μA has been plotted in Fig. 4.  
  A fair comparison between this work and [2] is 
shown in Table I and it is noted that, we have 
improved in some aspects such as dynamic range, 
maximum output current and number of transistor 
counts. Dynamic range of rising exponential 
current has been improved to 60 dB compared to 
49.52 dB [2]. The output current range has been 

improved to 0 to 300 μA and the number of 
transistors without output driver circuit has been 
minimized to 9. An in-vivo test will be performed 
to ensure the efficacy of this stimuli generator in 
visual cortex microstimulation.  
 

Conclusions 
  In this paper, we have proposed quarter-sine pulse 
and improved exponential pulse generators, which 
are highly flexible to use for microstimulation 
purpose. Due to the safety concern of intracortical 
tissues, optimal energy issues have been taken into 
consideration to design the circuits and 
consequently, CMOS 0.18 μm technology has been 
used to design the circuits. The amount of energy 
and power that can be saved has not been 
quantified yet and we look forward to investigate 
this issue afterwards.   
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Abstract 
We describe the hardware of a new wireless distributed functional electrical stimulation system. Battery powered 
peripheral nodes comprise stimulators and sensors and directly attach to the electrodes. The peripheral nodes are 
compact, small and optimized for low energy consumption. Central node implements bridge connection between the set 
of wireless peripheral nodes and the computer. Software running on a computer implements algorithm and enables 
real-time monitoring and on-the-fly changes of all stimulation parameters. The system is also self-standing, and 
operates without computer. The feature of the system is that the central node manages network traffic in order to 
minimize and equalize delays that are typical for distributed systems. Synchronized data are sent to computer with 
calculated overall delay which can be used to adapt main control algorithm in order to maintain stability. Once the 
algorithm is evaluated in laboratory environment, processing can be redistributed onto peripheral nodes enabling 
standalone application. 

Keywords: FES, distributed system, wireless, sensors and stimulator.

Introduction  
Functional electrical stimulation (FES) activates 
paralyzed or paretic muscles by stimulating motor 
and sensory nerves. The timely control and 
selective activation of sensory-motor systems 
provide function to persons after spinal cord or 
brain injury. Lately, it was suggested that the use 
of FES if integrated into an intensive exercise 
program contributes to the cortical plasticity; 
thereby, have therapeutic effects. In order to 
guaranty effective response and long-term 
stimulation effects, FES must adapt to individual 
needs and level of disability. The available FES 
systems with one stimulator and multiple 
electrodes and sensors are somewhat limited, 
especially for clinical applications. The idea of 
distributed electrical stimulation was introduced in 
the optimal way by the BION technology [1]. 
However, BION technology uses implants, and for 
relatively short therapies surface stimulation is 
advantageous. The current problems with the 
implantable devices are related to the efficiency of 
energy transmission [2], which likely can be 
resolved in the near future, but the obvious 
invasiveness compared to the use of surface 
systems remains. We suggest the use of distributed 
FES with surface electrodes [3]. A suitable 
architecture for the FES with distributed units is 
described by Andreu et al. [4].  

We present here a new distributed system for 
surface FES based on IEEE 802.15.4 wireless 
communication. Main goals were hardware 
miniaturization, integration of sensors and 

stimulators and software interface development. 
Motivated by works in literature [5], we made 
adaptation on standard MAC protocol in order to 
lower effects of data delays.  

Material and Methods 
Architecture: 
Architecture of the system is presented in Fig. 1. A 
set of battery powered peripheral nodes is placed 
on the body of the subject. Peripheral nodes 
establish communication with one central node 
through low power 2.4GHz wireless link.  

Fig. 1: Architecture of the system. 

The central node is connected using USB interface 
to computer. Wireless communication is 
bidirectional with central node acting as a master, 
and peripheral nodes as slaves. Peripheral nodes 
include sensors and/or stimulator functionality. 
The central node manages network traffic and USB 
connection with computer. Main stimulation 
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algorithm runs on computer in open or closed loop 
configuration.  

Hardware: 
Central node has Texas Instruments CC2430 
microcontroller, RF front end, and USB 
transceiver. As the size of the central node is not 
the limiting factor, external high gain antenna is 
used enabling good link quality and long distance 
operation. Central node is powered over USB 
connection, and the maximum current consumption 
is lower than 250mA. 

Peripheral nodes (Fig. 2, left) have two or three 
printed circuit boards packed in a sandwich 
structure, depending whether they perform sensor 
and/or stimulation functionalities. Connection is 
made with multi-pin connector. Top board 
incorporates processor and RF front-end. Middle 
board incorporates sensors (3D accelerometers and 
3D gyroscope) and bottom board is the stimulator. 
Each peripheral node is powered with Li-Ion 500 
mAh battery mounted between bottom and middle 
boards.  

Fig. 2: Photography of the peripheral node (left); and 
sketch of the positions of the nodes for muscles 
stimulation on the leg (right). 

Processing and communication functionality is 
integrated in CC2430 system on chip (SoC). 
Microcontroller core and RF transceiver are 
connected through internal system bus. Due to this 
direct link between RF and processor part, there is 
almost no delay in packet data transfer. CC2430 
also integrates eight channel 12-bit AD converter, 
SPI controller and several output compare units for 
PWM generation. Small PCB antenna is used due 
to need for miniaturization.  

The sensor board contains digital 3D accelerometer 
and analogue 3D gyroscope forming miniature 
inertial measurement unit. The board also includes 
a circuitry for conditioning signals from the 
specially designed shoe insole with force sensing 
resistors (FSR).  

Stimulation board has DC/DC step up converter 
that produces 85V DC voltage from single 3.7V 
Li-Ion battery. Electrodes are driven with two 
current-controlled output channels, with negative 

pulse compensation capability. Current amplitude 
is determined by 10 bit SPI DAC, and lies in range 
of [0, 70] mA. Duration of stimulation pulses is in 
the range of [10, 1000] «s with 10-bit resolution. 
Frequency and duty ratio of stimulation pulses are 
controlled by using the output compare units of 
microcontroller. Efficiency of the stimulator is 
about 40%, and maximum averaged output power 
is 0.7W. Full load output current diagrams for 
single channel are displayed in Fig. 3.  

Fig. 3: Current diagrams measured at full load (scale: 
1V~10mA). 

In full configuration (all three boards), peripheral 
node dimensions are 70x25x30mm, and weight is 
~50 grams. If the node used only as the sensory 
part of the system the dimensions are 
70x25x15mm, weighing ~30 grams.  

Networking: 
Wireless communication is based on IEEE 
802.15.4 standard. MAC layer is adapted to real-
time demands of the system. Network has star 
topology, with central node as a master (network 
coordinator), and peripheral nodes as slaves. Every 
communication and action is strictly controlled by 
the central node. Due to the nature of wireless 
communication, there is always a possibility for 
packet losses and data delays. Since the system is 
distributed, these delays are not the same for each 
node. Central node implements delay equalizing 
algorithm. Main scheduling algorithm is round-
robin with equal node priorities. If for some 
reason, significant delay or data loss occurs on one 
node, network traffic is rearranged, and that node 
receives high priority. The data from other nodes 
are delayed while the data from “silent” node are 
trying to be undertaken and sent to the central 
node. When the delay is equalized, all nodes 
receive same priorities again. 

Firmware: 
Central node runs algorithm for network 
scheduling and delay equalization. This is a 
demanding task, and needs a lot of memory and 
processing power. Microcontroller CC2430 is 
efficiently used. Peripheral nodes in this 
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configuration of the system do some basic signal 
processing (filtering) of sensor data, and execute 
online stimulation commands.  

Software: 
Synchronized data collected from peripheral nodes 
and delay information are sent over USB interface 
to computer. Network protocol and software driver 
achieve that main control application running on 
computer is not aware of distribution effects 
(different delays). Control algorithm can be 
calculated to operate with constant maximum delay 
or can adapt to dynamic changes of it. Dedicated 
software for data acquisition, stimulation running 
and monitoring is developed in LabWindows/CVI. 
We also developed plug-in for Simulink/Matlab. 
We consider that this distributed system with the 
central unit with graphical user interface enables 
therapist to online monitor sensor signals and 
program that is being executed and to set the 
parameters of stimulation pulses in order to match 
the needs of a specific patient.  

Performance:
Tested experimental setup contains three nodes on 
each leg (Fig. 2, right). Achieved equivalent 
bandwidth of the system is 220kBit/s of raw data 
in ideal case with no data losses. Sampling 
frequency for sensors is 100Hz, and frequency of 
updating stimulation pattern is 50Hz. Range 
between central and peripheral nodes is up to 20m. 
Overall round trip time is about 20ms. Autonomy 
of the system for 20% stimulation cycle use is 
about 2 hours. We tested the walking controlled 
with the algorithm described in Kojovi� et al. [6], 
and found that the system is operating in real time 
and allows FES assisted walking of hemiplegic 
individual. In this configuration four muscle 
groups were activated based on the information 
from five sensors. 

Fig. 4: Redistribution of control algorithm. 

The extension of the system:
Once the algorithm is formed, executed and tested 
on computer in stationary laboratory environment, 
processing can be redistributed onto peripheral 
nodes. This leads to another approach presented in 
Fig. 4. Architecture and hardware remains the 

same, but with changed roles of nodes. Computer 
with central node becomes optional monitoring 
device. Each peripheral node receives part of 
control algorithm. Network traffic is adapted and 
one of peripheral nodes becomes coordinator. This 
redistribution enables system to be used 
standalone, that is, without computer. 

The feature that is being evaluated is the 
integration of the processing hardware and 
software for recordings from stimulated and 
volitionally activated muscles (EMG) which will 
output the envelopes or other parameters that relate 
to the EMG with the intention to integrate this data 
into control. The recordings from the stimulated 
muscles incorporate the blanking of stimulation 
artifacts. The processing is necessary in order to 
reduce the amount of data that is being circulated 
within the distributed system.  

This configuration is directly applicable for 
therapy of upper extremities, treatment of low-
back pain and other applications.  

References 
[1] Gerald EL, Raymond AP, William HM et al. BION -

system for distributed neural prosthetic interfaces. 
Medical Engineering & Physics 23: 9–18, 2001. 

[2] Gudnason G, Nielsen JH, Bruun E, Haugland M. A 
distributed transducer system for functional 
electrical stimulation. The 8th IEEE International 
Conference on Electronics, Circuits and Systems, 
ICECS 2001, 2001. 

[3] Poulton AS, Andrews BJ. A simple to program but 
sophisticated distributed control system for surface 
FES applications. 9th Annual Conference of the 
International FES Society - Bournemouth, UK, 
September 2004. 

[4] Andreu D, Guiraud D, Souquet G. A distributed 
architecture for activating the peripheral nervous 
system. Journal of Neural engineering, 6, 2009. 

[5] Su H, Zhang X. Battery-Dynamics Driven TDMA 
MAC Protocols for Wireless Body-Area Monitoring 
Networks in Healthcare Applications. IEEE Journal 
on selected areas in communications, vol 27, no. 4, 
may 2009. 

[6] Kojovic J, Djuric-Jovicic M, Dosen S et al. Sensor-
driven four-channel stimulation of paretic leg: 
functional electrical walking therapy. Journal of 
neuroscience methods 2009; 181(1):100-5. 2009. 

Author’s Address 
Jovi�i� Nenad 

Faculty of Electrical Engineering, University of 
Belgrade, Serbia 

nenad@etf.rs

- 293 -- 293 -



IMPLANTABLE PRESSURE SENSOR FOR DETECTING THE ONSET 

 OF A BLADDER CONTRACTION – PRELIMINARY RESULTS 

Melgaard J1, Rijkhoff NJM1 

1 Center for Sensory-Motor Interaction (SMI), Aalborg University, Aalborg, Denmark 

 
Abstract 
In this study we examined the ability of an implantable pressure sensor to detect the onset of bladder contractions. 
Experiments were performed in 2 pigs, where a custom built pressure sensor was placed in the bladder wall, and a 
reference sensor was used to monitor intravesical pressure via a catheter. The implantable sensor was a small piezore-
sistive sensor encapsulated with silicone; it was lens shaped with a diameter of 13 mm and height of 1.5 mm. In the 
model, bladder contractions were generated by unilateral electrical stimulation of the pelvic nerve. Our data suggests 
that the implantable pressure sensor performs similar to the reference sensor regarding both sensitivity and ability to 
detect the onset of contractions. Because of the small amount of data, statistical comparisons have not been performed. 
A very slowly increasing offset (3 cmH2O over 1 hour) is seen in the traces from the implantable sensor. This may be 
due to thermal drift or absorption of body fluids; further analyses are required to clarify this issue. This offset does not 
influence the performance of the sensor. In conclusion, the implantable pressure sensor performs similar to the refer-
ence sensor in detecting the onset of a bladder contraction. 

 

Keywords: incontinence, urinary bladder, pressure sensor, closed loop control 

 
  

Introduction 
Neurogenic bladder dysfunction is commonly seen 
with spinal cord injury (SCI), multiple sclerosis, 
Parkinson’s disease and other neurological disor-
ders. Such patients typically develop neurogenic 
detrusor overactivity (NDO), and in most cases 
also detrusor-sphincter-dyssynergia. While incon-
tinence episodes caused by NDO are being per-
ceived as detrimental to quality of life by patients, 
a more important clinical factor is the increased 
storage pressure, which can lead to vesicouretral 
reflux and renal damage [1]. Even if clinical rele-
vance is set aside, studies show that bowel and 
bladder function, sexual function, hand function, 
and breathing are the functions prioritized the 
highest among SCI affected individuals [2]. 

It has been shown that involuntary bladder contrac-
tions can be suppressed by stimulation of pudendal 
nerve afferents [3], and that conditional genital 
nerve stimulation is at least as effective as conti-
nuous stimulation [4]. Using external equipment 
Hansen et al. showed that conditional stimulation 
could be performed automatically [5]. 

While continuous stimulation is capable of sup-
pressing bladder contractions, there is no feedback 
about the amount of urine in the bladder. Using a 
conditional stimulation scheme, it can be observed 
that the involuntary bladder contractions start to 

occur when the bladder is relatively full. Thus, the 
first contraction can be used to provide the user 
with a warning signal, indicating that it would be a 
good idea to void when convenient. This allows for 
the patient to become fully continent. 

Conditional stimulation requires a sensor capable 
of detecting the onset of a bladder contraction. 
Many types of sensors have been suggested; focus 
in this paper is on pressure sensors. Early attempts 
of using an implantable pressure sensor to detect 
bladder contractions can be ascribed to Brindley 
[6]. Later, chronic experiments were conducted in 
dogs [7] and goats [8]. These studies have been 
concerned with the issue of chronic applicability, 
but have not investigated the ability of such sen-
sors to detect the onset of bladder contractions. 

The aim of this work is to investigate the ability of 
a small silicone encapsulated pressure sensor to 
detect the onset of a bladder contraction. 

Material and Methods 
Animal Model 
The study was performed on one female landrace 
pig weighing 30-40 kg. Anaesthesia was induced 
with a mixture of Zolitol and Rompun, and the pigs 
were subsequently intubated and anesthetised us-
ing isoflurane 1 % vol. Saline was administered 
intravenously at 330 ml/hour. Heart rate and oxy-
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gen saturation were monitored, and the pig was 
placed on a heating blanket. 

Surgical Procedure 

With the pig in the prone position, a 2-lumen 8 Fr 
catheter was placed in the bladder. One lumen was 
connected to a pressure transducer (TruWave,   
Edwards Lifesciences; relative type transducer), 
the other lumen was used for emptying the bladder, 
and later for artificial filling. 

The pelvic nerve was exposed by following a pro-
cedure described by Wen et al. [9]. An incision 
was made along the lateral border of the spine, and 
the gluteus muscle was detached from the sacral 
bone. A small part (elliptical, approx. 1 by 1.5 cm) 
of the piriformis muscle was removed to form a 
window, through which the pelvic nerve could be 
exposed. The nerve was positively identified by the 
bladder response to electrical stimulation with a 
hook electrode. Once the nerve was identified, a 
bipolar cuff electrode was implanted on the nerve, 
and sutured in place. The gluteus muscle and the 
skin were flipped back, and the incision was su-
tured to keep everything in place. 

The pig was then placed in the supine position, and 
a low midline incision was made to expose the 
bladder. A small slit was made in the serous coat 
of the bladder using a scalpel. Using this as entry 
point, a small pouch was made in the bladder wall 
by blunt dissection. In this pouch a custom built 
pressure sensor was placed. The sensor is a small 
piezoresistive pressure sensor (absolute type trans-
ducer, die is 8 by 8 mm), encapsulated with sili-
cone. The final assembly is lens shaped with a 
diameter of 13 mm and height of 1.5 mm. 

Both the implanted sensor and the reference sensor 
were connected to an amplifier (Axon CyberAmp 
380) and data acquisition system (NI USB-6009). 
The signals were amplified (500x for the implant-
able; 2000x for the reference sensor), lowpass fil-
tered at 10 Hz, and sampled at 100 Hz. For offline 
viewing, an additional 2nd order Butterworth low-
pass filter with a cutoff frequency of 0.5 Hz was 
applied. 

The bladder was filled with 100 or 150 ml ~37°C 
water, and bladder contractions were generated by 
unilateral electrical stimulation of the pelvic nerve. 
Stimulation parameters were 30 pps, pulse width 
150μs and stimulation current approx. 2.5 mA. 
Stimulation was on for 10 s, and there was at least 
5 minutes between consecutive bladder contrac-
tions, to minimize fatigue. 

Results 
From pig 1, a total of 13 contractions were re-
corded; in pig 2, 6 contractions were recorded. 

In pig 1 the sensor was placed on different posi-
tions and with the membrane facing both towards 
and away from the lumen of the bladder. No dif-
ferences were observed between ipsilateral and 
contralateral placement of the sensor. With the 
membrane facing the lumen of the bladder, the two 
sensors measure almost identical pressures. When 
the membrane was turned away from the bladder 
lumen, a damped signal was observed on the im-
plantable sensor. 

In pig 2, the sensor was in the same place during 
all 6 contractions. Fig. 1 shows the pressure during 
a typical bladder contraction. The morphologies of 
the two traces are very similar, and the noise floor 
is of the same level. The pressure peak occurring 
about stimulation off was consistent across all 
contractions. 

 
Fig. 1: A bladder contraction recorded during the 
second experiment. Morphologically the two traces 
are very similar; detection occurs at practically 
same time (see table 1). The black bar indicates 
stimulation of the pelvic nerve; thin dotted lines are 
the output from the 30 s moving average filter; 
crosses indicate the points where the onset of the 
contraction is detected. 

Table 1: Comparison of onset detection times be-
tween the two sensors. The two sensors can be seen 
to perform identically. 
 

 Time of bladder onset [s] 
Cont. # Ref. Imp. Delay 
1 (150 ml) 5.16 5.10 -0.06 
2 (150 ml) 4.69 4.69 0.00 
3 (150 ml) 4.52 4.53 0.01 
4 (100 ml) 5.22 5.18 -0.04 
5 (100 ml) 5.02 4.94 -0.08 
6 (100 ml) 5.88 5.57 -0.31 
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The onset of a bladder contraction is detected by a 
simple threshold algorithm. The threshold is de-
fined as the output of a 30 s moving average filter 
plus 10 cmH2O. When the pressure increases 
above this value, the onset is detected. Table 1 
shows the time of detection from both the refer-
ence sensor and the implantable sensor, relative to 
stimulation onset.  

Discussion and Conclusions 
This work evaluated the ability of an implantable 
pressure sensor to detect the onset of bladder con-
traction. 

In this regard, two factors are important. One is 
that the sensor shows adequate sensitivity (relative 
to the noise level) to resolve bladder contractions. 
The other is that there is no or little delay in the 
registration, compared to a standard reference 
pressure sensor monitoring the bladder pressure 
through a catheter. 

Figure 1 shows the output from both sensors. With 
the amplification settings used (500x for the im-
plantable sensor and 2000x for the reference sen-
sor), the sensitivity is approximately the same for 
both sensors. Morphologically there is little differ-
ence between the two signals, indicating that there 
is neither damping nor delay introduced by the 
bladder wall or the sensor encapsulation. 

In pig 2, the sensor was at the same location 
throughout the experiment. The offset between the 
two signals seen in figure 1, increased from about 
2 cmH2O in the first contraction, to 5 cmH2O in the 
last contraction. This may be due to thermal drift, 
as the sensor was at room temperature before im-
plantation, and the pig is assumed to be ~37°C. It 
could also be due to silicone swelling from absorp-
tion of body fluids, resulting in a small pressure 
being applied to the membrane. 

Even with the simple contraction onset detection 
algorithm used, this offset did not influence the 
performance of the implantable sensor. This is 
because of the moving average filter used in the 
threshold; only relatively fast pressure changes are 
detected with this scheme. As long as the offset 
stabilizes at a level well below saturation, it does 
not influence the application.  

In conclusion, the ability of the implantable sensor 
to detect the onset of bladder contractions is simi-
lar to that of the reference sensor.  
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Abstract 

In this work we present the improved method for studying of electrical current and potentials distribution in a layered 
biological tissue. The intimate contact between the electrode and outer skin layer often called electrode-skin interface is 
considered to be a principal barrier for electrical stimulus delivery and detection. The skin itself is composed of number 
of layers with different electrical properties as well the tissues beneath the skin and this heterogeneity and anisotropy 
are cause of current nonuniformities. Those effects are highly difficult to simulate by computer modelling techniques 
but can be measured in an in vitro study on human like tissue. We investigated how the electrical current distribution 
and potential field between transcutaneous electrodes are affected by properties of layered biological tissue. The 
measurements of electrical properties for different tissue layers were performed on pig abdomen in vitro used as a 
general model for layered biological tissue. We propose an improved experimental setup and method for such 
measurements. Our experimental findings provide insight into electrical properties of non excitable tissues and the 
effectiveness of related measurement method. 

Keywords:  FES, multi-pad electrode, electrical current distribution  

 
  

Introduction  

Biomedical events related to functional electrical 
stimulation applications are initiated by means of 
transcutaneous use of electrodes. Different types of 
electrodes used in the field of electrical stimulation 
are reviewed in [1], together with their properties. 
Recent investigation [2] has shown that 
inhomogeneity of the skin and electrode have a 
great influence on current density distribution. 
Different methods of electrode-skin interface 
modification and analysis are proposed in order to 
improve the distribution of current densities 
underneath the surface electrodes.  

The difficulties in prediction of the electrical 
behavior of biological tissues such as skin, fat, 
muscle and nerve includes their heterogeneity and 
anisotropy. In addition the effects of electrode size, 
electrode separation and configuration are to be 
considered especially when using small pads 
within array electrode [3-6]. 

Array electrode, a device recently introduced to 
transcutaneous electrical stimulation field, are 
shown to be a promising concept in several 
applications [4, 5]. The array of electrodes enables 
selective activation of desired sensory or motor 
function with only minor activation of unwanted 
functions. Additionally array electrode device 
provides dynamic control of electrode position size 

and shape. The use of advanced stimulation array 
electrodes aims at reconstruction of functional 
movement such as grasping that will be very close 
to the one resulting from voluntary, physiological 
activation of muscles. In order to achieve this goal 
we are developing intelligent control system to 
interface the electrode function and desired 
movement properties. It appears that important 
confirmation of our advanced stimulation array 
electrode concept relies on detailed understanding 
of electrical stimulus interaction and distribution 
within excitable and non excitable biological 
tissue.  

In this work we present the improved method for 
studying the electrical currents and potentials 
distribution in layered biological tissue when the 
array electrode is used for stimulation.    

  

Material and Methods 

Electric potentials inside flesh were measured 
using SBW (LMG Smith Brothers Limited) needle 
electrodes aligned in a matrix template, with 2.5 
cm distance between neighboring measurement 
points, Fig.1. In present study 4x2 matrix of needle 
electrodes was incorporated. Electrical potentials 
on needle tips were acquired by NI USB-6212 A/D 
card at sampling rate of 20 KHz, and recorded 
using a program written in Matlab which collects 
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data from up to 16 analog input channels 
simultaneously. 

 

Fig. 1: Measurement system consists of measuring 
(needle) electrodes, acquisition system, testing (multi-
pad) surface electrodes, stimulator, data processing and 
visualizing software and stimulation medium. 

A custom made multi-pad electrode called 
INTEFES acted as a cathode. Electrode controller 
(PIC 18F4520) set a pad within multi-pad 
electrode to active state in a predefined manner; 
stimulation pulses were routed to every pad for the 
400 ms. The anode was the Pals Platinum, 2x2 cm 
circular electrode. 

For the electrical stimulation we used UNA-FET 
4-channel stimulator [7]. The stimulator produced 
asymmetric, biphasic, current-controlled 
stimulation pulses. The pulse duration was 300 μs, 
amplitude 10 mA, with exponential charge 
compensation at stimulation frequency of 20 Hz.  

A custom made program in Matlab was made to 
graphically illustrate electric potentials and current 
streamlines inside stimulation medium based on 
measured data. 

Fresh pig abdomen was used for the experiments. 
The skin was washed with warm water and dried 
under nitrogen stream and two equal samples were 
sectioned. Both samples were stored for 24 hours 
at 5 °C to equilibrate. Hydration level and 
electrical properties equilibration was tested on 
each sample by means of impedance magnitude 
measurements using 100 Hz / 0.1 V stimuli.    

 

Results and Discussion 

The described set-up was utilized in evaluation of 
electrical field distribution during stimulation via 
multi-pad electrode. The experiment conducted 
comprised number of consecutive measurements of 
potentials at different depths at different distances 
between the stimulation and measurement 
electrodes. Measurement points chosen were 
distributed in 4x5 matrices (labeled from a-d and 
1-5) with defined measurements point separation. 

Some of the results are summarized in Figures 2-4 
for a2-d2 and a3-d3 lines at 2 cm depth.  
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Fig. 2: Measured electric potential while stimulating 
with pads A2 and A1 at 2 cm depth. 
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Fig. 3: Measured electric potential and calculated 
current streamlines while stimulating with pad A2, at 2 
cm depth.  
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Fig. 3: Measured electric potential and calculated 
current streamlines while stimulating with pad A1, at 2 
cm depth.  

Calculated current streamlines roughly reflect 
trajectories predicted by computer modeling [3]. If 
extrapolated, calculated streamlines tend to 
converge towards area of nearby active field, 
which is desirable result of conducted 
measurement. When the active field is away from 
measurement points, e.g. D1-D2, streamlines are 
getting parallel because of homogenization of 
current density while passing through tissue. 

 

Conclusions 

The measurement system presented in this work is 
designed for investigation of electrical currents and 
potentials distributions in layered biological tissue. 

The results shown demonstrate good qualitative 
correlation with computer modeling; however, 
large quantitative differences for potentials were 
observed in comparison with [3]. In our 
experiment gradient of measured potentials inside 
tissue was 3-4 times milder than suggested by 
computer modeling, implying that some of tissue 
properties were omitted by the model but included 
in the in vitro study.  

The investigation of the effects of array electrode 
stimulation showed that we can define the size and 
configuration of the pads within multi-pad 

electrode, engaged in order to produce the desired 
pattern of electrical current streamlines inside 
biological layered tissue sample. This is of major 
importance for selective activation in multi-
channel applications that are envisioned for 
therapy of both lower and upper extremities. 

In order to investigate the evaluation method and 
measurement system presented in this work and its 
applicability we started in vivo experiments in 
animals. Those experiments consider the functional 
output (muscle contractions), but also the direct 
response to stimulation by recording the M wave. 
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Abstract 
Existing methods for the control of the ankle joint during gait training are limited by poor performance or extensive 
tuning or training. Iterative learning control (ILC) has been effective in the control of functional electrical stimulation 
(FES) during repetitive tasks of the upper limbs. In this study, ILC was used to control the ankle joint via surface 
electrodes that stimulated the tibialis anterior and triceps surae muscles. The control objective was to track a repeating 
reference trajectory of the ankle obtained from normal walking. The controller was tested with 11 unimpaired 
individuals who were seated on a table with feet hanging over the edge. During a first experiment, individuals were 
asked to relax their legs and cease volitional effort. The controller provided good reference tracking and the root mean 
square error converged monotonically within 10 strides to approximately 2.5°. During a second experiment, in addition 
to FES, individuals were asked to actively participate with voluntary activity to track the reference trajectory. The 
controller reduced FES assistance in the presence of the new voluntary activity. Good performance was achieved using 
the proposed controller, which will be used with the robotic gait trainer Lokomat to provide better gait training.  
Keywords:  FES, ILC, Lokomat. 

Introduction 
Two emerging technologies to restore normal gait 
in individuals with gait impairments are functional 
electrical stimulation (FES) and robotic gait 
training. Although FES has been shown to improve 
rehabilitation outcomes, it has been limited by the 
lack of control strategies that result in normal 
kinematic walking patterns [1]. On the other hand, 
robotic gait training provides good kinematics by 
providing passive movements of the limbs. 
However, passive movements alone are not 
desirable as a rehabilitation strategy. Combining 
both technologies promises to provide better 
rehabilitation as one technology’s disadvantage is 
compensated by the other’s advantage. 

The eventual goal of the work presented here is to 
combine FES with the Lokomat [2], a robotic gait 
trainer, to provide more complete gait training. The 
feasibility of such a combination has been shown, 
for example, by Dohring and Daly [3]. The main 
focus of our work is to develop control strategies 
that can adapt to individual patients and 
incorporate voluntary abilities whenever available. 
We focus in this paper on initial work on the 
control of the ankle joint using FES alone. Such 
control is useful to replace the passive foot lifters 
within the Lokomat. 

Although open loop control of FES for gait 
training is possible, high levels of performance are 
desired for rehabilitation. Such levels could be 
obtained by more complex control architectures 
[4,5], but may require extensive tuning or training. 
Avoiding these limitations while still achieving 
good performance has been possible using iterative 

learning control (ILC) in repetitive tasks for the 
upper limbs [6,7]. ILC takes advantage of 
repetition to automatically adjust to individual 
physiologies and thus is well suited for the task of 
repetitive gait training.  

Material and Methods 
Apparatus 
Two channels of an FES stimulator (Compex 
Motion, Compex SA, Switzerland) were used to 
induce muscular contractions of the tibialis anterior 
and triceps surae muscles through transcutaneous 
electrodes of size 5 cm by 10 cm and 5 cm by 5 cm 
(Compex Medical SA, Switzerland). Asymmetric 
biphasic pulses of width 400 �s were delivered at 
40 Hz. Current amplitude was controlled by ILC, 
which was implemented using custom software 
(Labview, National Instruments Corporation, 
USA). Measurements of the ankle angle were 
received from a strain gauge goniometer (SG 110, 
Biometrics Ltd., UK).  

Controller 
The control objective was to have the ankle angle 
track a repeating reference trajectory. Thus one 
cycle of this trajectory will be referred to as a 
stride.  

Using ILC, the input profile was updated as: 

�	
��� � �� � ��	�� � ��� � �	� � ��� 

where the subscripts indicate the stride index, n the 
sample index within a stride, � the constant sample 
offset, � the stimulation current input, LP the low 
pass filter, ��� the constant learning gain, and � the 
error between the actual and reference ankle 
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trajectory. During the entire first stride, the input 
was set to zero so that the controller would 
comfortably increase stimulation gradually. 

Since there was a delay from the time the input � 
was applied to the time this input had an effect on 
the error �, a constant sample offset � was required 
to take this into account. The lowpass filter �� 
acted to prevent high frequency components of the 
stimulation that could cause discomfort. For all 
individuals and experiments, the same empirically 
derived controller parameters were used. 

A stride time of 2 s was chosen because it was 
close to stride times that were typically used in the 
Lokomat for rehabilitation. Also, a sampling 
frequency of 40 Hz was used since the stimulation 
was delivered at that frequency. 

Protocol 
Experiments were performed with 11 individuals 
with mean age 21 years (SD 2 years) with no gait 
impairments. The goniometer was attached to a 
bare foot and calibrated such that the ankle angle 
was 0° during upright standing, positive during 
dorsiflexion, and negative during plantarflexion. 
Individuals sat upright on the edge of a table with 
the lower leg hanging perpendicular to the table. 
Two electrode pairs, one for the tibialis anterior 
and the other for the triceps surae, were placed on 
the shank such that inversion/eversion was 
minimized during stimulation. The reference 
trajectory was obtained from the normal walking 
of one individual, averaged over all strides.   

During the first experiment, the controller was set 
to track the reference trajectory for 30 strides and 
individuals were asked to completely relax their 
ankles. This was verified by turning off the 
controller at the end without indication and 
observing that the foot had dropped. 

During the second experiment, the individuals 
were asked to relax their ankles for the first 20 
strides and then to participate activity to track the 
reference trajectory shown on a monitor for the 
next 20 strides. To aid tracking, the monitor 
displayed both the reference and actual trajectories 
as functions of time. Voluntary tracking was 
practiced by individuals before the experiment 
until consistent performance was achieved. 

Results 
Trajectory Tracking without Volitional Effort 
Fig. 1 shows typical results from one individual 
without volitional effort over the last 10 strides of 
the experiment when the error had converged, that 
is the error was found to be consistent from stride 

to stride. Because the foot was hanging in the air, 
triceps surae stimulation was needed for only a 
short period of time during fast plantarflexion. 

 
Fig. 1: Mean stimulation currents with actual and 
reference ankle trajectories over the last ten strides of 
one individual with no volitional effort. The shaded 
areas indicate the bounds of one standard deviation.   

The root mean square (RMS) error was determined 
for each stride of each individual and averaged 
over all individuals. The progression of this error 
with stride number is shown in Fig. 2. The results 
show a good learning transient with monotonically 
decreasing RMS error between stride 1 and stride 
10 before settling at an RMS error of 
approximately 2.5°. 

 
Fig. 2: Mean RMS error of all individuals with no 
volitional effort. The shaded areas indicate the bounds 
of one standard deviation.   

Trajectory Tracking with Active Participation 
The progression of the mean RMS error across all 
individuals during active participation is shown in 
Fig. 3. As expected, the learning transient for the 
first half is similar to the previous experiment with 
no volitional effort.  

Once active participation began, the amount of 
stimulation decreased. However, an unexpected 
result was that trajectory tracking performance 
worsened under such voluntary activity. 
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Fig. 3: Mean RMS ankle angle error and tibialis anterior 
stimulation current of all individuals with no voluntary 
effort during the first 20 strides and voluntary effort 
during the next 20 strides. The shaded areas indicate the 
bounds of one standard deviation.   

Discussion and Conclusions 
Trajectory Tracking 
The results show good trajectory tracking 
performance using the proposed ILC. Moreover, 
the error decreased monotonically before settling at 
a low value within only 10 strides, a behaviour that 
is not guaranteed for all ILC [8]. The results were 
obtained using the same set of control parameters 
for all individuals, despite differences in 
physiology, which is particularly important when 
applied to individuals with gait impairments. 

The experiment with active participation 
demonstrated that assistance, in the form of 
stimulation current, was reduced when voluntary 
effort was present. The controller acted by 
supplementing voluntary movements only when 
needed. Such assist-as-needed behaviour is 
desirable because it has been shown to be an 
effective rehabilitation paradigm [9]. 

Limitations 
Although good performance was obtained, 
modifications will likely be needed before 
successful implementation of the ILC to 
individuals with gait impairments in the Lokomat. 
For example, the implicit assumption of repetitive 
voluntary activity may not be valid. Indeed, even 
with unimpaired individuals in this study, non-
repetitive activity caused increased RMS error. To 
compensate for such non-repetitive disturbances, a 
feedback component should be added. 

Strictly speaking, ILC is only applicable when a 
task of finite interval is repeated with resetting 
between intervals. Because resetting does not 
occur during normal walking, repetitive control 
(RC) [10] may be more appropriate for gait 
training. RC assumes a repeating trajectory but 
does not assume resetting between intervals. 

Conclusions 
ILC provides good ankle trajectory tracking that 
quickly adjusts stimulation to take into account 
individual abilities and limitations without the use 
of a priori models or training experiments. Thus, 
ILC promises to be an effective way to control 
FES within the Lokomat for gait rehabilitation. 
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Abstract 
Six subjects with profound facial paralysis were tested to determine the feasibility of restoring functional blink via 
electrical stimulation of the orbicularis oculi muscle (OOM) without also evoking painful sensations. Stimulation of the 
paretic eyelid was triggered by EMG detection of blink in contralateral healthy OOM to deliver charge during 
inhibition of the levator palpebrae antagonist. Transcutaneous and percutaneous stimulation electrode placements were 
tested during multiple stimulation trials in subjects. Stimulation was delivered via two constant voltage computer 
controlled channels. Sensory activation thresholds were approximately an order of magnitude lower for percutaneous 
stimulation (0.4 V) vs. transcutaneous stimulation (3 V). Exploration of multiple possible stimulation paradigms yielded 
a means by which sufficient muscle activation could be recruited to evoke complete eyelid closure without producing 
prohibitively painful sensation. Stimulation efficacy across subjects correlated with degree of patient neuromuscular 
recovery following initial paresis. 

Keywords:  neuroprosthesis, FES, eye blink, facial paralysis 

 
  

Introduction 
Patients with facial nerve damage suffer substantial 
disfigurement and dysfunction due to the loss of 
ability to convey facial expression and produce eye 
blink.  The loss of function of the orbicularis oculi 
muscle (OOM), which produces eye blink, also 
makes patients highly susceptible to related eye 
pain, eye infection, and, in many cases, loss of the 
affected eye.  We are developing an implantable 
blink prosthesis to electrically activate the paretic 
OOM to restore blink in patients with facial 
paralysis.  Patients with seventh nerve trauma do 
not necessarily lose sensation in the face because 
sensory nerves that innervate the eyelid are located 
in the fifth cranial nerve. Thus, electrical 
stimulation in this area can produce a painful 
sensation that is prohibitive to its use as a 
therapeutic approach.  To date all experimentation 
of electrically evoked blink has been performed in 
animals, and the question of inadvertent painful 
stimulation has not been addressed in the literature.  
The goal of this study is to determine if it is 
possible to electrically evoke blink in patients with 
facial paralysis without also eliciting a painful 
sensation. 

Methods 

Subject selection 
In the course of this pilot clinical study we 
recruited six patients for participation in 
stimulation experiments under approval from the 

University of Louisville Institutional Review 
Board.  These patients included five women and 
one man ranging in ages from 41 to 62 whose 
facial paralysis was the result of complications 
ranging from long-term Bell’s palsy and tumor 
resections, which took place between six months 
and fifteen years ago.  

Experimental design 
Several stimulation paradigms were tested during 
independent sessions to assess the feasibility of 
electrically evoking blink.  Each experimental 
session with all patients consisted of the same 
steps: parametric assessment of stimulation 
thresholds, baseline spontaneous blink 
measurement, and stimulation triggered by 
contralateral blink.  Only the specific stimulation 
parameters were changed during subsequent 
experimental sessions. 

Assesment of stimulation thresholds 
To assess the senstitivity of patients, stimulation 
paradigms were tested to determine if a motor 
response could be elicited within a comfortable 
range of stimulation intensities.  Patients were 
instructed to rate discomfort on a scale of 1 to 5, 
with 1 representing a small, barely perceptible 
sensation and 5 representing a sensation that is not 
painful, but at the upper limit of what would be 
comfortable for extended periods.  Stimulation 
pulse amplitude (STM100C, BIOPAC Systems, 
Inc., Goleta, CA) was increased slowly as patients 
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reported increased sensation perception until either 
an evoked blink was produced or patients reported 
level 5 discomfort.  If patients reported level 5 
discomfort before blink could be evoked, higher 
levels of stimulation intensity were not tested.   

Baseline spontaneous blink measurement 
All patients tested were capable of some degree of 
closure during spontaneous blink; however, none 
of the patients included in the study could produce 
complete eyelid closure during spontaneous blink.  
It was necessary to record the degree of closure 
each patient could produce to assess how much 
additional eyelid closure was evoked by electrical 
stimulation. 

Ten spontaneous blinks were recorded for each 
subject to determine the degree of closure subjects 
were capable of producing with the paretic eyelid.  
Patients were instructed to watch a computer 
screen playing a video placed at eye level six feet 
away.   A high-speed video camera was placed 
directly above the video screen to capture eyelid 
motion.  Spontaneous eye blink was recorded with 
a high-speed video camera (EPIX, Inc., Buffalo 
Grove, IL) at 500 frames per second (fps).  The 
camera was triggered to record spontaneous blink 
for one second when triggered from an EMG 
signal collected (EMC100C, BIOPAC Systems, 
Inc., Goleta, CA) from the contralateral healthy 
OOM.  In order to record pre-blink eyelid position, 
imaging software continually updated collected 
images at 500 fps in a buffer until the triggering 
pulse signaled the video card to include 30% of 
pre-triggered images in the one-second recording.  
Eyelid motion was tracked frame-by-frame in post-
hoc analysis.  

Stimulation triggered by contralateral blink 
The normal waking condition, with the eyelids 
open, is accomplished by tonic contraction of the 
levator palpebrae (LP) muscle and a lack of 
activity within the OOM.  During spontaneous 
blink these patterns of activity reverse, such that 
the LP relaxes just prior to the initiation of the 
OOM contraction at the onset of blink and resumes 
contraction following OOM relaxation at the 
completion of a blink.  Thus it is believed a 
stimulated OOM response evoked during 
spontaneous blink would produce a greater degree 
of closure when LP is inhibited than during non-
triggered stimulation. Once tolerable stimulation 
parameters were determined, stimulation was 
triggered by EMG detection of contralateral blink 
to evoke a synchronous contraction.  The degree of 
eyelid closure during triggered spontaneous blink, 
quantified by off-line analysis of high-speed video 

recordings, was compared with baseline closure 
data to determine effect of stimulation. 

Results 
Initial surface pulse stimulation  
Biphasic pulses (5 ms per phase in 60 ms pulses 
trains at 50 Hz) were delivered at subthreshold 
voltages using a pair of ball electrodes 2 mm in 
diameter spaced approximately 5 mm apart 2 mm 
above the lid, and pulse amplitudes were increased 
while within tolerable patient discomfort levels.  
All patients experienced sensory activation at 
relatively low stimulation levels.  Data averaged 
across five facial paralysis patients resulted in 
sensory stimulation thresholds at 3 ± 0.7 V 
(mean+SEM).  Stimulation amplitudes were 
further increased to evoke a motor response; 
however, in all patients a level 5 discomfort 
sensation was reported (13 ± 0.5 V) before an 
evoked blink response was elicited.  

Stimulation was repeated at maximum tolerable 
discomfort levels triggered by the contralateral 
blink response; however, no evoked motion 
beyond recorded baseline activity was detected 
during LP inhibition.  

Previous studies investigating evoked blink were 
all performed in animal models, thus the 
observation that this commonly used stimulation 
protocol produced a prohibitively painful 
sensation at stimulation levels below motor 
activation thresholds was a new finding.  
Stimulation at amplitudes exceeding the proscribed 
patient maximum discomfort level were not 
investigated to determine motor thresholds, despite 
patients’ stated willingness to continue.  A blink 
prosthesis which delivers a painful stimulation 
each time a patient blinks has little clinical 
relevance.   

Multichannel percutaneous stimulation 
Given the painful response evoked by stimulation 
in our initial experiments, we explored additional 
stimulation paradigms designed to selectively 
recruit a motor response independent of nociceptor 
activation.  It was hypothesized that surface 
stimulation produced a prohibitively painful 
sensation because the ball electrodes were closer to 
dermal pain receptors than underlying OOM fibers.  
Implanted percutaneous stimulation electrodes 
would deliver charge directly to the paretic OOM.  
We used 30 gauge needles to insert platinum 
microwires (100 µm diameter) approximately 1 
mm into the upper paretic eyelid.  The Teflon-
coated wires were deinsulated 500 µm at the tip, 
threaded through needles, and the deinsulated 
portion was advanced past the needle cannula and 
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bent to create a barb to keep electrodes in place 
during stimulation.  Four microwires were 
implanted 2 mm above the lid margin at 
approximately 4 mm spacing across the upper 
eyelid. Stimulation was distributed across an 
additional pair of electrodes to activate a larger 
population of OOM fibers.  Multichannel 
stimulation has been shown [1] to evoke a motor 
response in paretic dog eyelids using pulse 
amplitudes lower than those used to evoke 
contractions using a single stimulation channel. 

Sensory thresholds for this interleaved 
percutaneous stimulation paradigm were almost an 
order of magnitude lower (0.4 ± 0.1 V) than the 
transcutaneous single pair paradigm.  In four of the 
five patients tested, a motor response was detected 
prior to reaching discomfort level 5. At the upper 
limit of comfortable stimulation, the OOM 
between mid-iris and the medial canthus was 
deflected downward, producing significantly 
(p<0.05, student’s paired T-test) more eyelid 
closure than patients were capable of during 
spontaneous blink.  However, this increased 
closure was not sufficient to completely close the 
palpebral fissure in any of the patients.  

 Although even a modest increase in eyelid closure 
may have some therapeutic benefit in preventing 
ocular complications in facial paralysis patients, 
multichannel percutaneous stimulation did not 
evoke functional blink.  Additional stimulation 
paradigms needed to be tested to demonstrate 
feasibility. 

Interferential stimulation 
Given the apparent inability of stimulation 
paradigms shown in previous animal studies to 
evoke pain-free blink, additional stimulation 
paradigms were tested.  Interferential stimulation is 
commonly used in rehabilitation surface 
stimulation applications to transcutaneously evoke 
muscle contractions without producing a painful 
sensation [2].  In this experiment, we applied 
stimulation with two channels across eight 
electrodes – one channel was stimulated at 2000 
Hz and the other at 2028 Hz to produce an 
interferential stimulation frequency of 
approximately 30 Hz.  

Interferential stimulation evoked a motor response 
in all three patients tested below the maximal 
discomfort threshold (two patients declined to 
participate in the final phase of the study).  
Furthermore, in two of these three patients, a 
complete functional blink was evoked below the 
maximal discomfort threshold. Patients described 
the sensation of interferential stimulation as “an 
involuntary twitch” in contrast with the previously 

tested stimulation paradigms, which were 
described as “sharp” and “biting.” A substantial 
increase in evoked motion was elicited within the 
range of tolerable sensation.  

Discussion 
It is likely that interferential stimulation may have 
been more effective at evoking a pain-free blink 
because stimulation was more broadly distributed 
across the paretic OOM.  It has been shown [3] 
that muscle fibers within OOM do not extend 
across the length of the eyelid.  Instead, muscle 
fibers are 7-8 mm in length and are distributed 
radially around the palpebral fissure. Effective 
stimulation of the OOM must activate muscle 
fibers across the entire width of the eyelid.  We are 
developing an implantable array to insert into the 
palpebral portion of the upper lid with electrodes 
positioned to specifically target muscle fibers 
responsible for spontaneous blink. 
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Abstract
This study aimed to investigate the effect of the location and the number of stimulation pulses on evoked sensations in
pairwise electrocutaneous stimulation. Five electrodes were placed around the forearm of 16 healthy human subjects.
Fixed amplitude, biphasic stimuli with five different pulse numbers (n = 1, 2, 5, 10, 20) were applied to three pairs of 
electrode sites. Evoked sensations were evaluated by using a computerized questionnaire to qualify and quantify the 
evoked sensation. We found that the sensations elicited with stimulating electrodes close to the median nerve were less 
pin-prick like. A larger number of pulses introduced a blunt sensation, than those evoked with fewer pulses. The
strength of tactile sensations was positively related to the number of pulses. These findings provide further 
understanding of the effect of stimulation parameters on evoked sensations, and will assist to the design of efficient and 
user-acceptable sensory feedback scheme.

Keywords: Electrocutaneous stimulation, sensory feedback, psychophysical test.

Introduction
Electrocutaneous stimulation has shown to be a
promising means to provide or enhance sensory 
feedback, mainly due to its non-invasiveness and 
capability of producing a sensation whose 
frequency and intensity can be reliably controlled 
[1]. A number of successful applications of 
electrocutaneous stimulation have been reported to 
improve sensory feedback in limb prostheses [2-4]. 

Apart from the application in sensory feedback for 
limb prostheses, there is evidence showing that 
sensory feedback can be used to reduce phantom 
limb pain (PLP) and chronic limb pain. For 
example, a regimen of surface stimulation in 
combination with a sensory discrimination task 
was able to reduce PLP in five amputee patients
[5]. They were asked to discriminate different 
locations and frequencies of stimuli applied to the 
stump. After two weeks of training, the PLP was 
found to be relieved. In addition, a recent study
demonstrated that tactile discrimination, other than 
stimulation alone can relieve pain in patients with 
complex regional pain syndrome (CRPS) [6].

In both applications, however, an effective 
stimulation paradigm may largely depend on the 
stimulation parameters chosen for sensory 
modulation. It is thus important to find out how the 
stimulation input affects the sensory output. The 
objective of this study was to investigate the effect
of location and the number of pulses in a stimulus

on evoked sensations. Pulse trains of five pulse 
numbers × three pairs of electrode sites were
applied to the forearm skin. The sensations 
perceived by the subjects were evaluated by 
performing psychophysical tests.  

Material and Methods
Subjects
16 healthy subjects (8 male and 8 female, aged 22-
36, mean 28.3 years) participated in the 
experiment, which was approved by the Danish 
Local Ethics Committee (ref no.: N-20090009).

Electrode placement
Five Ambu Neuroline 700 surface electrodes were 
placed around the left forearm. The five electrode 
sites will be referred to as: S1, S2, S3, S4 and S5.
They were positioned according to the following 
rules: 1) S1 over the median nerve, 2) S2 laterally 
adjacent to S1, 3) S3-5 equally spaced between S2
and S1. The schematic of the electrode placement 
is shown in fig.1.

Fig. 1: The cross-section view of the electrode locations 
on the left forearm (view from the distal side).
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Stimulation protocol
Symmetric, biphasic, rectangular 400 �s pulses
were applied. The current amplitude was fixed to 
the level at which non-painful, but clearly local 
sensations were evoked when stimulation applied
to S1. The amplitude level was approximately 
three times of the perception threshold.

Pulse trains (pulse number n = 1, 2, 5, 10, and 20)
were simultaneously applied to selected pairs of 
electrodes: S1&S2, S1&S4 and S3&S5. In total, 48
trials for each pulse number, and 80 trials for each 
pair of electrode sites have been evaluated.

Sensation evaluation
The sensations were evaluated from four aspects: 
modality, location, quality, and strength. A
customized psychophysical questionnaire was 
designed to perform the evaluation. Pre-defined 
answers were provided for the subject to describe
the sensation just perceived. The subjects were 
instructed in the definition of the answers before 
the experiments. The words that best describe the 
sensation should be chosen. The strength of the
sensation was rated by a Visual Analogue Scale 
(VAS, 10 cm). 

The pre-defined answers are a set of standard 
words describing a sensation. The selection of the 
pre-defined answer words was based on relevant 
literature and our pilot experiments.

The questionnaire was displayed on a computer 
screen. The subject’s task was to concentrate on 
perceiving the stimulus. When a stimulus was 
delivered, the subject answered the questionnaire
and submitted the answers via the computer 
interface. The next stimulus was then delivered 
automatically after approximately 5 s. During the 
experiment, the stimulus information was blind to 
the subject.

Data Analysis
The data collected from the measurement of the 
modality, location and quality is binary data. 

Therefore, the Cochran’s Q test was used to test if 
the number of pulses had an effect on the modality 
of the evoked sensations. The VAS data is 
essentially a type of ranking data. The Friedman 
test was used to evaluate the effect of the number 
of pulses on the strength of the sensations. The 
significance level was chosen to be 0.05.

Results
Fig.2 shows a heat map of the results. The colors 
encode the number of subjects reporting the same 
sensation. A warmer color (i.e., red) represents that 
more subjects reported the answer, and a cooler 
color (i.e., blue) indicates fewer subjects. Each 
block corresponds to one pair of electrodes,
including the measurement (x-axis) under five
different pulse numbers (n = 1, 2, 5, 10, and 20; y-
axis, right). 

The highlighted areas marked with the number ‘1’
in Fig. 2 shows that touch, pinprick and movement 
were the three most frequently reported sensation
types. Among the three pairs of electrode sites, the
stimulation at S1&S2 appeared to produce less pin-
prick like sensations than S1&S4 and S3&S5. The 
higher the number of pulses was, the more pin-
prick sensations were reported. Similarly, a larger
number of pulses produced more sensations of 
movement. The highlighted area marked with the 
number ‘2’ in Fig 2, indicated that, a larger number 
of pulses was more likely induce sensations in an
area spreading from the electrode sites, instead of a
local (i.e., right under the electrodes) and referred 
(i.e., discrete) areas.  A spreading sensation was 
more easily occurred at S1&S2 than at S1&S4 and 
S3&S5.

The subjects were inclined to choose words ‘mild’ 
or ‘intense’, ’sharp’ or ‘blunt’, rather than 
‘comfortable’ or ‘uncomfortable’ to describe the 
quality of the sensations they perceived. A larger
number of pulses appeared to produce more 
‘intense’ and ‘blunt’ sensations, which can be 
observed in the highlighted area 3 in Fig 2.

Fig.2. Heat map of the data of sensation modality, location and quality collected from 16 subjects.
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Since tactile sensation is particularly useful in most 
sensory feedback applications [1], we analyzed the 
data of tactile sensation in further detail. Fig. 3
shows the proportions of subjects that reported
tactile sensations (i.e. touch or pressure) in the 
three electrode combinations. It can be observed 
that fewer subjects perceived tactile sensations at 
the S3&S5 than S1&S4 and S1&S2. Additionally,
it appeared that more subjects perceived tactile 
sensation when the pulse number was fewer than 
10, regardless of the electrode combination. A
Cochran’s Q test was used to test if there was a
significant difference in the five proportions in the 
case of three electrode combinations, respectively.
The results indicated a significant difference (p =
0.003) at S1&S4, but no significant differences
were found at S1&S2 and S3&S5.

Fig. 3: Proportions of the subjects that reported tactile 
sensation when the stimulation was applied to S1&S2, 
S1&S4, and S3&S5, respectively.

Fig. 4 shows the mean and standard deviations of 
the VAS scores for the five types of perceived 
sensations at the S1&S2. With growing number of 
pulses, an increase in the strength of perceived 
sensations can be clearly observed. A Friedman 
test was then performed and the results indicated a 
significant difference (p < 0.01) in the strength of 
tactile sensation among the five different pulse 
numbers. There is also significant difference in the 
case of stimulation at S1&S4 (p < 0.01) and 
S3&S5 (p < 0.01).

Fig. 4: Means and standard deviations of the VAS score 
for five sensation modalities with stimulations applied 
to S1&S2.

Discussion and conclusions
In the present work, we evaluated the effect of the 
number of pulses and the stimulating location on 
the evoked sensations in pairwise electrical surface 
stimulation in the human forearm. We found that
touch, pinprick, and movement were the three 
sensation modalities. A larger pulse number more 
likely induced sensations distributed in a spreading 
area. Less pin-prick like sensation was elicited 
when the electrodes were placed close to the 
median nerve. Based on the analysis of the tactile 
sensation, the pulse number seemed to have more 
impact on the strength, than the type of evoked 
sensations. Our finding suggests that appropriate 
selection of the number of pulses is important to 
artificially induce stable sensations in an electrical-
stimulation based sensory feedback system.
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Abstract  
This paper presents a prototype of a wearable sensory prosthetic system with which patients suffering from peripheral 

sensory disturbances and lost sensory function of the extremities will be able to feel somatic sensations as if they were 
touching an object with their healthy hand. Test results indicate that the system will be able to compensate or even 
enhance the sensory function that has been lost due to peripheral neuropathy.  

The system consists of flexible fingerstalls and a palm patch equipped with pressure sensors and percutaneous micro-
electrical stimulation to sensory nerve fibers of the peripheral nerve was used in order to evoke pressure sensation to 
the subject. 

The results show that the system works satisfactorily, with subjects able to feel the pressure sensation resulting from 
the pressure applied to the pressure sensor of the fingerstall. 
 There was also a good correlation between the pressure applied to the pressure sensor system and the subjective 

intensities of the evoked pressure sensations. 
 
Keywords:  sensory prosthetics, microstimulation, artificial somatic sensation 
  

Introduction  
For people whose peripheral nerve functions 

have been lost or disturbed due to injury or 
diseases, it is very important to substitute for their 
lost neural functions in some way. 

Functional electrical stimulation (FES) has been 
widely studied as a way to substitute for motor 
functions, but it has not been thoroughly examined 
for the substitution of sensory functions. 

In this study, we developed a prototype of a 
sensory prosthetic system for patients who have 
lost the sensory function of the extremities due to 
peripheral nerve injury or peripheral neuropathy. 

The system is composed of a fingerstalls and a 
palm patch equipped with pressure sensors. The 
sensors detect mechanical stimuli, which are 
transferred stimuli to the subject by means of a 
microstimulation method so that the subject 
experiences the stimuli as the corresponding 
somatic sensations [1].  

In trials, the system worked satisfactorily and 
there was a good correlation between the pressure 
applied to the pressure sensors and the subjective 
intensities of the evoked pressure sensations. 

 

Material and Methods 
One healthy male subject participated in the 

experiment.  Experimental arrangement is shown 
in Fig.1. The system consists of the two 
subsystems, one for sensing mechanical stimuli 
and the other for stimulating sensory nerve fiber. 

Microstimulation Method 
The microneurographic technique involves the 

percutaneous and direct insertion of a tungsten 
microelectrode into a peripheral nerve so that the 
signal from the nerve fiber attached to the tip of the 
electrode can be measured and so that a 
microstimulation can be given to the nerve fiber. 

There are mainly four kinds of mechanosensitive 
receptors on the skin: Merkel discs, Ruffini 
endings, Meissner corpuscles, and Vater-Pacini 
corpuscles [2]. The response of these receptors is 
classified into four patterns:  slowly adapting I 
(Merkel), slowly adapting II (Ruffini), rapidly 
adapting type (RA: Meissner), and Pacinian type 
(PA: Vater-Pacini). 

Ochoa et al have reported that a pressure 
sensation is evoked by stimulating an SA-I 
mechanoreceptor unit and that the magnitude of 
the evoked sensation is influenced by the  
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                        Fig.1   Experimental arrangement  

 

frequency of the stimulus but not by the amplitude 
of the stimulus [3].  

First, we inserted a microneurographic electrode 
into the median nerve of the subject and fixed the 
electrode where the nerve signals from a single 
SA-I mechanoreceptor unit can be measured. We 
then switched the electrical circuit to stimulation 
mode and gave electrical stimulation to the nerve 
fiber using the same microelectrode. 

As a single electrical input pulse for the 
stimulation, we used a biphasic square-wave pulse 
for 250 micro-seconds. The amplitude of the 
electrical stimulation (electrical current) was fixed 
at around 1.2 times the level of the threshold value 
(the current at which the subject first felt a 
sensation when the frequency was fixed at 50 Hz). 
The amplitude was then gradually raised from 0.  

System for Sensing Mechanical Stimuli 
A commercially available pressure sensing 

system (Finger TPS system) was used in this study. 
The sensor probe has a flexible fingerstall shape 
and is equipped with a pressure sensor of the 
electrostatic volume (Fig.2). 

The subject first put a hard plastic fingerstall on 
the finger and then put the Finger TPS system on 
the fingerstall. 

 
   Fig.2   Sensor probes of the Finger TPS system  

 

 

 

 

 

 

 

 

 

 

 

With this arrangement, the hard fingerstall protects 
the skin from mechanical stimuli, so that the 
mechanical stimuli given to the finger do not affect 
the mechanoreceptors of the skin and the subject 
can feel only the pressure sensation evoked by the 
microstimulation of the SA-I sensory nerve fiber.   

When pressure stimuli were given to the subject’s 
finger covered with the sensor probe, the intensity 
of the pressure detected by the Finger TPS system 
was transferred to a personal computer, and the 
value of repetition frequency of the electrical 
stimulation was determined and output to the 
microstimulation system. 

(The pressure stimuli were given using a bar-
shaped force sensor and the pressure applied to the 
Finger TPS system was measured by the sensor.)  

The repetition frequency of the output electrical 
pulse train was determined in accordance with the 
strength of the pressure by the following equation.  

       f = 50 x P 

where f is repetition frequency of the electrical 
pulse train used for stimulation (Hz) and P is the 
pressure measured by the Finger TPS system (N).  

 Evaluation of the Intensity of the Evoked 
Pressure Sensation 

The intensity of the pressure sensation that was 
evoked by the microstimulation of the SA-I 
sensory nerve fiber and subjectively perceived by 
the subject was evaluated as follows.  

When the pressure sensation was evoked to the 
subject by the microstimulation of the SA-I 
sensory nerve fiber, the subject indicated the 
intensities of the evoked pressure sensation by 
pushing a bar-shaped force sensor (load cell) with 
the contralateral hand so that the pressure he felt 
from the bar became the same intensity as that 
evoked by the electrical stimulation of the sensory 
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nerve fiber. We defined the intensity of the evoked 
pressure sensation as the pressure value he 
indicated with the load cell. 

Results and Discussion 
Stimuli (pressure) were successfully conveyed to 

the subjects via the developed system, which 
produced the same somatic sensation (pressure 
sensation) as the original stimuli, and did so with 
the corresponding magnitude. 

Figure 3 shows an example of the results. The 
upper graph shows the changes with respect to 
time in the force with which the Finger TPS sensor 
system is pressed (green line), force measured by 
the Finger TPS sensor system (red line), and the 
intensities of the subjective pressure sensation that 
the subject expressed by pushing a load cell using 
the contra-lateral hand in the manner written in the 
“method” item (blue line). The middle figure 
shows changes with respect to time in the 
repetition frequency of the electrical stimulation to 
the sensory nerve. In this case, as the frequency for 
electrical stimulation was determined as 50 times 
the value of pressure detected by the finger TPS 
system, the shape of the waveform basically 
becomes similar to the red line (of the upper graph). 
The lower graph shows the train of the electrical 
pulses used to stimulate the nerve fiber of interest.   

As can be seen in the upper figure, the changes in 
the pressure sensation generated by the electrical 
stimulation of the SA-I sensory unit in accordance 
with the pressure value measured by the Finger 
TPS system and the changes in the pressure 
applied to the Finger TPS system showed a very 
similar tendency. The correlation coefficient 
between these two factors was 0.91, indicating that 
the system transfers mechanical stimuli to the 
subject so that the subject can experiences the 
stimuli as the corresponding somatic sensations 
and can do so with the same intensity. 

The correlation coefficient between the pressure 
applied to the Finger TPS system and the value of 
the pressure measured by it was 0.97, showing that 
the Finger TPS system can measure the applied 
pressure with high reliability.  

These results indicate that the system will be able 
to not only compensate the sensory function that 
has been lost due to peripheral neuropathy but also 
even enhance the natural sensory functions of the 
living body when high-performance sensors are 
adopted for the system. 

Conclusion 
In this study, we developed a prototype of a 

sensory prosthetic system capable of substituting 

for sensory functions that have been lost due to 
injury or diseases of peripheral nerve system.   

In trials, stimuli were successfully conveyed to 
the subjects via the system, and the system 
produced the same somatic sensation as the 
original stimuli, with the corresponding magnitude. 
The results indicate the possibility that the system 
could substitute for sensory functions that has been 
lost in people with peripheral neural disorders. 

 
            Fig.3    An example of the results.  

(please refer the text.) 

References 
[1] Suzuki T, Mabuchi K, Nishimura H, Saito T, Kakuta 
N, Kunimoto M, Shimojo M. The Relationship between 
Stimulation Signals and Subjective Intensities and Areas.  
Proc. Int. Conf. of the IEEE EMBS: 459, 1999 
[2] Bear M. F., Connors B. W., Paradiso M. A.. Neuro-
science - Exploring the Brain (3rd edition). Lippincott 
Williams & Wilkins, Baltimore:388-393, 2007  
[3] Ochoa J, Torebj rk E. Sensations evoked by 
intraneural microstimulation of single mechanoreceptor 
units innervating the human hand. J. Physiol., 432: 633-
654, 1983 

Acknowledgements 
This study was supported partly by Health Labour 

Science's Research Grant H20-nano-003 from the 
Ministry of Health, Labour and Welfare of Japan and a 
Grant-in-Aid for Scientific Research (A) 20246045 
from the Ministry of Education, Culture, Sports, Science 
and Technology of Japan. 

Author’s Address   
Name: Kunihiko Mabuchi 
Affiliation: Graduate school of Information 
Science and Technology, The University of Tokyo  
7-3-1, Hongo, Bunkyo-ku, Tokyo, 113-8656, Japan 
e-Mail: Kunihiko_Mabuchi@ipc.i.u-tokyo.ac.jp 
Homepage: http://www.mels.ipc.i.u-tokyo.ac.jp/ 

- 311 -- 311 -



Cortically controlled functional electrical stimulation: a 
neuroprosthesis for grasp function 

Ethier C1, Oby ER1, Bauman MJ1, Miller LE1 

1 Northwestern University, Chicago, United-States 

Abstract 

   We have developed a neuroprosthesis that allows a monkey subject to pick up and move objects despite a peripheral 
nerve block causing complete paralysis of the flexor muscles below the elbow. The restored voluntary control was 
achieved using signals recorded from approximately 100 neurons in the primary motor cortex to control real-time 
electrical stimulation that generated contractions of the paralyzed muscles. After nerve block, the monkey was able to 
use the neuroprosthesis to perform a functional grasping task with a success rate approaching his normal performance. 
The monkey was essentially unable to complete this task without its assistance. Such a system could provide natural 
control of arm and hand movements to human spinal cord injured patients, through normal cognitive processes, and 
greatly enhance the patient’s independence and overall well being. 

Keywords:  neuroprosthesis, brain-machine interface, functional electrical stimulation, spinal cord injury, EMG 
prediction, Motor Cortex 

Introduction 
Patients with spinal cord injury lack the 
connections between their brain and spinal cord 
that are essential for voluntary movement. 
Functional electrical stimulation (FES) systems 
have proven to be effective in allowing patients 
with tetraplegia to regain the control of hand 
movements [1,2,3]. In typical FES systems, the 
patient controls grasp through residual proximal 
limb movements that trigger pre-programmed 
stimulation causing the paralyzed muscles to 
contract. 

We have instead, developed an FES system that is 
controlled by recordings made from tiny electrodes 
permanently implanted in the brain of a monkey. 
Our neuroprosthesis successfully restored the 
monkey’s ability to pick up and move objects 
despite complete paralysis of its hand and forearm 
flexor muscles. We simulated the paralysis due to 
C5-C6 spinal cord injury by injecting a local 
anaesthetic to block the nerves at the elbow [4], 
then used recordings from approximately 100 
neurons in the motor cortex to predict the intended 
activity of several of the paralyzed muscles [5].  
The intensity of muscle stimulation was 
determined by these predictions, essentially 
bypassing the blocked nerves and restoring 
voluntary control of the paralyzed muscles.  

Related results were reported by another group that 
operantly conditioned monkeys to modulate the 
activity of individual neurons, whose discharge 
was made to control the activity of one or two 
muscles [6]. Our results represent a major step 
forward, and serve as an important proof of 

concept that an FES neuroprosthesis could provide 
natural control over the arm and hand through 
normal cognitive processes, and greatly enhance a 
patient’s independence and overall well being. 

Material and Methods 
Experimental subject and task 
Experiments were conducted with a 9 kg male 
Macaca mulatta monkey trained to perform a ball 
grasp task. The monkey was allowed 5 seconds 
from the time he made initial contact with the ball, 
to grasp it and place it into the top of the tube in 
Fig. 1. All procedures were approved by the 
Institutional Animal Care and Use Committee of 
Northwestern University. 

EMG prediction and nerve block 
We implemented FES-controlled grasping during 
20 experimental sessions across 7 weeks, using 
roughly 100 single and multi-unit neural signals 
recorded from a 100-electrode array (Blackrock 
Microsystems Inc., Utah) implanted within the 
hand area of M1.  EMG activity was acquired 
using electrodes implanted in the ulnar and radial 
heads of flexor digitorum profundus, two locations 
in flexor digitorum superficialis, and in flexor carpi 
radialis. The same electrodes were used for 
stimulation. 

At the beginning of each week, we computed 
nonlinear, Weiner cascade decoders [5,7]. These 
decoders consisted of multiple-input impulse 
response functions between the full set of neural  
inputs   and   each   recorded   muscle. This 
dynamic, linear output was transformed by a 2nd  
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order static nonlinearity. In each subsequent 
experimental session throughout the week, we 
injected 2% Lidocaine and 1:100k Epinephrine 
into subdermal ports leading to cuffs on the ulnar 
and median nerves [4]. 
 

 

 

 

 

 

 
 

 

 

 

 
Fig. 1: Brain-controlled FES. While the monkey’s 
forearm and hand is temporarily paralyzed by a 
peripheral nerve block, a Brain Machine Interface 
(BMI) controls the FES that restores the monkey’s 
ability to perform a functional grasping task. The 
monkey places its hand on a touch pad and waits for a 
go tone to initiate a trial. The ball grasp device is 
equipped with a pick up sensor and a ball drop sensor 
which are activated when the monkey initially touches 
the ball and drops it into the tube, respectively. 

 

Brain-controlled FES 
All muscles were stimulated at a single, fixed rate 
of either 25 or 30 Hz, which achieved nearly fused 
contractions. The EMG predictions were 
transformed into stimulus pulse widths by mapping 
the EMG noise floor to the stimulus force 
threshold, and the maximum predicted EMG to the 
maximum pulse width (200 μs). The current was 
chosen to yield a useful force range, typically 2-8 
mA. With the onset of fatigue caused by electrical 
stimulation, we typically increased both the global 
stimulus frequency and the stimulus currents by as 
much as 50%. 

On a random 15% of trials, the stimulators were 
turned off to assess the functional improvement 
afforded by the FES. We evaluated the 
effectiveness of the nerve blocks at frequent 
intervals throughout the experiment by briefly 
stopping the FES and recording EMG activity and 
neural discharge as the monkey attempted the task. 
We used the ratio between the predicted and actual 
EMG as a measure of nerve block effectiveness. 

Results 
Fig. 2 illustrates a representative experimental 
session which begun by Lidocaine injection to 
block the median and ulnar nerves just proximal to 
the elbow. After 15 minutes, the nerve block was 
essentially complete, as determined by the loss of 
flexor muscle EMG activity (black circles, Fig. 2b) 
and the onset of profound motor deficits. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Summary of grasp task performance during 
median and ulnar nerve block. (a) Success rate for the 
seven experimental data sets for both FES trials (grey) 
and randomly inserted catch trials without stimulation 
(black). The monkey was essentially unable to pick up 
the ball during the catch trials, completing only 4 of 57 
attempts. (b) Both nerve block and stimulus 
effectiveness for were tested at frequent intervals during 
the experiment.  

The remainder of each session consisted of a series 
of 10 minute blocks in which the monkey 
attempted to complete the grasp task either with or
without FES assistance (Fig. 2, top panel). The 
average success rate in this session with FES 
assistance was 80%. While the movements were 
not entirely normal, they did not differ so 
completely as to be obvious to casual observation. 
In stark contrast, the catch trial success rate in this 
session was only 7%. 

Across all experimental sessions, the monkey 
achieved an overall success rate seven times higher 
with FES than without it, a difference that was 
significant at p ~ 0 (two-sample test for equality of
proportions), although it remained somewhat 
below the monkey’s normal 100% success rate 
(Fig. 3a). In addition, the cortically-controlled FES 
system significantly improved the speed at which  

Time (min)

Time (min)

Lidocaine
Injection

100

80

60

40

20

0

0 20 40 60 80 100 120

b)

100

80

60

40

20

0

0 20 40 60 80 100 120

FES Catch

a)

P
er

ce
nt

P
er

ce
nt

FDPu

FDPr

Block Effectiveness Stimulus Effectiveness

Drop
Sensor

Pick-up
Sensor

Touch
Pad

Neural data
acquisition

Muscle activity
prediction

Stimulator
commands

Muscle
stimulation

Lidocaine

Injection

- 313 -- 313 -



the monkey successfully completed trials (Fig. 3b, 
p<0.0001, two-tailed Mann Whitney test). The vast 
majority of catch trials ended unsuccessfully with a 
5 second time out. The mean catch trial time 
represents only the occasional success, achieved 
mostly through an alternate, “scooping” motor 
strategy. 

 
 

 

 

 

Fig. 3: Summary of the results of 20 FES sessions. (a) 
Success rates for normal, FES, and catch trial conditions 
comprising nearly 6000 trials. The monkey completed 
77% of the trials with FES but only 11% without FES. 
(b) The speed at which the successful trials were 
completed was significantly different for all three 
conditions (p<0.0001, two-tailed Mann Whitney test).   
 

Discussion 
Existing FES systems for grasp have been used to 
restore limited hand use to hundreds of patients. 
This study serves as an important proof of concept 
that an FES prosthesis controlled by neural input 
may achieve even more impressive improvements 
in the activities of daily living by providing more 
natural, voluntary control of muscle activation. 
Furthermore, this technology may offer hope even 
to patients with injuries at higher cervical levels 
who have greater needs for replaced function with 
less available control.  

Among the factors that compromised performance, 
one of the most important is muscle fatigue, a 
concern in all FES applications, as electrical 
stimulation does not cause the normal motor unit 
recruitment order [8,9]. In an effort to counteract 
this effect, we typically increased either the 
stimulus current or frequency. This appeared to be 
sufficient in our experiments for the monkey to 
maintain his performance. In a clinical application, 
fatigue may be somewhat less extreme, as 
chronically stimulated muscles develop some level 
of fatigue resistance [10,11].  
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Abstract 
The aim of the present study is to investigate the stimulation selectivity of the transverse intrafascicular multichannel 
electrode (TIME). The TIME is a multichannel neural prosthetic interface being developed to deliver relatively high 
stimulation selectivity for use in applications, such as the control of multiple-degree prosthetic devices or for eliciting 
sensory feedback. The electrodes were implanted in the median nerve in the upper left limb of one landrace pig at four 
different implantation angles (45̊, 90̊, 135̊ and 180)̊ with respect to the cross section of the nerve. Monopolar, 100μs 
long, rectangular pulses (pulse amplitude 40- 800 μA, steps of 40μA) were sequentially delivered to each of the 12 
contact sites on the electrode structure to evoke muscle activation in the upper limb. The recruitment of seven muscles 
in upper limb was quantified as a function of stimulation. The preliminary results indicated that the selectivity of muscle 
activation and recruitment was dependent on the implantation angle. 

Keywords: neural interface, selective activation, intrafascicular,  phantom limb pain 

  

 
Introduction  
  Amputation of a limb involves truncation of all 
afferent and efferent nerves that innervated the 
amputated limb. Consequent retrograde changes 
may impact both the peripheral nervous system 
and the central nervous system [1]. These changes 
often result in a sensation that the missing body 
part is still present (i.e. phantom limb awareness) 
and kinaesthetically perceived (i.e. phantom limb 
sensation). In 50-80% of all amputees, phantom 
limb pain (PLP) develops [2]. Today, it is not 
completely understood why the pain occurs, and 
there are no fully effective treatment.  
  Several studies have demonstrated that by provid-
ing appropriate sensory feedback signals to the 
amputee subject can assist to alleviate PLP. For 
example, the intensive use of myoelectric prosthe-
sis [3], or daily training sessions involving discrim-
ination between different surface electrical stimuli 
[4] applied to the stump experienced significant 
reduction of PLP. Intrafascicular, electrical stimu-
lation of severed nerves proved to be capable of 
eliciting tactile or proprioceptive sensations by 
implanted LIFE electrodes in human subjects [5]. 
Rossini et al. also demonstrated that training for 
control of a robotic hand (with a limited amount of 
sensory feedback) significantly reduced PLP in a 
human amputee volunteer implanted with four 

LIFE electrodes [6]. The reduction in PLP lasted 
several weeks after the LIFE electrodes were re-
moved and changes in sensorimotor cortex topog-
raphy were shown [6]. 

The present work is part of an ongoing EU 
project ‘TIME’, where we hypothesize that given 
selective activation a sufficient number of nerve 
fibres, a neural interface may be able to artificially 
evoke sensations and eventually allieve PLP. A 
new generation of transverse, intrafascicular 
electrodes (TIME) has been developed for this 
purpose (see [7] for a review of development and 
use of the intrafascicular electrodes). The main 
objective of the present study was to investigate 
the degree of stimulation selectivity of the TIME 
electrodes in an animal model with nerve size 
similar to humans.  We further investigated the 
morphological structure of the porcine median 
nerve to determine the number of fascicles 
in/around the implant site.  

 
Material and Methods 
 Animal preparation 

All experimental procedures were approved by the 
animal experiment inspectorate under the Danish 
Ministry of Justice. 7 female, Yorkshire landrace 
pig (<50 kg) were included in the present work. 
These preliminary results are from analysis of one 
animal (selectivity) and 6 animals (histology). The 
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animals were placed under general anaesthesia 
(ventilated at 15 breaths/min, 50-50% air/oxygen, 
1-1.2 % Isoflurane), received 0.9% saline to 
prevent dehydration and pancuronium 
bromide/fentanyl (Esmeron® 10mg/ml and 
“Hameln” 50 μg/ml) as analgesia. The animals 
were placed in a supine position, and access to the 
median nerve in the upper limb was created 
through the axilla. Heart rate and oxygen saturation 
were monitored throughout the experiment. 

 
Fig 1. A) H&E stain of the median and ulnar nerves approx. 2-3 
cm above the elbow joint, where the electrodes were implanted. B) 
Schematic drawing of electrode implantation angles of the TIME 
electrodes in the median nerve. 
 

 
Fig 2. Transverse-intrafascicular, multi-channel electrode (TIME)  
with 12 active sites to be placed inside the median nerve. The 
broader, horizontal part of the polyimide substrate serves as 
insertion stop and stays outside the nerve. 
The transverse, intrafascicular electrodes (TIME) 
were implanted in the median nerve approximately 
2-3 cm above the elbow joint at implantation 
angles of 45̊, 90̊, 135̊ and 180̊ (see Fig. 1b). The 
TIME electrodes were manufactured at IMTEK 
(see Fig 2.; see [8] for detailed description). 
The electrode has 12 equidistant active sites with a 
pitch of 440 μm, with 6 contacts placed on either 
side of the polymide loop structure. They are 
referred as A1, A2, A3, A4, A5, A6 and B1, B2, 
B3, B4, B5, B6.  
  To evaluate the selective activation of individual 
fascicles in the median nerve, we recorded EMG 
responses from seven forearm muscles using 
bipolar patch electrodes placed at three extensor 
muscles (biceps brachii [M1], extensor carpi 
radialis [M2], extensor carpi ulnaris [M7]), three 
flexor muscles (flexor carpi radialis [M3], flexor 
digitalis superficialis [M4], flexor carpi ulnaris 
[M5]) and the muscle interosseus medius [M6]. We 
applied cathodic monopolar, rectangular constant-
current pulses between the individual contacts and 
an external ground placed within the animal using 
a Multichannel Systems STG2008 stimulator. 

Stimuli were 100μs with amplitudes 40μA to 
800μA, and presented at 2Hz. 5 pulses were 
repeated at each current level. 
  At the end of the experiment, the animal was 
euthanized with an overdose of sodium 
pentobarbital. To evaluate the morphology of the 
pig nerve, a nerve section were harvested 
immediately after euthanasia at the level of the 
implant and prepared for histological analysis. The 
specimens were placed on a metal plate, fixated 
with tissue glue (CryoJane) to maintain orientation 
of the specimen during freezing in liquid nitrogen. 
5 μm frozen transverse sections of the nerve were 
taken and subsequently stained using H&E (see 
Fig. 1A).  
 
Data analysis  
  Muscle activation was quatified by measuring the 
amplitude of the EMG amplitude. EMG signals 
were band-pass filtered (100 Hz - 2 kHz) and its 
RMS value was calculated in the period 2 – 12 ms 
time interval after stimulation. These values were 
normalized to the maximum RMS for each muscle 
(including data from stimulating contacts at all 
four implant directions) to generate recruitment 
curves (Fig. 3). Stimulation selectivity was then 
evaluated for each contact at the maximum current 
800 μ A (Fig. 4), where we expect the worst-case 
selectivity performance.  
  To evaluate the morphological structure of the 
median nerve,  the number of fascicles and fascicle 
diameter/area were determined at three levels of 
the nerve; ~3-4 cm above, at, and ~3-4cm below 
the level of the implant site. Digital 
photomicrographs were taken and analyzed using 
Axio Vision (Axio Vs40 v. 4.6.30, Carl Zeiss 
Imaging solutions GmbH, Germany). 

 
Fig 3. The generated muscle recuitment curves. X-axis represents 
the 20 simulation levels (40 μA to 800 μA ), and the y-axis reflects 
the corresponding EMG activity for each of the 7 muscles.  
 
Table 1.  Results of histological evaluation from 6 nerves (left and 
right forelimb). All numbers are given as mean ± std. (*) indicates 
that 4 nerve speciments were included in the analysis 
 Proximal to 

implant site 
At implant 
site 

Distal to implant 
site 

Fascicle diameter 
[mm] 

0.27 ± 0.083 0.23 ± 0.086 0.24 ± 0.093 

Fascicle count  29 ± 5 36 ± 4 33 ± 8 
Whole nerve 
diameter [mm] 

No data 2.9 ± 0.4mm (*) 
 

2.2 ± 0.6mm (*) 
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Fig 4. Comparison of  the activation of  selected muscles at 
saturation as a function of electrode contact and implant angle. 
Upper panel: results from stimulating 6 contacts  on the  side A of 
the electrode. Lower panel: results from stimulating the six 
contacts on  side B . 
 
Results 
The cursory selectivity analysis (Fig. 4) indicate 
that there was strong possibility of activating 
extensor muscles (M1, M2 and M 7) when 
implantation is made at 180.̊ On the other hand, 
mostly the flexor muscles (M3, M4 and M5) and 
muscle interosseus medius (M6) were activated 
when the electrode was implanted at 90.̊ 
Implantation at 45̊ and 135̊ activated all seven 
muscles in the majority of the cases. Different 
orientation angles resulted in different activation 
characteristics. 

  The histological evaluation from 6 pig forelimb 
nerves (both left and right arm) are shown in Table 
1. The median nerve contained the highest number 
of fascicles at the implant sited just above the 
elbow joint. The fascicle diameters were similar at 
all three levels.  
  
Discussion and conclusions 

 Our objective was to investigate the stimulation 
selectivity of the TIME electrode within an animal 
model with nerve size similar to humans. These 
preliminary results show the importance of 
implantation angle on the selectivity and 
reachability of muscle activation. This parameter 
may be an important factor for optimization, where 
there is a trade off of reachability with selectivity. 
The morphological analysis revealed up to 40 
fascicles at the level of implantation. Although 
further investigation is needed to optomize how 
many of these fascicles can be reached versus the 
number of electrode structures and contacts used, 
the transversely implant intrafascicular electrode 
may be an important step towards reaching this 
compromise. 
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0BAbstract
     High frequency alternating currents (HFAC )produce a reversible and rapid peripheral nerve conduction block.  
The delivery of HFAC is characterized by a transient, but intense, period of neural firing at the onset of current delivery 
called the “onset response”.  The onset response is minimized for higher frequencies and higher amplitudes.  However, 
these parameters require a large amount of current to maintain the block.  In this in-vivo study on whole mammalian 
peripheral nerves, we demonstrate a method to minimize the onset response by initiating the block using a waveform 
with a high frequency and large amplitude, and then transitioning to a low frequency and low amplitude waveform, 
which reduces the magnitude of current required to maintain the conduction block.  In five of six animals it was 
possible to transition from a 30 kHz to a 10 kHz waveform, at block threshold, without inducing any transient neural 
firing.  The minimum transition time was 0.03 sec. The results of this study show that this method is feasible for 
achieving a nerve block with minimal onset responses and current amplitude requirements. 

Keywords: High frequency nerve block, functional electrical stimulation, onset response, in-vivo model. 

1BIntroduction
The delivery of high frequency alternating 

currents (HFAC) has proven to be a reversible and 
rapid method of blocking peripheral nerve 
conduction [1-5].  HFAC in the frequency range of 
1 – 40 kHz [5,7] and amplitudes between 1-10 V,  
delivered through a cuff electrode in direct contact 
with a peripheral nerve, reversibly blocks the 
propagation of action potentials [5].  This block is 
established in less than 100 ms [6] and is 
completely reversible when the HFAC is turned 
off, as the nerve returns to full conductivity within 
approximately one second [3,5].  The fast onset of 
the conduction block and the quick reversibility 
makes HFAC block appealing for potential clinical 
uses.

One undesirable aspect of HFAC nerve 
block is the initial volley of action potentials when 
the HFAC is first turned on, termed the “onset 
response”. The onset response has been 
demonstrated in many animal studies [2-5,7], and 
in computer simulations [8,9].  HFAC block 
requires amplitudes above a minimum “block 
threshold” in order to completely block a 
peripheral nerve.  The motor “block threshold” is 
defined as the lowest amplitude at which all motor 
axons in the nerve are blocked,  and the block 
threshold increases monotonically for increasing 
frequencies [5,7,8]. There is a trade off between 

minimizing the onset response and minimizing the 
voltage/current required to block.  Specifically, the 
onset response is minimized with high amplitude 
and high frequency, whereas the voltage/current is 
minimized at the lower frequencies where block 
thresholds are lower.  As a result, it is desirable to 
consider utilizing a waveform that minimizes the 
onset response by initiating the block with a high 
frequency and large amplitude and then 
transitioning to a low frequency, low amplitude 
waveform in order to reduce the voltage/current 
required to maintain block.   

The goal of this study was to evaluate 
whether the transition in frequency and amplitude 
during HFAC block could be accomplished 
without inducing any additional nerve activity 
beyond the onset response.  We hypothesized that 
a smooth simultaneous transition of both frequency 
and amplitude could be accomplished without 
activating the nerve if the transition period was 
sufficiently long.  Furthermore, we hypothesized 
that less activity would be induced by a transition 
from a high amplitude to a low amplitude than vice 
versa. This type of amplitude transition would be 
naturally coupled with the frequency transition 
from high to low, since block thresholds also 
decrease as the HFAC frequency is lowered [5]. 
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2BMaterial and Methods 
Frequency and amplitude transitions were 

evaluated in 6 adult Sprague-Dawley rats under 
institutional approval.  The animals were 
anesthetized with intraperitoneal Nembutal 
(pentobarbital sodium).  The surgical procedure 
has been described previously [5,10].  The sciatic 
nerve was carefully exposed through a postero-
lateral incision and the sural and common peroneal 
nerves were cut.  The gastrocnemius-soleus muscle 
complex was exposed and its insertion into the 
calcaneus was severed.  The calcaneal tendon was 
attached to a force transducer that was pre-
tensioned with approximately 1-2 Newtons.   

Figure 1: Showing the experimental setup with the 
waveform transition shape on the bottom. The HFAC 
starts at 30 kHz high amplitude and transitions to 10 
kHz low amplitude. 

Two bipolar platinum cuff electrodes were 
positioned along the sciatic nerve as illustrated in 
Figure 1.  The proximal electrode was used to 
deliver suprathreshold monophasic square pulses 
from an isolated current source (Grass S88 
Stimulator, Grass Technologies, West Warwick, 
RI, USA) at a rate of 1 Hz.  The distal electrode 
was used to deliver the HFAC waveform, which 
was generated by an arbitrary waveform generator 
(Wavetek 395, now Willtek Communications 
GmbH, Ismaning, Germany).  Labview software 
(National Instruments, Austin, Texas, USA) was 
used to control the Wavetek output to 
simultaneously sweep the frequency and ramp the 
amplitude as illustrated in Figure 1.  

The HFAC waveform used in each trial 
consisted of three phases.  First, the HFAC 
waveform was turned on at 30 kHz at 10 Vpp.  The 
frequency and amplitude were held constant during 
this first phase.  The second phase consisted of the 
frequency and amplitude transition with the 
frequency sweeping from 30 kHz to 10 kHz at a 
constant linear rate and the amplitude ramping 
linearly to its final value.  The duration of the 
second phase was termed the transition time.  The 
third phase began at the end of the transition time, 
once the frequency and amplitude reached their 
final values.  During this third phase, the frequency 

was maintained at 10 kHz and the amplitude was 
held at an amplitude just above the 10 kHz block 
threshold (measured experimentally in each 
animal).  Four different transition times were tested 
during each experiment in a randomized order and 
ranged between 0.03 seconds to 60 seconds. Of the 
6 animals in the randomized series, transition times 
of 0.03, 0.1, 1, and 10 seconds were tested in 3 
animals; 0.1, 1, 10, and 20 seconds were tested in 2 
animals; and 1, 10, 30, and 60 seconds were tested 
in 1 animal. The peak muscle force (N) and the 
force-time integral (N.s), of the transition activity 
were the output measures of the experiments.   

3BResults
4BThe experiments demonstrated that the 

onset response for a HFAC initiated at 30 kHz was 
much smaller than one at 10 kHz (Figure 2, top 
two traces). Waveform transitions that were not 
optimized led to a large burst of transition activity 
(Figure 2, bottom trace). 

Figure 2: 30 kHz onset (top), 10 kHz onset (middle). A 
waveform transition at 0.1 s leads to a large burst of 
transition activity. The light gray bars show the timing 
of the HAFC and the dark area the transition zone. 

Optimal transitions allowed the HFAC to 
be initiated at 30 kHz (with a small onset) and then 
transitioned to 10 kHz without any transition 
activity. The critical condition was the transition 
time of the frequency/amplitude sweep. Figure 3 
demonstrates that there is a minimum transition 
time at which there is no transition activity. 
Transition times shorter than this lead to activity 
while longer times show no activity.  

In 5 of 6 animals, successful transition 
times were obtained, ranging between 0.03 s to 
20s. In one animal, the transition even at 60 s was 
unsuccessful in totally eliminating transition 
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activity, though here too the activity was reduced 
with the longer transition times. 

20BFonts
The paper title is formatted in Times (11pt), bold, 
please use capital letters. The font for the standard 
text is Times (11pt) or Times New Roman (11pt. 
The main headings are Times/Times New Roman 
(12pt) bold, the subheadings Times/ Times New 
Roman (12pt) italic. Illustration and table 
descriptions are Times/ Times New Roman (10pt) 

Figure 3: Example in one animal of successful 
transitions at 1 s and 10 s. Transition regions are shown 
in the dark gray bars. 

5BDiscussion
This set of experiments demonstrates that 

it is possible to start the HFAC block at a high 
frequency where the onset response is minimized. 
Subsequently, the frequency can be transitioned to 
a lower frequency and nerve block maintained at 
lower amplitudes. This technique has possible 
clinical implications in targeting HFAC nerve 
block in motor conditions, for example muscle 
spasms in spinal cord injury. 
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Abstract
Rapid muscle fatigue, a major concern for many clinical FES applications, can be mitigated with the use of multi-
electrode stimulation protocols. Determining proper parameters for such protocols, however, is often challenging.  
Here we analyze and optimize a previously reported algorithm designed to iteratively reduce tremor in muscle 
contractions elicited by asynchronous stimulation of independent motor-unit groups (ASIM). The algorithm was 
optimized for speed of convergence and steady-state tremor level. Three independent algorithm parameters, response-
filter-bandwidth, error-sampling-delay and phasing-adjustment-gain, were examined. Behavior of the algorithm for 
various parameter values was simulated. The muscle response after each iteration of the algorithm was modeled by 
linearly summing pre-recorded responses to single electrode stimulation trains, shifted by the corresponding electrode 
phasings. For each algorithm parameter, the value producing the best performance is reported. Optimal parameter 
selection reduced convergence time by a factor of 3 and improved steady-state tremor reduction by approximately 17%. 

Keywords:  ASIM, IIFMS, tremor, multi-electrode sstimulation, interleaved, fatigue, USEA. 

Introduction 
Asynchronous stimulation of independent motor-
unit groups (ASIM) is a promising approach to 
fatigue-resistant motor function restoration [1, 2]. 
However, the increased complexity of stimulus 
parameter selection inherent in ASIM (as 
compared to single-electrode stimulation) makes it 
challenging to employ in clinical settings. For 
example, a major problem associated with ASIM is 
that without proper parameter selection, muscle 
contractions can display high levels of tremor, 
even when the composite stimulation rate (i.e. 
across all electrodes) would yield a fused tetanus if 
applied to a single-electrode [3]. To address this 
problem several groups have investigated means of 
automating ASIM parameter selection and control 
[3, 4]. One group [4] has devised an iterative 
stimulus phasing adjustment algorithm (ISPAA) 
for reducing tremor in isometric contractions. This 
algorithm represents significant progress towards 
making ASIM clinically practical. As presented, 
however, the specific steps of the algorithm were 
not entirely clear. Additionally, its performance 
and optimality were poorly characterized.  

Correspondingly, the research presented here 
focuses on enhancing the value of the existing 
ISPAA by producing an explicit, parameterized 
implementation of the algorithm, testing the 
performance of the implementation under various 
conditions, and optimizing the three parameters 
associated with our implementation: response-
filter-bandwidth, error-sampling-delay, and 
response-adjustment-gain. To accomplish these 
goals we utilized a novel ASIM response 
prediction technique [3] which enables us to 

simulate a sequence of ISPAA iterations of 
arbitrary length, and measure its performance for 
various parameter values.  

Testing the behavior of this concrete ISPAA 
implementation under various conditions, and 
optimizing parameter selection to improve its 
performance will, we hope, increase its utility and 
effectiveness in the clinical FES arena. 

Material and Methods 
In-vivo Motor Responses: 
This research employed in-vivo muscle response 
data recorded during a previous series of 
neuromotor physiology experiments. In those 
experiments muscle responses were collected from 
two isolated plantar flexor (Soleus, Media and 
Lateral Gastrocnemius, and Plantaris) preparations 
in cat, described in detail in [3]. To summarize, 
muscle contractions were evoked via constant-
pulse-width, constant-frequency stimulation trains 
delivered on individual electrodes within a Utah 
slanted electrode array (USEA) implanted in the 
sciatic nerve. Response waveforms were measured 
by a single-axis force transducer attached to the 
Achilles tendon and recorded by a commercial data 
acquisition system. 

Muscle Response Modeling: 
ASIM trains used in this study were composed of 
phase-shifted single-electrode trains with known 
responses (i.e. as mentioned in the previous step). 
The predicted muscle response to an ASIM train 
was computed by shifting the single-electrode train 
responses an amount corresponding to the inter-
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electrode phasings specified in the ASIM train and 
then summing the shifted waveforms. 

Tremor Reduction Algorithm: 
We implemented the ISPAA as follows (Figure 1).  

1) Start with a period-long segment of the ASIM 
response waveform corresponding to the most 
recently completed stimulation cycle. 

2) Bandpass filter the segment from frequency band 
flow to fhigh, where flow = fconstituent x(1-¬) and fhigh = 
fconstituent x(1+¬). (Note: We used a 3rd order 
Butterworth applied in both directions for zero 
phase distortion). 

3) Remove any remaining DC offset.  

4) Normalize the adjusted segment to the mean of 
the original segment. The resultant waveform is 
the error signal. 

5) Sample the error signal at tdelay ms after each 
electrode stimulus. 

6) Multiply all of these error-sample values by some 
gain g.

7) Multiply each inter-electrode phasing by the 
corresponding, adjusted error value. 

8) REPEAT 1-8 after the next stimulation cycle. 

Figure 1: Diagram of the ISPAA. a) The stimulus 
phasing, within one ASIM cycle, for each electrode. b) 
The predicted ASIM response. c) The last 3 periods of 
the response. d) The filtered, demeaned and normalized 
response segment. e) The error signals to be used for 
updating the phasings. 

Simulating Algorithm Behavior: 
Behavior of the algorithm over multiple iterations 
was simulated using the response modeling 
technique listed above. Each simulation started 
with an ASIM train with evenly distributed 
electrode phasings. The predicted response was 
computed, and the phasing adjustment algorithm 

was executed. This sequence was continued until 
the change in response tremor from one iteration to 
the next converged to below a pre-determined 
threshold. If convergence was not reached within 
200 iterations the simulations was terminated. 

Optimizing Algorithm Performance: 
Algorithm performance was measured in two 
dimensions: iterations to convergence, and tremor 
in steady-state response. The effect of each 
parameter on performance was evaluated by 
simulating algorithm behavior for various values of 
the parameter while holding the other two 
parameters constant. Effects of each parameter 
were evaluated for multiple electrode set sizes (4, 
5, 6) and many unique sets of single electrode 
responses (n = 19,320). 

Results
Simulation results show that the algorithm, as we 
have implemented it, does reduce response tremor 
(Figure 2). Additionally, results demonstrate that, 
over a wide range of parameter values, the 
algorithm converges (Figure 3). Optimal values, 
with respect to both steady-state tremor and speed 
of convergence, for the three ISPAA parameters 
are as follows: 1) Optimal response filter band is 
80%-120% of constituent stimulation frequency. 2) 
Optimal error-sampling-delay is 15 ms. 3) Optimal 
phase-adjustment-gain is 0.5. 

Figure 2: Five example iterations of the phasing-
adjustment algorithm. (a) Predicted response to the 
ASIM train with evenly-distributed electrode phasings. 
Tremor for this train is 13.7%.  (b) Change in error 
signal over 5 iterations of the algorithm. (c) Predicted 
response to ASIM train with optimized electrode 
phasings. Tremor for this train is 5.1%. 

Discussion 
The results presented here, specifically those 
displayed in Figure 3, demonstrate that there is 
significant potential for optimizing the ISPAA 
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algorithm as originally presented in [4]. Overall, 
convergence speed seemed to be the performance 
metric most affected by changes in algorithm 
parameter values. For example, changing the 
phasing adjustment gain from 1.0 to 0.4 decreases 
the average number of cycles to convergence from 
approximately 13 to 4. For ASIM cycle times of 
100 ms (10 Hz constituent frequency) this would 
yield a reduction in convergence time from 1300 
ms to 400 ms—valuable from both a controls 
perspective and that of improving the clinical FES 
patient’s subjective experience. 

Another point to consider is the validity of the 
simple, linear-summation model used to predict 
ASIM responses. Although this technique is not 
exact, it has been shown to be quite accurate for 
isometric contractions [3, 5] which are the very 
sort targeted by this relatively slow, iterative 
approach to stimulation control. 

Ultimately we feel that the specific optimizations 
presented here, and more generally, the use of 
ASIM response modeling, for purposes of 
parameter optimization, represent a valuable 
contribution to the nascent field of asynchronous 
multi-electrode FES. Steady-state tremor was also affected by 

modulation of algorithm parameters (though the 
effects were not as large as those for convergence). 
Delaying the error sample time by 15 ms improves 
the steady-state tremor by approximately 17% as 
compared with a delay of 0 ms (apparently used in 
the algorithm as originally presented in [4]).  
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Abstract 
Simulations of FES systems are usually based on the typical or ideal stimulated muscle response, which may result in 
an overly optimistic prediction of the FES system’s performance in real-world applications. We have developed a 
Simulink block that allows actual non-ideal behaviour of electrically stimulated muscles to be incorporated into existing 
FES simulations. This block is based on data collected from complete SCI subjects, and it modifies the nominal 
stimulated muscle response to reflect undesirable behaviour seen in real-world FES applications, including spasms, 
tremors, and fatigue. The severity of each type of undesirable behaviour can be specified by the user. In this paper, we 
discuss the design of the block, and also present an example of how the block can be used to more accurately assess the 
probable real-world performance of FES systems prior to testing with SCI subjects.   

Keywords:  functional electrical stimulation, spinal cord injury, stimulated muscle response, model, simulation 

 
Introduction 
Functional electrical stimulation (FES) can be used 
to restore or replace lost motor function in 
individuals who have spinal cord injuries (SCI). 
Each new FES application must be thoroughly 
tested with SCI individuals. However, it is time-
consuming and expensive to recruit suitable 
subjects, re-condition the subjects’ muscles using 
electrical stimulation, and then conduct exhaustive 
testing to verify the performance of a particular 
FES system.  

For these reasons, it is common to refine the design 
of a FES system in simulation prior to the testing 
phase. Such simulations are usually based on 
models of the typical or ideal stimulated muscle 
response, which may result in an overly optimistic 
assessment of the FES system’s likely performance 
in the real world. Stimulated muscle contractions 
in individuals with SCI are subject to fatigue, 
muscle spasms, and tremors due to incomplete 
tetanus, in addition to other undesirable effects. It 
is necessary to account for these non-idealities in 
an accurate simulation of the real-world 
performance of a FES system. 

We created a Simulink block (The Mathworks, 
Natick, USA) that represents the range of spasm, 
tremor, and fatigue behaviour that stimulated 
muscles exhibit in the real world. This block uses 
data collected from complete SCI subjects, and 
modifies the nominal stimulated muscle response 
to reflect the undesirable behaviour seen in the real 
world. This “non-idealities block” can be 
incorporated into existing FES simulations in 

Simulink to analyze the performance of FES 
systems in the presence of undesirable behaviour.  

This paper presents our pilot work on this project. 
We discuss the design of the block, and also 
present an example of how the non-idealities block 
can be used to assess the likely real-world 
performance of a FES system.  

Material and Methods 
Data Analysis 
We developed the non-idealities block using 
previously collected data from subjects with 
complete SCI. The experiments were approved by 
the local research ethics board, and all subjects 
provided informed consent.  

We extracted the muscle spasm and tremor data 
from experiments done with a single complete SCI 
subject. The subject’s muscles were re-conditioned 
using electrical stimulation prior to data collection. 
The subject was seated with the shank free to 
swing during the data collection experiments. We 
transcutaneously stimulated the subject’s 
quadriceps muscle group with a Compex Motion 
stimulator (Compex SA, Switzerland) using a 
bipolar, biphasic square wave pulse train with 
pulse width 250 μs and frequency 40 Hz. The 
stimulation amplitude was randomized for each 
trial between 0 mA and a pre-set maximum 
amplitude. We sampled the resulting knee angle at 
100 Hz for 5 seconds after the onset of stimulation, 
by which time the knee angle had reached its 
steady state behaviour in each trial. We passed 
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each trial through a de-noising filter. After 
identifying those trials that exhibited muscle 
spasms or tremors, we extracted only the spasm or 
tremor behaviour from the affected trials. The 
resulting spasm waveforms are zero except where 
the spasms are present, and the tremor waveforms 
are centred about zero. We also assigned each 
spasm and tremor waveform a classification of 
mild, moderate, or severe with respect to its 
particular type of undesirable behaviour. 

We extracted the fatigue waveforms from data 
from a separate experiment done with seven 
complete SCI subjects. The experimental setup 
was similar to that of the experiment described 
above, except this experiment concerned isometric 
contractions of the quadriceps muscles. The 
stimulation amplitude was determined individually 
for each subject to produce maximal force, and the 
isometric force was sampled at 100 Hz during 2 
minutes of maximal electrically stimulated 
contractions [1]. We used a polynomial fit to 
approximate each force curve, and then scaled each 
curve from 1 to 0 to generate a fatigue waveform, 
with 1 corresponding to no fatigue and 0 
corresponding to no measurable response to 
stimulation. We then classified each fatigue 
waveform as mild, moderate, or severe.  

Construction of Non-idealities Block 
The output of the non-idealities block can be 
described by 

 

where  is the nominal response of the 
stimulated muscle,  is the modified, realistic 
stimulated muscle response, and ,  and 

 are instances of the spasm, tremor, and 
fatigue waveforms, respectively. We implemented 
the block using a MatLab S-function, which 
defines a custom Simulink block. The user can 
vary the severity of the fatigue, spasm, and tremor 
waveforms that are included in a particular 
instance of the block. The actual waveform that is 

used for each facet of the block (spasm, tremor, 
and fatigue) is selected randomly from the group of 
waveforms having the desired classification (mild, 
moderate, or severe) each time the simulation is 
run.  

Example of Block Implementation 
We implemented the non-idealities block in a FES 
simulation to show how this block can be used to 
examine the potential real-world behaviour of a 
FES system. The example is a simulation of 
proportional-integral-derviative (PID) control of 
knee angle, based on the model of stimulated knee 
response described by Ferrarin and Pedotti [2]. 
Knee extension is provided by stimulated 
quadriceps contractions, and knee flexion is 
provided by gravity. Fig. 1 shows a block diagram 
of this simulation. We recorded unit step response 
metrics [3] for the nominal case and using the non-
idealities block with different parameter values.  

Results 
Fig. 2 shows how the non-idealities block modifies 
the nominal stimulated muscle response. The 
dotted line corresponds to the simulated nominal 
knee torque produced at the maximum stimulation 
amplitude in the open-loop. The solid line 
corresponds to the modified torque produced by 
the non-idealities block with mild spasms, mild 
tremors, and mild fatigue. Fig. 3 shows the 
response of the knee angle control example to a 60 
degree unit step trajectory (controller parameters: 
Kp = 175, Ki = 250, Kd = 325). The dotted line 
corresponds to the step response without the non-
idealities block. The solid line corresponds to the 
same response with the non-idealities block (mild 
spasms, tremors, and fatigue). 

Table 1 shows selected unit step response metrics  
for the knee control example. The results for the 
moderate and severe cases of spasms, tremors, and 
fatigue were similar to but more pronounced than 
those shown in Table 1.  

 

PID
Controller

Stimulated
Quadriceps
Response

Knee
Dynamics

Non-
Idealities

Block
Σ

θREF

θ

e u τ θυ
_
+

Fig. 1: Block diagram of simulation of PID control of electrically stimulated knee angle θ.  
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Fig. 2: Nominal knee torque at maximum stimulation, 
and modified torque generated by non-idealities block 
for mild spasms, tremors, and fatigue. 

 

 

 

 

 

 

 

 

 

Fig. 3: Response of knee control example to 60 degree 
unit step trajectory. Dotted line is without non-idealities 
block. Solid line is with non-idealities block (mild 
spasms, tremors, and fatigue). 

Table 1: Unit step response metrics for knee angle 
control example. 

Case 
10%-90% 
Rise Time 

(s) 

Over- 
shoot 
(%) 

RMS 
Error 
(deg) 

Nominal 2.21 22.10 5.01 
Mild Fatigue Only 2.24 21.00 41.77 
Mild Spasm Only 2.14 22.14 5.06 
Mild Tremor Only 3.53 45.65 11.73 
Mild Fatigue, 
Spasm, and Tremor 3.51 42.15 46.54 

 

Discussion 
The modified torque produced by the non-idealities 
block is clearly different from the nominal torque. 
The spasms did not significantly degrade the 
performance of the control system, but fatigue and 
tremors both had a large effect on control 
performance. All combinations of undesirable 
behaviour resulted in poorer performance than the 
corresponding undesirable behaviours in isolation. 

The non-idealities block represents a worst-case 
scenario with no muscle recovery. In reality, 

control performance will likely be modestly better 
than is indicated by the simulated results, since 
some recovery will occur during periods of no 
stimulation. Also, we use fatigue data collected 
from isometric contractions of untrained 
quadriceps muscles. Isotonic contractions in 
trained muscles may result in different fatigue 
profiles than those used in the non-idealities block. 
The data were collected from a limited number of 
subjects, and therefore do not reflect all of the 
undesirable behaviour that can occur with real-
world FES use. 

Conclusions 
We have developed a Simulink block that 
introduces realistic undesirable behaviour into 
simulations of the performance FES systems. This 
non-idealities block is based upon actual 
stimulated muscle responses of subjects with 
complete SCI, and allows researchers to assess the 
likely real-world performance of FES systems 
before testing with SCI subjects, thereby saving 
time and expense.  

In the future, we plan to expand this work by 
including additional stimulated response data from 
SCI subjects. We also plan to make the MatLab 
code for this project freely available on our website 
for use by others in the FES field. 
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Abstract
<Porpose> to design a musculoskeletal spine model with which we can perform Functional Electrical 

Stimulation (FES) effectively as well as the simulation of spinal motion and analysis of stress distribution to 
the vertebra. <Methods> A 28 years old healthy male was scanned with CT. After obtaining the CT data, we 
made three-dimensional model of spine, rib cage and pelvis by using 3D design software “EICAS”. We used 
a 3D motion analysis system, VICON MX to estimate the muscular strength in the standing position from the 
comfigured musculoskeletal model, and measured the static standing posture. Measurement conditions 
included relaxed posture with weakened erector spinal muscles upright posture and mild f1exion. Then, we 
input the estimated position of coordinate into the musculoskeletal model to estimate the muscular strength 
and the joint angle of each muscle. We a1so used this data analyze the stress with Visual Nastran 4D. 
<Results> Flexion moment in each facet joint showed the highest rate in the mild forward f1exion
decreased in the relaxed posture, ref1ecting the mobility of spine. Specifically, the flexion moment decreased 
around Level T8, located near the top vertebra in the relaxed posture. The stress analysis showed that stress 
increased in the mild forward flexion and the relaxed posture. <Discussions> When the muscular strength of 
the erector spinal muscles decreased, stress to a ligament and a vertebra was strengthened to increase the 
vertebral stress. 

Keywords:  Trunk Musculoskeletal Model, Back extensor muscle, Vertebral stress 

Introduction 
The average Japanese life expectancy is 

increasing from year to year, and Japanese men 
and women already have one of the highest life 
expectancy rates in the world. In line with the 
increase of an ageing population, people suffering 
from osteoporosis and spinal deformity are 
increasing as well. Trunk extensor muscle strength 
is very important to support spinal stability for 
sitting or standing. The effectiveness of functional 
electrical stimulation (FES) or therapeutic 
electrical stimulation (TES) of trunk extensor 
muscle has been reported by some literatures [1-3]. 
The spinal deformity is caused by multiple 
vertebral fractures, and compression of supported 
muscles, such as the erector spinal muscles. With 
the spinal simulation model, it was reported that 
muscle weakness of the erector spinal muscles, 

enhances the kyphosis to allow the increase of 
vertebral stress [4]. However, in order to examine 
the vertebral stress in detail, an estimate of the 
muscular strength is needed with a musculoskeletal 
model based on the measured posture and 
movement, and the stress analyzed. 

A significant development, in the form of a 
motion analysis system in recent years allowed the 
assessment and analysis of the movement in detail. 
An estimation of moving muscular strength is 
available, and is applied to extremital joints. 
However, there are few reports regarding a 
musculoskeletal model of a trunk , and insufficient 
reviews. This is because there are a large number 
of facet joints and muscles. The movement range 
of facet joints differs from case to case, and there 
are too many factors including; abdominal pressure, 
influence of ligaments and the physiological cross 
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section of muscles. The purpose of this study was 
to design a musculo-skeletal dynamic spine model 
with which we can perform Functional Electrical 
Stimulation (FES) effectively as well as the 
simulation of spinal motion and analysis of stress 
distribution to the vertebra. 

Material and Methods 
Design of skeletal model 

A 28 years old healthy male was scanned with 
CT. After obtaining the CT data, we made three-
dimensional model of spine, rib cage and pelvis by 
using 3D design software ”EICAS” (Fig.1). This 
model could be worked under 3D analysis software 
“Visual Nastran 4D”. The vertebrae could be 
meshed to analyse the stress distribution (Fig 1). 
Meshing could be done to some vertebrae as far as 
the capacity of computer processing allows. 

Design of muscle model 
We designed muscle component that had a 

contractile element. Our model included M. erector 
spinae (M. iliocostalis, M. longissimus and M. 
spinalis). M, semispinalis, M. multifidus, M. 
rotators, M. interspinales, M. quadratus lumborum, 
M. rectus abdominis, M. psoas major, and M. 
psoas minor. We attached these muscles to the 

skeletal model on 3D analysis software “Visual 
Nastran 4D” (Fig 2). Each muscle was represented 
as an “actuator” which was attached between two 
bones to transmit a muscle contraction. Abdominal 
pressure was set up as an external force because it 
cannot be reproduced in the model. The movement 
range of each facet joint was estimated from X 
rays and this was included in the musculoskeletal 
model. 

Motion analysis 
We used a 3D motion analysis system, VICON 

MX to estimate the muscular strength in the 
standing position from the comfigured 
musculoskeletal model, and measured the static 
standing posture. Measurement conditions 
included relaxed posture with weakened erector 
spinal muscles upright posture and mild forward 
f1exion. We estimated the position of coordinate of 
each marker by 72 ref1ective markers on the 
surface of the body (Fig 3). Then, we input the 
estimated position of coordinate into the 
musculoskeletal model to estimate the muscular 
strength and the joint angle of each muscle. This 
data was also used to analyze the stress with the 
Visual Nastran 4D. 

Result
The muscular strength could be estimated 

through the musculoskeletal model that was made. 
Flexion moment in each facet joint showed the 
highest rate in the mild forward flexion and 
decreased in the relaxed posture, reflecting the 
mobility of the spine. Specifically, the flexion 
moment decreased around Level T8, located near 
the top vertebra in the relaxed posture. The 

Fig 1. Three-dimensional spine model with the 
rib cage and pelvis, and vertebra with mesh. 

Fig 2. Three-dimensional spine model with 
muscle. 

Fig 3. Motion analysis for standing position using 
72 ref1ective markers on the surface of the body. 
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The upright posture            The relaxed posture

Fig 4. The stress analysis in the upright 
posture and relaxed posture. The stress 
analysis showed that anterior border of the 
vertebra in the relaxed posture. 

muscular strength in the upright posture was 
similar to the advanced research. The stress 
analysis showed that stress increased in the mild 
forward flexion and the relaxed posture (Fig 4). 
The stress analysis showed that anterior border of 
the vertebra in the relaxed posture. 

Discussion and Conclusions 
There were many influences on the spinal 

alignment. Of these influences, muscular force 
affected the spinal alignment to a large extent. In 
this study, the musculoskeletal model could be 
formed, and an estimate of the moment and 
muscular strength in each facet joint could be 
found. When the muscular strength of the erector 
spinal muscles decreased, stress to a ligament and 
a vertebra was strengthened to increase the 
vertebral stress. In the case of the flexed posture 
with a base of osteoporosis and a pressured 
fracture, further weakening of the muscle was 
assumed to strengthen the stress on the vertebra. 
The pressured fracture based on osteoporosis easily 
occurred with the increase of vertebral stress, and 

the sequential flexed posture was closely related to 
QOL. It is important to work with drug therapy as 
well as to consider the approach to decrease the 
stress to the vertebra by proceeding with 
therapeutic exercises. Moreover our model has 
ability to inbestigate not only spine motion but also 
the vertebra stress with FES or TES for back 
muscle weakness. This study enabled us to 
examine influences of the muscle force and posture 
that are bases of stress reduction. We need to 
measure the patients with roundback posture, 
examine the stress to the vertebra, and the effect of 
TES on the back muscle in the future. 
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Abstract
Low-intensity back muscle exercise is that the subject is placed in a slight trunk flexion in which they assumed a prone 
position with a cushion under his trunk and perform intermediate extension. This exercise was proved the safety and 
effectiveness in elderly individuals in previous studies. In order to conduct safe and effective low-intensity back muscle 
exercise used electrical stimulation  in patients with mild hemiplegia to improve quality of life, we developed a three-
dimensional musculoskeletal model and used this model to analyse muscle strength and verify effective positions during 
low-intensity back muscle exercise with normal subjects. Subjects were 10 healthy adults (8 men, 2 women; mean age, 
24.5 years). They placed in a slight trunk flexion position in which they assumed a prone position with a cushion under 
their trunk.  They carried out the low-intensity back muscle exercise with the three each  position of the cushion (i.e., 
their chest, abdomen, pelvis). Paraspinal muscle activation during low-intensity back muscle exercise is sufficient 
compared with that during maximum extension. And when the cushion was placed under the abdomen is the most safe  
and  effective. Motion analysis of low-intensity back muscle  exercise using a three-dimensional musculoskeletal model 
anabled estimation of the optimal exercise level and position. In future studies, we plan to incorporate electrical 
stimulation into this model. 

Keywords: three-dimensional musculoskeletal model, low-intensity back muscle exercise,  

Introduction  
We have clinically demonstrated, in previous 
studies, the safety and effectiveness of low-
intensity back muscle exercise in elderly 
individuals.( Hongo et al. Osteoporos Int, 2007) 
Low-intensity back muscle exercise is that the 
subject is placed in a slight trunk flexion in which 
they assumed a prone position with a cushion 
under his trunk and perform intermediate extension. 

Fig. 1 : low-intensity back muscle exercise 

And We have tried to exercise this method in mild 
hemiplegic patients with electrical stimulation in 
order to improve quality of life. But the safety and 
efficacy on this approach in mild hemiplegic 
patients with electrical stimulation have not proved. 
Therefore using three-dimensional musculoskeletal 
model we will try to analyze the spine motions in 
mild  hemiplegic patients when the subjects do 
low-intensity back muscle exercise with electrical 
stimulation. As a first step, we developed a three-
dimensional musculoskeletal model of normal 
subjects and used this model to estimate muscle 
strength and verify effective positions during low-
load back muscle exercise.  

Methods
Subjects were 10 healthy adults (8 men, 2 women; 
mean age, 24.5 years). Each subject was placed in 
a slight trunk flexion position in which they 
assumed a prone position with a cushion under 
their trunk. Subsequently, the subjects were asked 
to perform intermediate extension and maximum 
extension from this assumed position. These trunk 
extension motions were measured using a force 
plate and three-dimensional motion analysis device, 
while paraspinal electromyography was 
simultaneously performed at the third and eighth 
thoracic vertebrae and the third lumbar vertebra. 
Changes in the trunk extension motions 
corresponding to different cushion locations (i.e., 
under the chest, abdomen, and pelvis) were 
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analyzed and verified using a three-dimensional 
musculoskeletal model. As a result, the muscle 
activation was calculated for each operation. By 
comparing the muscle activation at each position, 
we examined whether any position is the most safe 
and effective. 

Results
When the cushion was placed under the abdomen, 
paraspinal muscle activation during intermediate 
extension was somewhat lower than during 
maximum extension, but still sufficient. With the 
cushion placed under the chest, muscle activation 
around the lower vertebrae was lower compared  to 
when the cushion was placed under the abdomen 
and pelvis, for both intermediate and maximum 
extension. Muscle activation was the greatest when 
the cushion was placed under the pelvis, but this 
position was unstable due to the knees being lifted 
from the floor,etc. 

Fig.2  The ratio of muscle activation at each cushion’s 
position  (MA ratio=intermediate extension 
MA / maximum extension MA) 

Discussion 
In the analysis of  3D motion analysis model 
created by this, when the cushion was placed under 

the abdomen  was considered to be most useful in 
three positions in terms of safety and efficacy. 
When the cushion was placed under the Chest  is 
safe, but paraspinal muscle activity is insufficient 
compared to the abdomen position. And With the 
cushion placed under the pelvic is unstable and 
dangerous.

Conclusion
Motion analysis of low-intensity back muscle 
exercise using a three-dimensional musculoskeletal 
model enabled estimation of the optimal exercise 
level and position, which is considered useful for 
performing safe and effective exercise therapy. In 
future studies, we plan to incorporate electrical 
stimulation into this model. 
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Abstract
In this paper, we make a survey on research of functional electrical stimulation (FES) in China including 
mainland, Taiwan and Hong Kong based on the statistics of literatures. The related Chinese academic 
journals are provided, and the database used is given. FES research began in China in 1980’s. The history is 
reviewed and the primary works are introduced. The literatures surveyed include papers, theses and patents. 
Our review shows the publications and communities of FES research increase dramatically during recent 
years. We find the majority of FES research in China focuses on clinical evaluation, and the study on FES 
technology representing the level of FES is limited. Some typical works on FES system and technology are 
presented. The current situation is optimistic, and it has a promising prospect. In addition, we expect the 
traditional Chinese medical technique, acupuncture, may bring new power into FES technology in future.   

Keywords:  FES, Rehabilitation, Review, BCI, Acupuncture 

Introduction  
It is well known that the term of functional 
electrical stimulation (FES) firstly appeared to treat 
footdrop in sixties last century, while FES research 
in China just began in early eighties. There is a 20-
year delay compared with the international 
development. In this paper, we study the situation 
of FES research in China. Please note FES is used 
in a narrowed sense here, i.e. the stimulation 
related to muscles, which is also named as 
functional neuromuscular stimulation (FNS) or 
neuromuscular electrical stimulation (NMES).  

The Chinese version of this paper is published in 
Chinese Journal of Rehabilitation Theory and 
Practice.

History and Current Situation 
In order to have an overview of FES history in 
China, we make a statistic study on the native 
published literature since 1980 containing 
journal/conference papers, master/PhD theses, 
patents and other related documents. The data are 
from the authoritative “China Knowledge 
Resource Integrated (CNKI) Database”. We use 
the searching mode that FES appears in “full text”, 
and the number of literature is altogether 1,984 up 
to April 3, 2010. In this mode, we can achieve a 
comprehensive result, but some unrelated papers 
may be wrongly included. We can also search FES 
in “keywords”, while the number of literature is 

only 395. Obviously, many important literatures 
are omitted in this mode.  

Most of the papers are published in the following 
major Chinese academic journals: Chinese Journal 
of Physical Medicine and Rehabilitation (1979), 
Chinese Journal of Biomedical Engineering (1982), 
Chinese Journal of Rehabilitation (1986), Chinese 
Journal of Rehabilitation Medicine (1986), 
Chinese Journal of Rehabilitation Theory and 
Practice (1995), and Chinese Journal of Clinical 
Rehabilitative Tissue Engineering Research (1996).
Please note the year of start publication is given in 
the brackets.

year

FES literature in China

Fig.1. Number of FES literatures between 1990 
and 2009 in academic database (CNKI) of China. 
(Data of Hong Kong and Tai Wan are not included.)

Fig.1 shows the number of literature related to FES 
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in China since 1990. The increasing tendency is 
obvious especially during recent years. After 2003, 
the number is over 100 stably. 

The first academic literature of FES appeared in a 
Chinese journal in 1983, but it is not an original 
work. It is written by Edel et al., and translated into 
Chinese by Gu XC [1]. The first native research 
achievement was reported by Zheng DG [2], where 
a stimulator called “FES-1” was developed jointly 
by Shanghai No.2 Medical College, Shanghai 
No.21 Radio Factory and Zhejiang Xiangshan 
Instrument Factory.  

The earliest research of FES was launched by 
group of Dai KR, who is currently an academician 
of the Chinese Academy of Sciences. In their work, 
the rehabilitation and therapy performance of FES 
on 277 patients was evaluated [3]. The self-
designed stimulators called “MFNS-6” and “MCC-
1” were used. The paralyzed patients included 
traumatic injury (188 subjects), cerebral palsy (9 
subjects), cerebrovascular disorder or stroke (47 
subjects), acute anterior poliomyelitis (21 subjects), 
and others (12 subjects). The shortest course of 
disease has 40 days, while the longest course of 
disease has 36 years. According to our knowledge, 
it is rare to study the rehabilitation performance of 
FES in such a wide range all over the world. In the 
corresponding time, the invasive FES research was 
launched by the group of Jiang DZ, while their 
work is much closer to the category of neural 
stimulation, e.g selectivity [5]. Their typical work 
provided the bladder control technique via FES, 
and experimental work was conducted on animals 
(dog) [4]. The basic theory is to selectively 
stimulate the sacral nerve to control the 
coordinated contraction of sphincter and detrusor, 
and thus accomplish the urinary function for 
paraplegia.

Classes of FES Research in 2009

118

17 12
23

63

rehabilitation
evaluation
technology

 physiology

review

others

Fig.2. Classes of FES literatures in 2009 based on 
academic database (CNKI) of China. (Data of 
Hong Kong and Tai Wan are not included.)

Most FES research in China focuses on therapy in 
rehabilitative perspective, i.e. FES rehabilitation 
evaluation for stroke, paraplegia, spasticity, and 

muscle atrophy etc. The research on FES 
technology in engineering perspective seems not 
much. A case study of survey is performed on the 
FES literatures in 2009 as shown in Fig.2. The 
total number is 233 by searching mode of “full 
text”, while only about 115 literatures exactly 
match the term of FES. The others contain 
artificial cochlear, visual prosthesis, electrical 
acupuncture and some literatures wrongly searched. 
Among the 115 literatures, there are roughly four 
classes: rehabilitation evaluation of FES, FES 
technology, physiology of FES, and review. The 
number of literature is 63, 23, 12, and 17 
respectively. We find FES technology occupies 
only about 20% of the 115 literatures, nearly the 
highest proportion among all the previous years. 
As FES technology is the key factor to promote 
FES application in reality, and we expect the focus 
can be moved to FES technology gradually in 
China.

We also make a survey on the patents about FES 
particularly, which indicates the potential of 
transforming FES research into commercial market. 
The number of patents is about 20, and all the 
patents are publicized in recent 3 years. It means 
FES research in China just begins to step into 
marketing, while the potential is huge. 

Typical Works 
Regarding FES technology, we introduce some 
typical works in China. Bi S and Dou HY et al. 
investigated the iterative learning algorithm for 
FES control respectively, which aims to realize the 
cyclic movements of lower limbs [6, 7]. Jiang HY 
et al. conducted a series of study on FES cycling 
under the help of Hunt KJ of Glasgow University 
[8-10]. Their work is mainly about FES control 
algorithms, such as robust PID control [8] and 
fuzzy parameter self-tuning PID control [9]. Ming 
D et al. designed a force measurement system for 
FES walking [11, 12]. The walker tipping index 
was used to analyze and process gait stability in 
FES-assisted paraplegic walking. 

At present, brain-computer interface (BCI) 
technology is progressing with rapid expansion, 
which offers a good opportunity for FES, because 
BCI could be an ideal control source. Some groups 
in China have already begun the research on BCI 
controlled FES [13, 14]. Our group is also focusing 
on this research topic now [15]. The basic theory is 
that FES can be triggered by EEG signals related 
to the imaginary movement (e.g mu rhythm). The 
main task is to predict the intention from EEG 
using some methods of feature extraction and 
pattern recognition.   
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In recent years, some oversea Chinese scholars 
studying FES have returned to China, such as Lan 
N [16], He JP [17], Zhang DG [18], and Sha N [19, 
20]. The first three persons once studied FES 
control, neuro-musculo-skeletal modelling and 
simulation. The last one targeted the design of FES 
surface electrode. However, most of their 
achievements were accomplished abroad. 

Different from mainland, it is not easy for us to 
access the local academic databases of Hong Kong 
and Tai Wan, which are not included in CNKI 
database. Therefore, it is hard to get a 
comprehensive review on FES research in these 
two areas.

According to our knowledge, the FES research 
level in Hong Kong and Tai Wan is higher than 
that in mainland. Tong KY began his research on 
FES technology in late nineties last century [21], 
and established the FES research centre in Hong 
Kong Polytechnic University [22]. He has 
cooperation with groups of Gao SK of Tsinghua 
University and Zheng XX of Zhejiang University 
respectively. There are also some excellent works 
done in Tai Wan as follows. Chang GC et al. used 
neural network method to control keen joint 
movement with FES [23]. Chen JJ et al. developed 
a FES cycling system using fuzzy logic control 
[24]. Chen CC et al. adopted EMG as feedback to 
design FES cycling system [25]. Chen SC et al. 
developed a kind of versatile FES system [26]. 
Chen YL et al. developed a FES system for gait 
training [27]. 

Conclusion and Prospect 
In this paper, FES research in China was surveyed. 
The current situation is optimistic although FES 
has a short history in China.  

An interesting traditional medical technology 
caught our interest in China, which is acupuncture, 
the most popular Chinese medicine. We found that 
acupuncture combined with electrical stimulation 
is widely used in practice in China. Even a tiny 
private Chinese clinic may have this technology. 
We search for “acupuncture + electrical 
stimulation” by mode of “full text” in CNKI 
database. There are about 10,363 related literatures. 
It is an amazing number, and the research strength 
is much stronger than that of FES in China. 
Acupuncture targets to stimulate “Xue Wei” 
(acupoints) of the “Jing Luo” (meridians and 
collaterals) in human body, which has some 
complex relationship with nervous system. We 
think electrical acupuncture stimulation and FES 
should share some common ground. We are 
considering expanding FES research by 

“borrowing” the power from acupuncture research 
in China. It may be a win-win plan.  
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Abstract 
There are reports that therapeutic electrical stimulation (TES) is useful for treating shoulder subluxation secondary to 
hemiplegia.TES through surface electrodes has conventionally been performed by using a low-frequency stimulation 
method by which stimulation is delivered with monophasic rectangular waves having frequencies of about 3 Hz to 100 
Hz. In this study, we performed TES by the Russian method, by which the bursts of mid-frequency waves having carrier 
frequencies of around 2500 Hz occur with low-frequency rectangular waves. The subject was a 64-year-old man with 
hemiplegic shoulder subluxation. A treatment frequency of 20 Hz was used and the stimulus intensity was kept constant 
under the conditions in which the subluxation was reduced to the same position as on the healthy side. The voltage, 
current, and workload on the muscle per Hz were measured. In the low-frequency stimulation method,the stimulating 
conditions were a voltage of 40 V, current of 57 mA, and a workload on the muscle per Hz of 0.0008 W ,and the 
corresponding values for the Russian method were 50 V, 25 mA, and 0.001 W. The Russian method provides a greater 
workload on the muscles at a lower current than the low-frequency stimulation method, and it is useful when 
performing TES through surface electrodes. 

Keywords: shoulder subluxation, low-frequency stimulation, Russian method, mid-frequency stimulation 

 
  

Introduction  
Hemiplegic shoulder subluxation is reported that it 
occurs 15% to 81% in the patients with stroke, and 
it causes shoulder girdle pain, brachial plexus 
injury, rotator cuff tear, and inflammation of 
articular capsule. Several treatments, the brace to 
support shoulder, operations like biceps tenodesis 
or arthrodesis, and therapeutic electrical 
stimulation (TES) for hemiplegic shoulder, are 
reported. There are reports that therapeutic 
electrical stimulation (TES) is useful as a means of 
treating shoulder subluxation secondary to 
hemiplegia. TES through surface electrodes has 
conventionally been performed by using a low-
frequency stimulation method by which 
stimulation is delivered with monophasic 
rectangular waves having frequencies of about 3 
Hz to 100 Hz. (Figure 1). But skin pain was 
sometimes probrems when TES was performed. 
Recently,   because of development of medical 
engineering, we performed TES by the Russian 
method, by which the bursts of mid-frequency 
waves having carrier frequencies of around 2500 
Hz occur with low-frequency rectangular waves 
(Figure 2), and compared the results with those 
obtained by the conventional low-frequency 
stimulation method. 

 
Fig. 1: A low-frequency stimulation method 

 

 
Fig. 2: A mid-frequency stimulation method 

          (Russian method) 

Methods  
Subjects 
The subject was a 64-year-old man with left 
hemiplegia after the operation of brain abscess. 
Three years after the onset of the hemiplegia, his 
upper limb was evaluated as Brunnstrom stage I, 
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and anteroposterior radiograph of the shoulder 
showed subluxation with an acromio-humeral 
interval of approximately 25 mm. (Figure 3)  

Measurement 
The surface electrodes were positioned so that the 
posterior fibers of the deltoid and supraspinatus 
muscle would contract, and a treatment frequency 
of 20 Hz was used as the stimulation condition for 
both the low-frequency stimulation method and the 
Russian method. The stimulus intensity was kept 
constant under the conditions in which the 
subluxation was reduced to the same position as on 
the healthy side under the fluoroscopic observation 
(Figure 4). The voltage, current, and workload on 
the muscle per Hz were simultaneously measured, 
and the measurements were compared when the 
low-frequency stimulation method and the Russian 
method were used. 

      
Fig. 3                                         Fig. 4 

The 64-year-old man with shoulder  subluxation was 
treated by the low-frequency stimulation method and 
the Russian method. 

 

Results 
The stimulation conditions under which the head 
of the humerus in the subluxated shoulder was 
reduced to the same position as on the unaffected 
side were a voltage of 40 V, current of 57 mA, and 
a workload on the muscle per Hz of 0.0008 W for 
the low-frequency stimulation method, and the 
corresponding values for the Russian method were 
50 V, 25 mA, and 0.001 W. 

Discussion 
Baker and Paker reported that the effect of TES 
through surface electrodes with stimulation of 6 
weeks for hemiplegic shoulder subluxation, which 
improved shoulder subluxation. Takahashi et al 
reported TES through percutaneus embedded 
electrodes, which embedded into the muscles 
around the shoulder, was effective for shoulder 
subluxation. Kobayashi et al also reported that   
improvement of shoulder subluxation and active 
abduction of the shoulder joint after TES through 
surface electrodes performed 6 weeks. Thus, 
several researchers reported usefulness of TES. In 
this study, the Russian method was greater in terms 
of workload on the muscles at a lower current and 
less skin pain when TES performed than the low-
frequency stimulation method. In the future, we 
need to evaluate more cases and the long term 
effect of   the   Russian method. 

Conclusion 
The Russian method provides a greater workload 
on the muscles at a lower current than the low-
frequency stimulation method; therefore, we 
believe it is more useful when performing TES 
through surface electrodes. 
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Abstract 
The feasibility and effectiveness of myoelectrically controlled functional electrical stimulation (MeCFES) as a tool in 
rehabilitation of stroke victims was assessed by a case control pilot study enrolling 20 patients. All subjects had a 
hemiparetic hand with impaired volitional opening, and thus difficulty in grasping objects. The hypothesis was that 
MeCFES could facilitate hand opening and thus assist the physiotherapist in working specifically on training functional 
hand movements. Myoelectric activity from wrist and finger extensors was proportionally controlling homologous 
stimulation on wrist and finger extensors in the study group and a placebo stimulation was applied to the control group. 
The setting was the standard physiotherapy consisting in 25 sessions of 45 minutes treatment. The protocol requested at 
least 3 sessions a week. The Action Research Arm Test (ARAT) and questionnaires were applied pre and post treatment 
to evaluate treatment effect.  

Using MeCFES resulted in a significiantly (p<0.02) better ARAT score among the 11 patients (5 treatment & 6 
controls) compliant with the protocol, whereas patients receiving less than 3 treatments a week (n=6) did not 
demonstrate relevant improvement. 

 

Keywords: Myoelectrically controlled FES,  Stroke, Rehabilitation, Hand function, Action Research Arm Test 

 
  

Introduction 
Some cases of cerebrovascular accidents result in a 
severe paresis of the distal part of the upper limb 
presenting a closed hand, which the patient is 
unable to open volitionally. When the patient 
attempts hand opening the result may be 
counterproductive because the effort may result in 
further activation of the flexors. The physiotherast 
have few means of turn these attempts into a 
sensible reaching movements. Functional electrical 
therapy, where paretic muscle groups of the hand 
are stimulated in a synchronized sequence to assist 
the subject in performing functional movements, 
has shown to be a valid method for increasing 
functional recovery of the hand [1]. Though hand 
opening is absent, the myoelectric signal from the 
wrist and finger extensors may be present and can 
be utilized for FES control of the same muscles. 
The study of Francisco et. al. [2] indicated that the 
myoelectric signal as a FES trigger (as opposed to 
e.g. a mechanical trigger) may have the additional 
effect of providing the user with feedback about 
the onset of muscular activity. Clinical experience 
has taught us that also the cessation of muscle 
contraction may be impaired after CVA. Therefore 

a logical consequence seems to let the muscle be in 
direct control of the stimulation, in order to follow 
onset and cessation as well as intensity of 
volitional contraction of the controlling muscles; 
the wrist and finger extensors [3].  

Material and Methods 
In-patients were successively enrolled in this 
subject-and-rater blinded randomised case-control 
study. Baseline and final evaluations were made to 
quantify the motor recovery. Compliant patients 
received at least 3 treatments a week of either 
MeCFES or sham stimulation. Both treatments 
were incorporated in the standard physiotherapy 
setting of 45 minutes with standardized exercises. 
First 5 minutes of each session were dedicated to 
stretching and mounting of the systems, followed 
by 20 minutes of reaching and grasping exercises 
with MeCFES/sham stimulation. In the last 20 
minutes the exercises were repeated without device 
to promote a carry over effect.  

The MeCFES was recording the myoelectric 
activity from the 2/3 proximal part of the forearm 
at the level of innervation zones of ECR, ECU and 
EDL. Stimulation was applied as appropriate to 
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either wrist extensors or finger extensors. 
Stimulation was proportional to the filtered value 
of the myoelectric signal subtracted by an offset. 
An upper limit of stimulation (typically around 
20mA) was imposed to avoid flexion reflex 
activation and/or inadvertent stimulation of flexor 
muscles due to spill over of current. The offset 
served to avoid that quiescent muscle activity and 
noise activates the stimulation prematurely. The 
gain was imposed by trial and error as a 
compromise of being high enough to ensure that 
the patient could activate the full range of 
stimulation but also sufficiently low to avoid 
instability of the intrinsic feedback loop caused by 
stimulation responses and artefacts. 

The action research arm test (ARAT) [4] was 
employed to measure the functional change as the 
main outcome. Assessment of the patients 
perceived improvement was assessed by the 
questionnaires, Disabilities of the Arm Hand and 
Shoulder (DASH) [5] and the Individually 
Prioritized Problem Assessment (IPPA) [6].  

A 5-point improvement on the ARAT is often 
regarded as clinically relevant for the improvement 
of the hand function [7]. The one tailed Mann-
Whitney U-test (MWU) was applied. The main 
hypothesis was that MeCFES could improve 
ARAT score from before to after treatment in 
compliant patients with respect to the same 
physiotherapy utilizing sham stimulation. 

Results 
A total of 20 patients were enrolled in the study, 
see table 1. Due to secondary complications of the 
stroke 3 patients dropped out of the study before 
final evaluation could be made. Further 6 patients 
did not adhere to the study design prescribing at 
least 3 treatments a week and will be treated as non 
complaints when differentiating the analysis in 
analysis-per-protocol and intent-to-treat. 

All but two compliant patients recovered some arm 
function as gaining a higher ARAT score, whereas 
the non-compliant group had no significant 
improvement. The compliant MeCFES group (A) 
had a significant and clinically important (more 
than 5 points) increase in ARAT score with a 
median of 10 whereas the compliant control group 
(B) presented less improvement with a median of 2 
points. Thus the MeCFES helped to recover 
significantly (p=0.014) more of the hand function 
with respect to the control group (see fig 1.). 

The non compliant patients did not demonstrate 
any significant improvement. 
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1 M 0.38 A 3.2 9 16 7 
2 M 0.26 A 4.4 1 25 24 
3 M 6.43 A 3.1 5 37 32 
4 M 0.72 A 4.2 10 16 6 
5 F 0.69 A 3.7 10 20 10 
6 M 0.29 B 4.6 32 47 15 
7 F 3.94 B 4.7 46 43 -3 
8 M 0.44 B 4.6 1 2 1 
9 F 0.90 B 3.2 39 42 3 

10 F 7.45 B 5.0 36 36 0 
11 M 0.58 B 4.0 31 36 5 
12 M 1.85 A 1.1 25 24 -1 
13 F 3.02 A 1.7 10 13 3 
14 M 4.83 A 2.4 38 38 0 
15 M 0.67 A 1.8 3 3 0 
16 M 0.68 A 2.5 5 5 0 
17 M 3.08 B 1.3 5 11 6 
18 F 0.31 B  6  DO 
19 M 6.58 B  9  DO 
20 F 0.70 B  10  DO 

Table 1 List of patients (compliant subjects in boldface) 
with time since stroke (TSS), treatment group 
(A=MeCFES, B=Control), mean treatment sessions per 
week, the ARAT score at baseline (pre) and after 25 
treatments (post) together with the calculated 
improvement (change). Subjects #12 to 17 were not 
compliant to protocol by treatment frequency and 
subjects #18 to #20 dropped out (DO) of the study due 
to relapse. 
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Fig.1: Change in ARAT from the baseline for compliant 
and non compliant (NC) patients. All five patients in the 
compliant MeCFES group (A) showed at least 6 points 
improvement. 

 

The IPPA score was significantly higher (p=0.048) 
for the compliant MeCFES group. This means that 
they perceived an improvement of their self 
prioritised activities of daily living. 
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Fig.2: Change in IPPA. Only for the compliant subjects 
there is a significant difference.  

The outcome of the DASH did not differ 
significantly between groups. There was an overall 
tendency of and improvement in all groups.  

Discussion 
Using the MeCFES as a tool to initiate muscle 
activity in paretic muscles appears to be powerful 
in that it can help the physiotherapist to break the 
barrier of ‘the patient giving up on the limb’. An 
immediate increase in hand opening was noticed 
within the first week of treatment, allowing the 
therapist to start immediately to work with 
functional movements. From a clinical point of 
view it has been seen that hand opening alone does 
not necessary imply better hand function and 
without a good proximal function this treatment 
does not provide value for the patient. This may 
also explain lack of compliance to protocol by 
some of the patients. From a research standpoint it 
is valuable to apply the technique to only one 
muscle group to answer the fundamental question 
of feasibility. To answer the clinical need the 
technique must however be expanded to 
incorporate treatment of the entire upper limb and 
ontgoing research is investigating the application 
of multiple channels to the shoulder and upper arm 
as well. Using the MeCFES requires specific 
instrumentation and knowledge by the 
physiotherapist. An understanding of the inner 
workings of the device is needed to be able to 
successfully apply the instrument. In some cases 
difficulties can arise in finding the right electrode 
configuration and thus be too time consuming to be 
clinically practical. Some patients may not be 
responding due to several factors, such as dry skin 
(thus extreme electrode impedance), spasticity, 
sensitivity or total lack of volitionally controlled 
muscle contraction.  

Conclusions 
The results indicates that MeCFES can be a 
clinically important tool in physiotherapy using 
functional training of the hemiparetic hand. 
Increase in hand function is supported by 
subjective judgment by the patients. Since 
proximal function is crucial to the overall limb 
function the application of this technique, multiple 
muscles of the upper limb must be investigated in 
future research.  
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Abstract 
This study investigated the effects of EMG-triggered neuromuscular electrical stimulation (NMES) combined with 
motor point block to improve the hand function in chronic hemiplegic patients with severe spasticity in hand. The 
subjects were five patients who had hemiplegic hand with more than MAS scale III spasticity. EMG-triggered  NMES 
was applied to wrist and finger extensor for 1hour a day, 5 days a week, for 4 weeks after motor point blocks at the 
spastic finger and wrist flexor muscles. The muscle activities of the extensor carpi radialis longus and extensor 
digitorum communis, active range of motion of wrist and finger extension, Modified Ashworth Scale, Fugl-meyer 
assessment and Box and Block test were examined before and after intervention. The result of study was that Active 
range of motion, Modified Ashworth Scale, and Fugl-meyer assessment showed significant immediate improvement. 
EMG-triggered NMES combined with motor point block improved on hand function in hemiplegic patients with severe 
spasticity.          

Keywords:   stroke,spasticity, EMG-triggered neuromuscular electrical stimulation,  motor point block  

 

Introduction   
Hemiparesis is the most common deficit after a 
stroke, affecting 80% of subjects acutely and 40% 
chronically.[1] A common course of hemiparetic 
recovery reveals the development of uncontrolled 
flexion synergy. Abnormal synergies constitute a 
significant impairment that needs to be addressed 
by rehabilitation.[2]  

The emerging behavioral therapies for recovery of 
upper–limb function include neuromuscular 
electrical stimulation, robot-aided sensory motor 
stimulation, real-time auditory feedback, and 
repetitive bilateral arm training with rhythmic 
auditory cuing.[3]   

Constraint-induced movement therapy (CIMT) has 
attracted great attention because of its efficacy and 
sound physiologic principle. Eligible patients for 
CIMT must meet a minimum motor criterion 
including a certain degree of extension in wrist and 
finger. However a large number of stroke patients 
with severe spasticity are ineligible for CIMT. [4] 

Cauraugh et al. and Chae et al. reported that 
electromyography(EMG)-triggered neuromuscular 
electrical stimulation (NMES) treatment was 

useful for rehabilitating wrist and finger extension 
movements of hemiparetic individuals. However, 
for hemiplegic patients with severe flexor muscle 
spasticity in an upper extremity, Electrical 
stimulation therapy alone does not produce 
satisfactory improvement of hand function. 
Because muscle spasticity often disturbs extensor 
muscle activity, it is important to reduce finger and 
wrist flexor spasticity to improve hemiparetic hand 
function. [5] 

Kong et al. reported that motor point block with 
alcohol provide good relief of flexor spasticity in 
hemiplegic individuals.[6]  

The rationale for using both modalities is to reduce 
the neurogenic component of finger and wrist 
flexors spasticity by means of motor point block 
with the FES as an adjunct therapy to improve 
hand function. [5]  

The specific objective of this study was to 
investigate the effect of EMG-triggered NMES in 
combination with motor point block  to improve 
the hand function in hemiplegic patients with 
severe spasticity.           
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Material and Method    
Subjects 

Five hemorrhagic or non-hemorrhagic stroke 
patients (three males, two females) with severe 
spasticity were recruited for this study. The mean 
age of the stroke patients was 50.3 (SD 19.5), the 
mean duration since the onset was 30.5 (SD 17.6) 
months. The subject selection criteria was duration 
of 12 months or longer since the stroke onset,  
spasticity of paretic finger and wrist flexors 
measured with Modified Ashworth Scale (MAS) 
greater than or equal to G3, power of  paretic 
finger and wrist extensors measured with Manual 
Muscle Test (MMT) greater than or equal to poor 
grade, no sensory loss and contracture of paretic 
upper extremity, no history of relapse stroke and 
other neurologic disease, a score of at least 24 on 
the Korean Mini-mental State Examination (Kang 
et al. 1997), and no contraindication of electrical 
stimulation. All recruited subjects met these 
criteria.     

 

Intervention 

 Motor point block  

The muscles selected for neurolysis include the 
Flexor Carpi Radialis, Palmaris Longus, Flexor 
Carpi Ulnaris, Flexor Digitorum Superficialis, 
Flexor Digitorum Profundus and Flexor Pollicis 
Longus. Approximately 10~20cc injection of 50% 
dehydrated ethyl alcohol in water was given to 
subjects at each motor point. The actual number of 
muscles neurolysed varied among individuals. All 
blocks were performed under the guidance of a 
neuromuscular stimulator with 22-gauge sterile 
needle, administered by a physiatrist. [6]   

 

EMG-triggered NMES 

EMG-triggered NMES was applied to wrist and 
finger extensor for 1 hour a day, 5 days a week, for 
4 weeks after motor point blocks at the spastic 
finger and wrist flexor muscles. The trigger level 
was set at 75% of the maximum EMG response of 
target muscles. The electrical stimulation was 
carried out under the supervision of occupational 
therapist using a stimulator unit (Myomed 932, 
Enraf-Nonius B.V., Netherlands) with biphasic 
symmetric pulses (35 Hz, single pulse width 200 
μs, 10 s ON, approximately 20 s OFF, time delay: 
3s ra ramp up, 2 s ramp down, 15-30 mA intensity). 
[7] The acquisition of EMG signal and stimulation 
were performed using the same 4 X 3 cm surface 
electrodes(Nicolet Biomedical, USA).     

Outcome Measures 

Subjects completed a pretest and a posttest after 4 
weeks of intervention. Outcome measures consist 
of four clinical tests, muscle activities of the 
extensor carpi radialis longus (ECRL), and 
extensor digitorum communis (EDC). MAS, active 
Range of Motion (AROM), Fugl-Meyer 
assessment (FM) (Sanford et al., 1993) and Box & 
Block test(BBT)(Mathiowetz et al., 1985), were 
used to assess arm function. Muscle activities 
changes at posttest and pretest were tested to the 
root mean square of EMG wave in ECRL and ECD 
maximum voluntary contraction.    

 

Statistical Analysis 

SPSS (version 12.0) was used for nonparametric 
Wilcoxon matched-paired singed-ranks test. The 
significance level was set at p<0.05.  

 

Results 
Modified Asworth Scale (MAS) 

All patients had severe spasticity of paretic finger 
and wrist flexors measured with MAS greater than 
or equal to G3. Comparison of pretest MAS of 
wrist flexor with that achieved after 4weeks of 
EMG-triggered NMES showed a significant 
decrease from 4.8 ± 0.4 to 3.4 ± 0.8(p< .042;Fig. 1). 
And MAS of finger flexor was also significantly 
decreased from 4.6 ± 0.5 to 3.6 ± 0.5(p< .042; Fig. 
1). 

  
Fig. 1: Modified asworth scale. Comparison of pretest 

MAS of wrist flexor and finger flexor with posttest 
MAS. MAS scale of pretest was significantly decrease 

after 0wks of treatment in wrist flexor and finger flexor.   
(P<.042)  

 

Active Range of Motion (AROM) 

 All patients showed improvement in the active 
ROM of wrist and Finger (MP, PIP) joints 
compared to the pretest, which was statistically 
significant (p = .042; table 2).  
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Fugl-Meyer assessment   

The Fugl-Meyer score of before and after the 
intervention was shown in Table 2 All patients 
improved in Fugl-Meyer assessment 
scores(p= .042). 

 

Box and Block test  

All five subjects could not move any block during 
the pretest. Although three subjects could move 
some blocks during the posttest, that change was 
not statistically significant.      

Table. 2: Comparison of clinical results and muscle 
activity between pretest and posttest. MP: 
metacarpophalangeal joint, PIP: proximal 
interphalangeal joint, FM: Fugl-Meyer assessment, ECR 
RMS: root mean square of the extensor carpi radialis 
longus, EDC RMS: root mean square of extensor 
digitorum communis, BBT: Box and Block test 

 

Muscle Activity  

Improvement on the RMS value of the ECRL and 
EDC during maximum voluntary contraction, was 
shown in four out of five subjects, which was not a 
significant change (Table 2). 

 

Discussion and Conclusions 
This study showed that EMG-NMES combined 
with motor point block could improve hand 
function in hemiplegic patients with severe 
spasticity. And result suggest that two subjects 
were able to meet CIMT criteria, which were 10 
degrees of volitional extension of the wrist, 10 
degrees of volitional abduction of the thumb, and 
10 degrees volitional extension of two other digits 
in 3minutes. It seems that combined use of EMG-
triggered NMES with chemical neurolysis could 
make hemiplegic hand with severe spasticity 
possible to be treated by another technique, such as 
CIMT, which was not indicated before treatment.   

This study, however has few limitations. Only five 
subjects were enrolled for this study, and the ENG-
FES training period 4 weeks of was not long 
enough to track changes in subjects. Further study 
that incorporates more subjects and randomized 
controlled design for generalization of the study`s 
results is need.           
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 Pretest Postest z p 

Wrist AROM 16.0(10.8) 47.6(6.4) -2.032 .042 

MP AROM 10.0(12.2) 22.2(11.2) -2.032 .042 

PIP AROM 4.0 (4.1) 23.6(11.3) -2.032 .042 

FM 24.4(12.4) 30.2(12.5) -2.032 .042 

ECR RMS 35.6(11.2) 58.2(25.7) -1.483 .138 

EDC RMS 29.4 (7.6) 53.0(33.6) -1.753 .080 

BBT 0 (0) 1.8(2.0) -1.633 .102 
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Abstract
The purpose of this study was to test the hypothesis that combining peripheral motor stimulation to the paretic hand 
with anodal transcranial direct current stimulation (tDCS) to the ipsilesional primary motor cortex (M1) would 
facilitate beneficial effects of motor training more than each intervention alone in six stroke patients that completed a 
randomized crossover designed study. In separate sessions, we investigated the short-term effects of single applications 
of no stimulation(S0), tDCS(S1), peripheral motor electrical stimulation(S2), and tDCS+ peripheral motor electrical 
stimulation(S3) that were done before  training the patients on the ability to perform finger motor sequences with the 
paretic hand. The mean time of key presses decreased significantly in S3(20.44%) compared to S0(6.92%), 
S1(7.39%)and S2(1.00%). These results indicate that combining the effects of these interventions can potentiate 
relearning of motor skills to a level unattained by either of the interventions alone.

Keywords: Stroke, Transcranial direct current stimulation, EMG-triggered NMES, Finger sequence task

Introduction
Despite the best rehabilitation efforts, stroke 
survivors are often left with significant and 
permanent residual motor impairments. Yet 
recovery of motor function following a stroke is 
known to be enhanced with motor training aimed 
at reducing impairments and relearning motor 
skills. New techniques, still under evaluation, are 
becoming the practical applications for the concept 
of post-stroke brain plasticity. Noninvasive brain 
stimulation (NBS) modulates motor cortical 
function and can enhance cortical plasticity. One of 
these interventions, tDCS, is capable of modulating 
the excitability of targeted brain regions by altering 
neuronal membrane potentials based on the 
polarity of the current transmitted through the 
scalp via sponge electrodes. Anodal stimulation 
increases cortical excitability in the stimulated 
brain tissue while cathodal stimulation decreases it. 
tDCS has enormous clinical potential for use in 
stroke recovery because of its ease of use, its non-
invasiveness, its safety, its sham mode and the 
possibility to combine it with other methods [1].
The recent studies have shown that the effects of 
non-invasive brain stimulation on stroke recovery 
might be enhanced by combining it with peripheral 
stimulation using neuromuscular facilitation
techniques. Hesse et al. [2] showed that the 
combination of tDCS of the motor cortex with 
robot-assisted arm training is effective in
improving motor function in patients with 
subcortical stroke lesion. This study applied the 

peripheral motor electrical stimulation (EMG-
triggered NMES) that is more practical than robot-
assisted training in terms of clinical application.
We compare the effects of non-invasive central 
nervous system stimulation with techniques of 
peripheral electrical stimulation, in order to 
provide new insights for future developments.

Material and Methods
Participants

Six stroke patients participated in this study 
(Table1). 

The inclusion criteria were: (1) unilateral lesion in 
brain image, and (2) ability to perform the finger 
sequence task independently. The exclusion 
criteria included: (1) an intracranial metallic 

Table 1. Patient Charateristics
Age, y 
(sex)

POD,
moa Lesion site MMSEb FMS(%)c MASd

50(F) 8 Rt. s-ICHd 28 92.4 1

49(M) 5 Rt. s-ICHe 29 43.9 2

72(M) 2 Rt. Subcortical 
infarction 23 24.2 1+

43(M) 13 Lt. s-ICH 30 96.9 0

66(M) 11 Rt. ICH 25 90.9 1

62(M) 83 Rt. ICH 30 66.6 1
aPostonset duration , month
b Mini Mental State Examination-korean 
cFugle-Meyer Scale, 
percent scores for the paretic upper extremity 
eSubcortical intracranial hemorrhage
dModified Ashworth Scale
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implant, (2) existence of cerebellar or brain stem 
lesion, and (3) serious cognitive deficits 
(MMSE<23/30 points). The experimental protocol 
was approved by the institutional Review Board of 
the Yonsei university Wonju College of Medicine.

Experimental design 
Subjects trained finger sequence task three times 
per week for 30 minutes to exclude learning effect,
and participated in 4 experimental sessions 
separated by 6.6±0.54 days (Table 2). Different 
forms of stimulation were applied in different
sessions. The order of the sessions was randomized.
Each experimental session started with baseline 
determination of motor performance followed by 
the type of stimulation of corresponding day, and 
motor practice. Post assessments were then done 
30 minutes after the end of training (Fig. 1) [3].
Table 2. Experimental sessions

Session Stimulation Time(min)

S0 No stimulation 0

S1 tDCS 20

S2 Peripheral motor stimulation 60

S3 tDCS + Peripheral motor stimulation 60

Fig .1 Experimental design

Stimulation types
Transcranial direct current stimulation (tDCS)

tDCS was applied with the anode positioned over 
the ipsilesional M1 and the cathode over the 
contralateral supraorbital region for 20 minutes (2
mA). Anodal tDCS (Phoresor II Auto, Iomed, Inc.,
Salt Lake City, UT) was delivered through a 4 6
sponge electrode (Daeyang medical co., ltd, Korea)
placed on the patient’s scalp while sitting. The 
anode was placed on the C3 and C4 of the
International ten-twenty electrode system and the 
cathode was placed over the contralateral
supraorbital area.

Peripheral motor stimulation 

In this study Patients received EMG-triggered 
NMES treatment on the EDC, with the Myomed
932(Enraf-Nonius, Netherlands) as one channel
EMG and electrical stimulator. The acquisition of 
EMG signal and stimulation were performed using 

the same 4x3 surface electrode (Nicolet 
Biomedical, USA). At first, subjects were 
instructed to initiate wrist/finger extension so that a 
target threshold level of EMG activity was 
voluntarily achieved, which triggered the 
neuromuscular electrical stimulation to assist the 
muscles to reach a full range of motion. (2s ramp 
up, 5s asymmetrical biphasic current at 25 Hz, 
pulse width 200 s, 2s ramp down, 20-30 mA). The 
target threshold stimulation level was set on 75% 
of MVC(maximum voluntary contraction). The 20-
second rest period was set between contractions to 
minimize local muscle fatigue [4].

Finger Evaluation Tool 
The indexes of evaluating subjects’ finger 
performance ability are score and the response 
time of the subjects as they respond to a certain 
target number on the screen. The evaluation system 
consists of two parts; (1) Sensing and 
Transmission, and (2) Reception and Processing. 
In Sensing and Transmission part, a 
microcontroller (ATmega128, Atmel, USA) and 
four membrane buttons, which is 40×15 mm each,
were used to decide which finger responds to a 
target number. The decided number was then 
transmitted to personal computer (second part) 
using RS232 communication. We developed the 
software for ‘Reception and Processing’, named 
“Finger Evaluation Tool ver. 1.7” using C# 
language to display a target number and perform 
post processing such as score, response time, and 
so on. This software allows various conditions 
such as sequence of target numbers, total 
evaluation time, and impaired hand side. After 
evaluation, the stored data were exported to ASCII 
file.

Motor practice

Subjects were instructed to press each key on a 
special keyboard containing only 4 keys using the 
2nd, 3rd, 4th, or 5th digit of the paretic hand. The 
following 4 finger sequences were used in random 
order across subjects for the 4 training sessions: 2 
to 5 to 3 to 4 to 2, 4 to 3 to 5 to 2 to 4, 3 to 2 to 4 to 
5 to 3, 5 to 2 to 4 to 3 to 5. Subjects were 
instructed to repeat the 5 elements sequence for a 
period of 3 minutes, which constituted 1 block. A 
computer was used to display the sequences to the 
patient and to record the time and accuracy of each 
key press. Subsequently, they practiced 4 blocks of 
3 minutes each, separated by 2 minutes rest periods 
for a total of 18 minutes (Fig. 1).

Finger performance test

Motor performance was tested at baseline, after 
each form of stimulation (pre) and after motor 
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training (post) (Fig. 1). In each of these tests, 
patients performed 1 block of 3 minutes, similar to 
those implemented in the practice period. We 
defined the primary outcome measure as the mean
time of key presses per 90 seconds. We excluded 
the initial 30 seconds during which patients often 
warmed up after each resting interval, and the last 
60 seconds because some patients showed slowing 
and reported fatigue at that stage. 

Results
At baseline, the mean time of key presses was 
comparable in the 4 sessions. All interventions
resulted in comparable performance improvement 
at post assessment. The mean time of key presses 
increased significantly at Pre assessment (after 
electrical stimulation) of S1, but decreased 
significantly at following Post assessment (after 
finger motor training) (Fig. 2)
(A)

(B)

Fig. 2 Effects of different technique on finger 
performance. Mean time of key presses : (A), Percent of 
pre- and post- response time (% of base) : (B). Finger 
performance ability improved significantly in S3
compared to S0, S1 and S2.

The mean time of key press improved significantly 
in S3 compared to S0 (Wilcoxon test, p = 0.028),
S1 (Wilcoxon test, p = 0.046) and S2 (Wilcoxon 
test, p = 0.046).

Discussion 
Our results show that anodal tDCS of affected 
hemisphere results in decreased paretic finger 
performance. These effects are probably located 
intracortically; the excitability of the cortico-spinal
tract remains unchanged [5]. Also, recent studies 
have revealed the importance of homeostatic 

plasticity, that the existence of a homeostatic 
mechanism in the human motor cortex stabilizes 
corticospinal excitability. Therefore, we need 
peripheral strategy such as robotic assist therapy 
and EMG-triggered NMES that would influence 
neuroplasticity. EMG-triggered NMES is more 
practical than robotic assist therapy because it is 
smaller, less expensive and easier to use. It also 
proves advantageous for various degrees of motor 
impairments in that it can be used in home settings 
by the patients due to its convenience.

Conclusions
These findings indicate that combining peripheral
motor stimulation with anodal brain polarization 
before physical practice could represent a better 
adjuvant than application of each intervention 
alone in neurorehabilitation. These results suggest 
that this interventional strategy in combination
with customary rehabilitative treatments may play 
an adjuvant role in neurorehabilitation.
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Abstract 

In this work a prototype of a neuroprosthesis is developed in order to enable spinal cord injured (SCI) people, with 
injury at cervical vertebrae level, to increase finger mobility and activity with the use of functional electrical 
stimulation (FES). The new neuroprosthesis is developed with the main objective to make the patient’s application of 
the device independent of any external help. He has to be able to put the neuroprosthesis on himself, control the 
equipment and take it off at the end of session.   The neuroprosthesis has been used to stimulate atrophied muscles. 

Results show that a patient with SCI at level C6-C7 is able to fulfill the following three steps. First, opening the 
prosthesis and fasten it on the right arm. Second, activating the stimulator connected to the prosthesis and deactivating 
it at the end of session and third, taking the prosthesis off. He can use the prosthesis independently and apply it for 
muscles exercise. Results also show increased movement in fingers and increase muscle strength after twelve month 
application of the neuroprosthesis.  

Keywords:  Neuroprosthesis, FES, SCI, Rehabilitation, Independency.  

 
  

Introduction 

In this work a prototype of a neuroprosthesis is 
developed in order to enable spinal cord injured 
(SCI) people, with injury at cervical vertebrae 
level, to increase finger mobility and activity with 
the use of functional electrical stimulation (FES). 
FES is a method to activate paralyzed muscle with 
the purpose of generating or improving lost muscle 
control. For patients with SCI between levels C4-
C8 FES can be used to improve grasp capabilities, 
by reducing the rate of muscle atrophy, and to 
strengthen muscles which might result in regain of 
some lost hand functions [1].  

In the frame of this work research has been done 
on the application of electrode matrix to control 
electrode current through a forearm to elicit finger 
movements and to locate optimal stimulation sites 
for specific hand functions of SCI patient [2]. A 
map has been made of optimal electrode places for 
one patient and a list of feasible finger movements 
he can manage in his present condition of muscles 
and joints. Results indicate that even if some finger 
movements are possible, muscle force is small in 
magnitude and needs to be enhanced considerably 
for muscle movements to be usable in every day 
live.  

The new arm neuroprosthesis is developed with the 
main objective to make the patient’s application of 
the device independent of any external help. He 

has to be able to put the neuroprosthesis on 
himself, control the equipment and take it off at the 
end of session. Existing commercially available 
prosthesis presume that the user either is able to 
use the other hand and fingers for putting the 
prosthesis on or a helping person is at site.  
Optimal electrode placements [2] are used when 
choosing electrodes positions inside the new 
prosthesis. The prosthesis is developed for patients 
with SCI between levels C4-C8 but has up to now 
been used with one patient for training and testing. 

Material and Methods 

Subject 

In development of the neuroprosthesis one patient 
participated in the testing. He is a male of age 48 
and has been SCI at level C6-C7 for seven years, 
since 2003. He has voluntary shoulder and elbow 
control as well as wrist extension and flexion. He 
has minimum voluntary finger movements, is not 
able to grasp and release everyday objects, but can 
manage to hook for example a cup on his thumb 
and use his stiffened fingers to some extent. This is 
done without activating the finger muscles.  Finger 
extensors for ring and little finger (digit 4 and 5) 
on the right arm were considered denervated but 
they seem to be reinnervated at least partly by the 
time of this work. They can therefore be stimulated 
with shorter pulses than 1 ms. The patient has not 
undergone a tendon transfer or other surgical 
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procedures that might be an alternative to gain 
finger function. 

Neuroprosthesis prototype 

The neuroprosthesis prototype is made out of soft 
cast. It consists of three parts, one covers finger 
extension, another covers finger flexion and thumb 
flexion, and the third part covers thumb extension.  
A Velcro used to close the neuroprosthesis around 
the user’s arm, see fig. 1 and 2. At the end of every 
Velcro is a loop which the user hooks on his contra 
lateral thumb to fasten or release the prosthesis on 
his arm. By putting the prosthesis on the user lays 
his arm on the flexor part of the prosthesis and then 
turns over the other parts with his free hand.  The 
prosthesis is tight and well fixed on the arm which 
gives the user a secure feeling.  Electrodes are 
positioned inside prosthesis at specific location 
found in former research work [2]. Every location 
is related to a specific muscle group.  Stimulation 
at these locations increase the muscle mass and 
elicit the following movements: finger flexion, 
finger extension, thumb flexion and thumb 
extension. Attached to the neuroprosthesis is a 
control unit which determines the current 
distribution. The control unit has four switches, 
each to activate one specific finger movement. The 
prosthesis is connected to a stimulator, Actigrip 
CS®1, which can be controlled by the user. 
Stimulation parameters were pre fixed and 
programmed into the stimulator. Frequency was set 
to 25 Hz, pulse duration 250 μs and the pulse is 
asymmetric charge compensated. The pulse 
intensity was mostly between 10-40 mA. 
Stimulation took place 4x a week on the average 
on the right arm. 

 

Fig. 1: The figure shows the neuroprosthesis prototype 
on the users arm.  The three parts and the gap between 
them can be readily seen.  Also the Velcro´s with rubber 
loops are evident.  

Testing 

The neuroprosthesis was tested with one subject 
mentioned above. The test consisted of three steps 
done daily during exercise period. First, opening 

                                                      
1 Actigrip CS®, Neurodan A/S, Aalborg, DK. 

the prosthesis and fasten it on the right arm. 
Second, activating the stimulator connected to the 
prosthesis, testing the movements and deactivating 
it at the end of session and third, taking the 
prosthesis off and putting it into a carrying case.  
This was done in the patient’s home and at his 
holiday location for extended time periods (40 and 
4 weeks respectively). 

The neuroprosthesis has been used to stimulate 
atrophied muscles. Finger movement range and 
force is monitored and changes in muscle volume 
and density are measured with the aid of spiral CT. 

Results 

The results are given in the following three points: 

1. Given a firm underground for the prosthesis, a 
table or similar, the patient is able to open the 
prosthesis with his passive fingers and using 
shoulder, elbow and wrist movements. He uses 
both hands.  The stimulated hand is used to fix the 
position of the prosthesis and the contra lateral 
hand to open the prosthesis.  See fig 2. The result 
of the test is that these movements and closing the 
prosthesis with the contra lateral thumb, as 
described earlier, are done fast and securely 
without any hesitation each time. 

2. The most difficult step for the patient was to 
connect the prosthesis cable (one connector) with 
our experimental stimulator (Actigrip). This 
includes pushing the connector and holding the 
stimulator at the same time. The result is the same 
when pulling. Pushing the buttons on the device 
was on the other hand an easy task done with the 
lateral side of a passive digit five. 

3.  Taking the prosthesis of the arm the above 
movements are done in reversed order.  Herby the 
movements are considerably slowed down when 
self adhering electrodes are used.  After one hour 
training session they stick firmly on the skin and 
go off slowly as the upper part of the prosthesis is 
pulled off.  The same happens when the hand is 
taken out of the flexion part of the prosthesis.  That 
movement takes some time and has to be done 
with care not to hurt the skin.  

The results are in summary that a patient with SCI 
at level C6-C7 is able to fulfill the following three 
steps. First, opening the prosthesis and fasten it on 
the right arm. Second, activating the stimulator 
connected to the prosthesis and deactivating it at 
the end of session and third, taking the prosthesis 
off. He can use the prosthesis independently and 
apply it for muscles exercise.  
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A significant increased finger movement and 
muscle force are detected after twelve month 
application of the neuroprosthesis. Measurements 
with CT-scans indicate muscle density increase but 
volume has not yet been evaluated. 

 

Fig. 2: The left image shows the user putting the 
neuroprosthesis on his right arm.  The right image 
shows the user adjusting the Velcro to close the 
prosthesis around the arm.  

Discussion 

It is a huge increase of independence and hence 
life quality when people with SCI at cervical level 
can use their arms and fingers to do everyday 
work. People with this type of injury can voluntary 
move their shoulder and elbow joints and many 
attempts have been made to activate fingers and 
even wrist with technical aids. The sophisticated 
system Free Hand System developed in Cleveland 
Ohio was implanted in more than two hundred 
patients’ worldwide in the late nineties[3]. Its 
approach was to have the stimulating electrodes 
and a part of the system implanted. On one side 
this means a relatively extensive operation with all 
risks of such an invasion and complicated 
stimulating system. On the other side the gain were 
manly two movements, a finger grip and a grasp 
[1,3]. It is a great advantage if the same degree of 
independency for the patient and the same 
movements can be reached without invasive means 
and with much simpler technique. This is the goal 
of the work described here. Up to now a prototype 
of an arm neuroprosthesis with integrated 
electrodes has been developed. It can be used 
independently by the SCI patient for muscle 
training.  He does not need the help of other people 
when applying the equipment. The search for the 
right stimulation site for the electrodes has been 
simplified by using electrode matrixes instead of 
single electrodes [2]. It also enables a more 
complex current paths through the arm and hence 
the activation of the intended muscles.  But the 
movements, a finger grip and a hand grasp have 
yet not been reached. In order to reach this at least 
a control electronic for the stimulating current 
through the electrode matrix has still to be realized 
and the muscles have to be trained further.  

 

 

Fig. 3: The image shows the neuroprosthesis system.  A 
prototype of an arm neuroprosthesis has been developed 
and a switchboard. The micro computer based stimulus 
control unit is in process and system software .  

Conclusions 

Results indicate that muscle exercise using FES 
and the use of the neuroprosthesis, for the 
independence of a SCI person, is an eligible chose 
to enhance lost finger movement. If this is 
confirmed by further work it will be feasible to use 
arm neuroprosthesis for the rehabilitation of finger 
movements.  
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Abstract 
We verified the feasibility of repetitive motions of the robot arm by muscle contractions of normal upper extremities 
using electrical stimulation. The subjects were 5 normal males. They tried to push and return the robot arm in a 
repetitive manner using muscle contraction only by the electrical stimulation without voluntary efforts. The repetitive 
movements included a pattern to alternately stimulate the anterior and posterior fibers of the deltoid, and a pattern to 
stimulate only one side, such as the anterior fibers of the deltoid for the pushing movement while using gravity and 
inertia for the returning movement. We examined the anteroposterior travel distance of the robot arm and the force this 
applied to the robot arm. All subjects were able to carry out 2 types of repetitive motions. The average anteroposterior 
travel distances showed no significant difference. The average anteroposterior force also showed no statistical 
significant difference, and allowed the one-sided stimulation to move in the same way as the alternate stimulation. In 
this verification, there is a big possibility to allow various exercises of motions for the treatment of hemiplegic upper 
extremity by combining electrical stimulations and robot technology. 

Keywords: repetitive exercise, electrical stimulation, robot arm 

 
  

Introduction  
Recently, there have been many reports on 
effectiveness of the intensive therapeutic method 
for cerebral stroke hemiplegic upper extremity
[1-10]. However, the methods were intended for 
the treatment of a comparatively mild paralysis
[1-5]. The exercises using robot technology can 
treat patients with severe paralysis, but they were 
limited to the passive training [6, 7, 10]. There is 
a possibility that repetitive motion exercises 
consisting of the electrical stimulation and the 
robot technology creates new therapeutic methods 
for hemiplegic upper extremity which is poor in 
voluntary movement. This approach will have the 
advantage of the best recovery, compared to 
traditional exercises. The purpose of this study is 
to verify the feasibility of repetitive motions of the 
robot arm by muscle contractions of normal upper 
extremities using electrical stimulation, and to 
examine its applicability to hemiplegic upper 
extremities. 

Methods 
Subjects 
The study included 5 normal male subjects who 
were informed of the purpose and method, and 
who had agreed to the experiment. Their average 
age was 22 years (range, 22 - 23).  

Repetitive Exercise 
As an electrical stimulator, we used Pulse-Cure-
Pro (KR-7, OG Giken Co. Ltd.). The stimulus 
wave was a negative rectangular wave, with 300 
μsec of pulse width and 50 Hz of stimulus 
frequency, and the range of stimulus intensity was 
to the extent that it gave enough muscle 
contraction to move the robot arm, but no pain to 
the muscle. We used a surface electrode with a 
length of 6 cm and positioned it to simulate the 
anterior fibers and the posterior fibers of the 
deltoid. The robot arm was a general purpose arm 
(PA-10A-ARM, Mitsubishi Heavy Industries, Ltd.) 
(Fig. 1). We mounted a 6-axis force/torque sensor 
(IFS-67M25A15-14, NITTA Corp.) at the base of 
the terminal device of the robot arm to allow the 
impedance control and the measurement of the 
force applied to the robot arm. 

The subjects sat upright on a chair with the 
shoulder joint at a basic position and the elbow 
joint flexed at a 90 degree angle with their hands 
fixed to the robot arm, as a starting position. The 
repetitive motion specified in this research was to 
push the robot arm from the starting position, and 
then return to this same position; by the subject 
using muscle contraction only brought about by 
electrical stimulation without voluntary efforts.  
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Measurement  
In the experiment, we preset the movement of the 
robot, so that it moves parallel to the floor, back 
and forth, and limited it within the mechanical 
resistance, which does not bother the subject’s 
movement. The repetitive movements included a 
pattern to alternately stimulate the anterior fibers 
and the posterior fibers of the deltoid every 5 
seconds. Then the pattern was changed to stimulate 
only the anterior fibers of the deltoid for the 
pushing movement, while using gravity and inertia 
for the returning movement. We examined the 
feasibility of two repetitive motions with only 
electrical stimulation, and anteroposterior distance 
travelled by the robot arm and anteroposterior 
force applied to the robot arm. 

Results  
Five subjects were able to carry out 2 types of 
repetitive motions. The stimulate force applied to 
both the anterior fibers and the posterior fibers of 
the deltoid were in the range of 32V to 44V, which 
did not cause any pain (Fig. 2, 3). The average 
anteroposterior distances travelled by the robot arm 

were 231 mm in the alternate stimulation, and    
201 mm in the one-sided stimulation, showing no 
significant difference. The average anteroposterior 
force applied to the robot arm showed 2.9Nm for 
the forward direction and 1.7Nm for the backward 
direction using the alternate stimulation, and 2.6 
Nm for the forward direction and 1.0 Nm for the 
backward direction using the one-sided stimulation. 
It also showed no statistical significant difference, 
and allowed the one-sided stimulation to move in 
the same way as the alternate stimulation. 

Discussion 
Conventional therapeutic methods for the patients 
with severe hemiplegic upper extremities have 
been limited to passive exercises. It is important 
for the patients to accumulate the physical 
experiences by using their own muscle contraction, 
through electrical stimulation, for the best recovery. 
Also, we are able to set the range and direction of 
exercise, and assistance and resistance with the 
robot arm, according to the needs of the individual 
patient. Even if the patients have no voluntary 
movement or a weak reaction to the electrical 
stimulation, the full support of the hemiplegic 
upper extremities against gravity by the robot arm 

Fig. 2: A repetitive motions of the robot arm by muscle 
contractions using electrical stimulation. 

Fig. 1: PA-10A-ARM, a 7-Axis general purpose 
Robot Arm (Mitsubishi Heavy Industries Ltd.). 

Fig. 3: An example of the anteroposterior travel 
distance and the force (+ anterior, - posterior) applied 
to the robot arm in the alternate stimulation. 
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could make the exercise feasible [7, 9, 10]. There 
is large opportunity to allow various exercises for 
the treatment of the patients’ upper extremities by 
combining electrical stimulation and robot 
technology. It was confirmed that muscle 
contraction by the electric stimulation allowed 
repetitive motions to move the robot arm, and was 
assumed applicable for hemiplegic upper 
extremities. However, there is a limitation in terms 
of the results were obtained from young healthy 
subjects and cannot be generalized to a disabled, 
elderly population and especially in patients with 
severe paralysis for a prolonged period.  

Consequently, we are required to examine which 
muscle to stimulate, the optimal stimulation 
method, and direction and volume of exercise 
through simulation. Brain-machine interface is 
ideal as a trigger of electrical stimulation, but for 
the time being, we need a switch operation or a 
system to connect the exercise of the paralyzed 
limb by detecting the movement of the non-
paralyzed limb. 

Conclusion 
The combination of electrical stimulations with a 
robot would allow the patients to have diverse 
physical exercises for treatment of hemiplegic 
upper extremities.  
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Abstract 

FES cycling for paraplegics is known to have low efficiency and power output. The reason for this is not currently un-
derstood, but is believed to partly be biomechanical in nature. It may be possible to improve the biomechanics by selec-
tively stimulating the muscles in the quadriceps so that maximum knee extension can be achieved, with minimum hip 
flexion. To this end a bi-moment chair was developed to simultaneously measure knee and hip joint moments associated 
with various electrode positions. However, the results obtained were not as expected. This lead to an error analysis of 
the chair in which random and systematic errors were identified, and their influence on the resultant joint moments 
measured. Alternative causes for the unexpected results can now be considered, as the possibility of measurement error 
has been eliminated. 

Keywords:  FES cycling, SCI, bi-moment chair, joint moments, knee extension, hip flexion, error analysis. 

 
Introduction  

FES cycling for Spinal Cord Injured (SCI) people 
has been studied for many years [1, 2]. However, 
the power output and metabolic efficiency of SCI 
cyclists remains considerably lower than that of 
Able Bodied (AB) cyclists [3], even after a long 
period of muscle training [4]. Three hypotheses for 
the low efficiency have been suggested [3]: 

1. Inefficiency due to electrical stimulation. 
2. Inherent SCI factors, e.g. abnormal muscles. 
3. Biomechanics of FES cycling. 

The influence of the first two hypotheses on meta-
bolic efficiency were investigated by performing 
electrical stimulation (ES) on AB subjects [3,5,6]. 
These studies showed that AB cyclists have poorer 
efficiency than normal during FES cycling but 
nonetheless high efficiencies were found for AB 
subjects during stimulated concentric contractions 
of quadriceps [3]. This would imply that the low 
FES cycling efficiency is somehow related to the 
 

 

 

Fig 1: (Left) Schematic rep-
resentation of the bi-moment 
chair. (Above) Measurement 
flow diagram. 

motion of the cycling action and not purely attrib-
utable to ES. Currently all four component muscles 
of the quadriceps are stimulated. This causes acti-
vation of Rectus femoris, which produces an un-
wanted hip flexion when leg extension is required, 
which we hypothesise reduces the net power gen-
erated [1]. 

By selectively stimulating the quadriceps, it is 
hoped to minimise the hip flexion while still main-
taining maximum knee extension. The testing of 
this hypothesis required a means to measure mo-
ments about both the knee and hip joint simultane-
ously. To this end a bi-moment chair was devel-
oped, as shown in Fig. 1, whereby the joint mo-
ments of a seated subject could be measured with 
various electrode positions. Confidence in meas-
urements taken with the chair was built by per-
forming an error analysis and validation on the bi-
moment chair. 

Methods 

Bi-moment chair design 

The bi-moment chair has a number of position 
sensors (spring pots [7]), and force sensors (strain 
gauge transducers). The measurements taken by 
these sensors were used to calculate the joint mo-
ments, as laid out in the flow diagram of Fig. 1.  

The positions of the Hip (HJC) and Knee (KJC) 
Joint Centres and the sensors were measured rela-
tive to a reference frame, positioned along the co-
ordinate axis indicated in Fig. 1. The initial dis-
tance between the position sensors and the points 
in space they are used to track (points pt, ps and a 
point above the KJC), were recorded. The sensors 
could then monitor changes in the location of these 
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points, which were used to determine the orienta-
tion of the direction and force vectors. These loca-
tions were found by using the position sensor 
measurements to set up two and three-dimensional 
distance equations that were simultaneously solved 
[7, 8]. The force sensors were used to measure the 
magnitude of forces F and F�, which, combined 
with the direction vector measurements were used 
to calculate the moments about the knee and hip 
joints, as in equation 1. 

�� � ��� � �� 

�� � ����� � �� � ��� � ��� 
(1) 

Measurement errors can be separated into two 
main categories, random and systematic [9]. The 
influence, that both of these errors would have on 
the calculated moments, was investigated. 

Error analysis 

The random errors were quantified for the sensor 
measurements, as well as the initial position and 
distance measurements, by estimating the standard 
deviation, ½, from the spread of repeated meas-
urements [9]: 

1. For the position sensors, sp1 through sp4, 
changes in string length were recorded for 
measurements taken around an arbitrary point. 

2. Calibration measurements were taken for the 
force sensors, using a series of consecutively 
heavier weights. The standard deviation seen in 
the corresponding voltage measurement was 
found after using least squares to fit a line to 
each repeated measurement. 

A Codamotion system was used to monitor move-
ment in the HJC and KJC, thereby estimating the 
uncertainty in their respective positions. The bi-
moment chair makes the assumption that the HJC 
is stationary throughout an entire test, while 
movement of the KJC is monitored in the x- and y-
directions, by sp2. Any movement in the z-
direction is considered negligible. 

Validation  

The random error analysis did not help to identify 
the presence of systematic errors. These errors 
were isolated using a spring-loaded dummy-leg, 
LiAM (Limb for the Application of Moments), to 
generate moments of known magnitude about pin 
joint models of the hip and knee joints. These re-
sults also served to validate the moments measured 
by the chair in the presence of the combined effect 
of all the random errors. 

Results 

Joint moment data was recorded with a subject in 
the chair to help understand measurement errors. 

Table 1: Percentage error in M� and M� due to a meas-
urement change of one standard deviation. 

Error parameter } 
% Error 
M�� M��

sp1 (Fig.1 label a) 0.28 [mm] 0.7 - 
sp2 (b) 0.51 [mm] - 0.2 
sp3 (c) 0.53 [mm] - - 
sp4 (d) 1.4 [mm] 1.1 1 

SGt (e) 
0.0037¾mass-

0.004 [V] 
3.0 2.1 

SGs (f) 
0.0011¾mass + 

0.0015 [V] 
3.0 2.1 

Distance 
measurements 

2.2 [mm] - 0.8 

Position 
measurements 

x 1.3 [mm] 3.5 - 
y 11 [mm] 8.5 7.7 
z 1.8 [mm] - - 

HJC 
x 3.5 [mm] 1.8 - 
y 2.4 [mm] 1.7 - 
z 1.6 [mm] - - 

KJC 
x 3.2 [mm] - - 
y 4.8 [mm] - 1.6 
z 6.8 [mm] - - 

 
 (a) (b) 
Fig 2: Difference measured in moments between the bi-
moment chair and LiAM for (a) the knee moment and 
(b) the hip moment. 

These measurements were modified by one stan-
dard deviation, the moments recalculated and the 
percentage difference in the joint moments, as 
compared with the original dataset, found. (Table) 

These results indicate to which errors the joint 
moments were particularly sensitive and provided 
an estimation of the size of the error. Percentage 
errors, less than 0.2%, were considered negligible. 
From the table we can see that the moments are 
particularly sensitive to errors in the position 
measurements. Consequently, care should be taken 
when recording the initial positions. Furthermore, 
as we are only interested in knee moments that 
occur in the sagittal plane, any movement of the 
KJC in the z-direction, is seen to have no influence 
on M� and can thus be considered negligible. KJC 
movements in the y-direction will be less than that 
estimated in the table, as sp2 measures deflection 
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of the KJC along this axis, which the Codamotion 
results did not take into account. 

Fig. 2 shows the difference between M� and M� 
measured by the chair, and those generated by 
LiAM. Good agreement was consistently seen in 
the M� measurements. However, initially there was 
a large disagreement in the hip joint moments. The 
pin joint at the hip was replaced with a bearing to 
try to reduce the error. However, in so doing, the 
spread of the measurements was reduced, but not 
the overall error. A systematic error was found that 
was dependent on the position of sp1. By moving 
this spring pot, to the location shown in Fig. 1, the 
sensitivity and error were drastically reduced.  

Discussion 

Once confidence had been gained in the measure-
ments made by the bi-moment chair, it was used to 
perform a preliminary test using three different 
electrode positions: 

1. Standard (current practice) - One pair of elec-
trodes placed diagonally over the thigh and de-
signed to stimulate all component muscles. 

2. Rectus - One pair of electrodes placed on the 
midline of the anterior thigh. 

3. Vastii (medialis and lateralis) - Two pairs of 
electrodes, attached to independent stimulation 
channels, placed over these muscles. 

The results, as shown in Fig. 3, did not show the 
expected reduction in the hip flexion moment, 
when comparing the Vastii and Standard setups. 
The reason for this is currently unknown and being 
investigated. However, due to the extensive error 
analysis and validation already carried out, it was 
possible to rule out measurement error. 

Conclusions 

A bi-moment chair was developed that allowed us 
to measure joint moments about the hip and knee 
joints, simultaneously. This will be used in a study 
to investigate the selective stimulation of the quad-
riceps, with an aim to improving the performance 
of FES cycling. Before the chair could be used in 
such a study it was necessary to validate the meas-
urements taken by the chair. This was accom-
plished by taking a series of measurements to as-
certain the magnitude of the random errors present 
in the system, as well as by using the specially 
designed LiAM, to identify systematic errors and 
to evaluate the combined effect of all the random 
errors. Preliminary results have been measured 
with the chair, looking at the selective stimulation 
of quadriceps muscles. However, the unexpected 
results need further investigation as to whether 
there is a physiological explanation. 

 
Fig 3: Joint moments measured for a subject using three 
different electrode positions. 
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Abstract
A video game-based training system was designed to integrate neuromuscular electrical stimulation (NMES) and visual
feedback as a means to improve strength and endurance of the lower leg muscles, and increase the range of motion
(ROM) in the ankle joints. The system allowed the participants to perform isotonic concentric and isometric
contractions in both plantarflexors and dorsiflexors using NMES. The contractions were performed against exterior
resistance, and the angle of the ankle joints was used as the control input to the video game. To test the feasibility of the
proposed system, an individual with chronic complete spinal cord injury (SCI), participated in the study. The system
provided a progressive overload for the trained muscles. The results show that the training resulted in a significant
improvement of the strength and endurance of the paralyzed lower leg muscles, and in an increased ROM of the ankle
joints. The participant indicated that he enjoyed the video game-based training. Video game-based training programs
might be effective in motivating participants to train more frequently and adhere to otherwise tedious training
protocols. It is expected that such training will not only improve the properties of their muscles, but also decrease the
severity and frequency of secondary complications that result from SCI.

Keywords: active gaming, muscle atrophy, muscle training, neuromuscular electrical stimulation, spinal cord injury, visual
feedback

Introduction
Neuromuscular electrical stimulation (NMES)
training can counteract musculoskeletal atrophy in
individuals with spinal cord injury (SCI), and thus,
decrease the likelihood of secondary complications
and ultimately reduce costs associated with
caregiving [1]. It has been demonstrated that
training with isotonic contractions result in a
smaller risk of bone fracture [2] and increased
blood circulation [3, 4], in comparison with
isometric contractions. Furthermore, it has been
emphasized that the amount of stress delivered to
paralyzed muscle tissue should meet a threshold
consistent with overload and/or endurance training
principles to make the training effective [5, 6].

We proposed a video game-based training system
that is designed to integrate NMES and visual
feedback therapy as a means to improve strength
and endurance of the lower leg muscles, as well as
the range of motion in the ankle joints. The
purpose of the present study was to evaluate the
concept of the new training system using the
following criteria: (1) the NMES training protocol
must include isotonic contractions against exterior
resistance; (2) the system must include an
entertaining component which should be tied to the
exercise challenge and guide the user through the
protocol; and (3) the system must be easy to

control and operate and require minimal
supervision of medical or technical staff.

Material and Methods
Dynamic ankle joint training device
During the training, the participant was seated on a
padded bench with a backrest support (Fig. 1a).
The foot platform was attached to the main shaft,
which was inserted into the side bearings. The
inverted pendulum was used to provide resistance
during the training exercise. The range of angular
displacements of the foot platform was
mechanically restricted within the range of 30°
plantarflexion and 20° dorsiflexion. The Reaction
Torque Sensor (TS11-200, Durham Instruments,
Germany) with a capacity of 200 Nm was mounted
to the main shaft to measure the torque produced
during the exercise. Tilt of the foot platform was
registered by a differential capacitance Micro-
Electro-Mechanical System 3-axial accelerometer
(KXM52-1050, Kionix Inc., USA). Signals were
sampled using a 12-bit resolution data acquisition
system (USB-6008, National Instruments, USA).
Real-time data acquisition, processing,
visualization, and storage were performed using
the LabVIEW 8.5 software package (National
Instruments, USA). The calculated tilt was used as
the real-time input to control the video game.
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Figure 1. (a) Foot platform with the inverted pendulum
locked in place on the end of the main shaft; (b)
Interface of game-based exercise.

Neuromuscular electrical stimulation
A programmable 4-channel neuromuscular
electrical stimulator (Compex Motion, Compex
SA, Switzerland) was used to deliver
transcutaneous NMES to the ankle joint muscles.
The stimulation current had a rectangular, biphasic,
monopolar pulse waveform with a pulse duration
of 300 μs, and the stimulation was delivered with a
frequency of 40 Hz [7]. The stimulation intensity
was controlled by the participant in response to the
video game scenario using an analog joystick
controller. A forward inclination of the joystick,
which was connected to the electrical stimulator
through an analog input port, resulted in
stimulation of plantarflexors (PF), whereas a
backward inclination resulted in stimulation of
dorsiflexors (DF).

Game-based exercise
The goal of the game was to navigate a moving
“snake” around the screen in an attempt to hit
randomly appearing targets (Fig. 1b). The turning
radius of the “snake” was controlled by the
position of the ankle joints detected by the tilt
sensor. With the joints in neutral position, the
“snake” moved in a straight line; in order to
produce clockwise or counterclockwise turns of the
“snake”, the participant had to elicit
plantarflexions or dorsiflexions, respectively.
Visual feedback was provided by a large LCD
monitor placed at eye level about 1.5 meters in
front of the participant. To motivate the participant
to improve his performance, a score representing
the number of collected targets was displayed.
With an increased number of collected targets the
“snake” increased its length.

Outcome measurements
The following parameters were recorded during the
1st, 25th, and 48th training sessions: (a) the NMES
intensity, (b) the overall torque, and (c) the angular

displacement of the foot platform (corresponding
to ankle joint position).

Participant
The male participant was 57 years old and has
sustained chronic SCI (T3-T4) four years prior to
taking part in this study. The participant’s lesion
completeness was classified as AIS A (i.e.,
American Spinal Injury Association Impairment
Scale classification A). His personal treatment
goals were to prevent secondary complications
associated with impaired blood circulation and
bone demineralization, and to improve his muscle
mass. The participant gave written informed
consent to the experimental procedure, which was
approved by the local institutional ethics
committee in accordance with the declaration of
Helsinki on the use of human subjects in
experiments.

Data processing and analysis
To analyze the data, we divided the acquired data
into intervals of 3 min each. A two-way ANOVA
with repeated measures (α = 0.05) along with a
subsequent Tukey post-hoc test was applied to
identify significant differences in recorded
parameters throughout each training session and in
comparison with the 1st training session. Results of
the pooled data are presented as mean values and
standard deviations (SD).

Outcome measurements
The following parameters were recorded during the
1st, 25th, and 48th training sessions: (a) the NMES
intensity, (b) the overall torque representing
resultant torque exerted by the stimulated muscles
and passive torque produced by the training device,
and (c) the angular displacement of the foot
platform (corresponding to ankle joint position).
All data were sampled at 500 Hz. The signals were
low-pass filtered using a fourth-order, zero phase-
lag Butterworth filter with the cut-off frequency of
5 Hz.

Results
During the game-based exercise, the weight on the
pendulum that the participant controlled via NMES
was 3 kg. Fig. 2 depicts the change of the intensity
(Fig. 2a) of NMES for each muscle group, the peak
torque (Fig. 2b), and the angular displacement of
the foot platform (Fig. 2c) over time during 1st,
25th, and 48th training sessions.

The participant reported that he enjoyed the video
game-based training. He stated that the video game
was challenging to play, but could be easily
adjusted to meet the needs of the participant.

a b



Figure 2. Pooled data showing the parameters recorded
during the training session: (a) intensity of NMES
cycles for each muscle group, (b) torque, and (c)
angular displacement of the foot platform over time
during 1st, 25th, and 48th training sessions. Positive
values represent parameters during plantarflexion;
negative values represent parameters during
dorsiflexion.

Discussion
We developed a new training system that
integrates NMES and visual feedback. We
demonstrated that the protocol used in this study
yielded significant training effects on the strength
and endurance of the paralyzed lower leg muscles,
and improved the ROM in the ankle joints.
Additionally, the duration of the training sessions
significantly increased indicating the improvement
in the endurance. Though the current training
protocol’s settings stayed unchanged throughout
the training period, the exercise challenge provided
an overload for the muscles during the training.
The key observation resulting from this study was
that the interactive gaming NMES intervention can
motivate a person with chronic SCI to perform
muscle training exercises. Characteristics of the
system would allow individuals with even less
preserved motor function to participate in this
training program. The system setup and applied
protocol required minimal supervision from a
medical or research staff: once the game
parameters, range of motion, and the level of
resistance were set, the participant was able to
perform the training without any further assistance.

Conclusions
The proposed video game-based training that
integrates NMES and visual feedback successfully
motivated the participant, and resulted in
significant training effects on the strength and
endurance of the paralyzed lower leg muscles, and
improved the range of motion in the ankle joints.
The system provided a progressive overload for the
trained muscles, which is a prerequisite for
successful muscle training. Video game-based
training programs must be effective in motivating
participants to train more frequently and adhere to
otherwise tedious training protocols. It is expected
that such training will not only improve the
properties of their muscles, but also decrease the
severity and frequency of secondary complications
that result from SCI.
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Abstract
This research was designed to investigate the difference between electrical stimulation (ES) and magnetic stimulation 
(MS) by measuring or estimating the fatigue resistance, the pain perception (Borg Scale), the skin flare, the blood 
pressure and the heart rate before and after the stimulation.  Seven paraplegic patients and 4 healthy subjects 
participated in the experiment, where intermittent ES and MS was applied to the quadriceps for 20 minutes with the 
duty cycle at 50% (3s on/3s off).  The statistical analysis employed the two-sample t-test.  The result showed no 
statistically-significant difference in the measured values, implying that ES and MS cause no difference in the 
locomotion mobility and the pain perception when they generate the same amount of muscle torque. 

Keywords: functional electrical stimulation (FES), magnetic stimulation (MS), fatigue index, pain

Introduction  
Functional electrical stimulation (FES) has been 
widely applied to mobility recovery for the 
paraplegic and the restrengthening program of 
paralyzed muscles since it was used for preventing 
foot-drop of the stroke patients in 1961 by 
Liberson et al. [1].  Magnetic stimulation (MS), on 
the other hand, also began to draw attraction with a 
clinical evaluation reported in 1987 [2], mostly 
because of the fact that the users do not need to 
don/doff the electrodes. 

Many researches have been performed to assist the 
paraplegic in walking by applying MS directly to 
the motor cortex and the paralyzed muscle for the 
past 20 years [3-5].  Polkey and his colleagues [6] 
reported that MS could be clinically useful without 
causing pain.  Szecsi and his colleagues [7][8] 
compared MS with electrical stimulation (ES), 
reporting that MS induced higher muscle torque 
with less pain than ES.  A contradicting result was 
also obtained by Verges et al. [9] that the two 
stimulation methods showed almost the same 
muscle force and the M-wave shape. 

This study was designed to compare the effects of 
MS with those of ES by investigating the muscle 
fatigue, pain, skin flare, blood pressure (BP) and 
heart rate (HR) before and after the stimulation. 

Material and Methods 
Subject

Seven paraplegic patients and 4 healthy subjects 
participated in this study. The patients were 
selected among the inpatients of the National 
Rehabilitation Hospital, Seoul, Korea, and the 
rehabilitation medicine team did medical 
examinations, such as the bone density 
examination, computerized tomography of the 
lower extremities, etc., to avoid any 
contraindication of FES. The healthy subjects were 
selected among the employees in the National 
Rehabilitation Hospital, determined to have no 
medical problems by the physical and mental 
examinations. 

The subject was seated on a chair, developed by 
our research team, with the trunk at the upright 
position, and the knee angle was fixed at 135�.
The fully extended position corresponds to 180�.
A load cell (SBA-100L, CAS, Co., Seoul, Korea) 
was used for measuring the force acting on the 
ankle when the knee extensor was stimulated. 

Experiment Protocol 
The stimulation intensity applied to the quadriceps 
was determined such that the resulting knee 
extensor torque did not make a difference for each 
subject.  3s on/3s off intermittent ES and MS were 
applied to train the quadriceps for 20 minutes, 
respectively, and the knee extensor torque was 
measured after the stimulation.  BP and HR were 
also measured before and after the stimulation, and 
the pain perception was estimated by employing 
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the Borg Scale (1-5).  The skin flare was examined 
at the end of each stimulation session. 

ES and MS were applied to the quadriceps of each 
leg once a day, and the stimulation type was 
switched the next day (at the next stimulation 
session).  That is, if ES was applied to the right leg 
and MS to the left leg, then MS was applied to the 
right leg and ES to the left leg at the next 
stimulation session. The resting period between 
two stimulation sessions was set at not less than 24 
hours to avoid any effect from the previous 
stimulation. 

Muscle Stimulation and Torque Measurement 
For electrical stimulation, one surface (reference) 
electrode (5+9cm, Axelgaard, Fallbrook, CA, 
USA) was attached slightly proximal to the patella 
of each subject, and the other surface (stimulating) 
electrode was positioned at the motor point of the 
quadriceps. For magnetic stimulation, the magnetic 
coil of the magnetic stimulator (BioCon-1000proTM,
Mcube Technology Co., Seoul, Korea) was positioned 
at the motor point of the quadriceps. Electrical and 
magnetic stimulation was applied to both legs of 
the subjects with the frequency fixed at 20Hz. 

Data Collection 
The blood pressure, the heart rate, the Borg scale, 
and the skin flare were measured or examined. 
Also, the fatigue indices (defined below) after 
intermittent stimulation for 60 seconds (FI 60s) 
and 120 seconds (FI 120s) were measured for each 
subject. The t-tests were done to each of the 
measurement groups, and the t-tests were done to 
the blood pressure and the heart rate before and 
after the stimulation with the level of significance 
at 0.05. In all torque measurements, the torque was 
normalized with respect to the initial (peak) value. 
Note that a low fatigue index indicates high fatigue 
resistance.

initial torque - torque after 60sFI 60s 100(%)
initial torque

initial torque - torque after 120sFI 120s 100(%)
initial torque

×

×

�

�

Results
Table 1 shows the two fatigue indices, FI 60s and 
FI 120s.  The average FI 60s of the healthy 
subjects under ES and MS was 16.29% and 
21.70%, respectively, indicating that ES caused 
less fatigue than MS by approximately 5.4% to 
healthy subjects, but no statistical significance was 
noticed (p=0.4463).  Little difference was found 
for FI 120s for healthy subjects (p=0.9099). 

On the Contrary, The average of FI 60s of the para- 

plegic patients was 22.64% and 19.24% under ES 
and MS, respectively, indicating that MS caused 
less fatigue, but we again found no statistical 
significance (p=0.4149).  In case of the 120s 
stimulation, MS resulted in the lower fatigue index 
with no statistical significance as well (p=0.1896). 

Table 1: Fatigue Index (%) 

Subject Fatigue    
Index

ES          
(mean±SD) 

MS          
(mean±SD)

p-
value

Healthy
FI 60s 16.29±12.84 21.70±9.69 0.4463

FI 120s 33.28±6.03 33.90±9.62 0.9099 

Patients
FI 60s 22.64±11.28 19.24±9.60 0.4149

FI 120s 34.64±11.92 28.18±12.48 0.1896

We investigated the pain caused by ES and MS to 
all subjects, and the Borg Scale results are shown 
in Table 2.   The higher Borg Scale point means 
the more serious pain.  The average Borg Scale 
point under ES was 2.38 point and 2.15 point for 
the healthy subjects and the paraplegic patients, 
respectively, which implies that ES gave the 
healthy subjects more serious pain than the 
paraplegic patients although the difference was not 
statistically significant (p=0.2702). The average 
Borg Scale point under MS was 2.88 point and 
2.00 point for the healthy subjects and the 
paraplegic patients, respectively, which again 
means that the healthy subjects felt more serious 
pain under MS than the paraplegic patients.  This 
result was statistically significant contrary to ES 
(p=0.0103). 

Comparing the pain perceived by the healthy 
subjects resulted in 2.38 point and 2.88 point under 
ES and MS, respectively, without statistical 
significance (p=0.1728).   In case of the paraplegic 
patients, we found no statistical significance, either 
(p=0.4285). 

Table 2: Pain (Borg Scale) 

Stimulation Healthy 
(mean±SD)

Patient  
(mean±SD) p-value

ES 2.38±0.52 2.15±0.38 0.2702 
MS 2.88±0.83 2.00±0.58 0.0103 

The experiment did not induce a statistically-
significant difference in BP and HR before and 
after the stimulation.  During the whole experiment 
we noticed no skin flare regardless of the 
stimulation type.  

Discussion 
In most of the published researches, the fatigue 
resistance under external stimulation was estimated 
by applying continuous pulse trains and comparing 
the muscle torques generated at the beginning and 
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after 30 seconds of the stimulation.  When ES was 
used, however, for recovering mobility to the 
paraplegic patient and/or restrengthening the 
paralyzed muscle, intermittent stimulation has been 
usually employed and the fatigue effect of 
intermittent stimulation is generally not the same 
as that of continuous stimulation.  Consequently, 
now that this research was performed with 
intermittent stimulation, our results would, we 
believe, be of help to practical clinical applications.  
It should be also noticed that we selected the 
fatigue index calculated after 60 seconds of 
stimulation because the duty cycle in this study 
was 50%. 

We adjusted the stimulation intensity applied to 
each subject in such a way that both stimulation 
(ES and MS) generated the same amount of the 
initial knee extensor torque.  The reason was 
because we could naturally assume that when two 
stimulation types generate the same muscle torque, 
the lower fatigue index (i.e. the higher fatigue 
resistance) indicates the better locomotion mobility 
with the more muscle fibers activated at the 
measurement time instance. 

We found a difference in the fatigue resistance 
between ES and MS, but no statistical significance.  
It can be agreed that MS may be able to generate 
the larger initial torque than ES as reported in 
Szecsi et al. [7][8], we cannot state, i.e. there is no 
statistical significance, that MS leads us to the 
better locomotion mobility than ES when the initial 
torque is adjusted at the same value. 

The statistical analysis showed no significant 
difference in the pain perception in terms of the 
subject group and the stimulation type as well.  
This result contradicts those by Szecsi et al. [7][8] 
and Polkey et al. [6] reporting that MS causes no 
or little pain compared to ES.  We found, as for the 
average values, that the healthy subjects felt the 
more serious pain under MS than under ES.  

We found no difference in BP and HR before and 
after the stimulation.  Now that the quadriceps was 
the only muscle we stimulated, it can be suggested 
that ES and MS of the lower extremities muscles 
do not affect the cardiovascular system of the 
subject.

Conclusions
The statistical analysis led us to a conclusion that 
MS may not be advantageous over ES from the 
viewpoint of the muscle contractility and vice 
versa, and that MS may not cause less pain than ES 
either.  Also, stimulation of the lower extremities 
muscles only may not affect the cardiovascular 
system. 
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Abstract
Objective: To evaluate the ability of gait cycle detection using 3-axes linear accelerometers and gyroscopes in
hemiplegic patients. Materials & Methods: 27 hemiplegic patients (18male, 9female) participated in this study.
3-axes accelerometers & gyroscopes fixed were placed around the knee. And a heel sensor was placed on the
sole as a control signal. Patients were asked to walk 30m on flat and straight floor at their normal self selected
pace. We compared the heel sensor signals with 3-axes accelerometers & gyroscopes signals by using Neural
Network Learning. Result: The total number of steps were 1231. The total number of errors were 27 (2.1%). 17
patients didn’t have any errors and 10 patients had 27 errors. Conclusion: 3-axes accelerometers & gyroscopes
could detect the gait cycle in hemiplegic patients.

1 Introduction
Functional electrical stimulation (FES) has been

used for the correction of dropped foot after the
occurrence of an upper motor neuron disease,
such as a stroke.
There are some FES devices to correct drop

foot using a heel sensor for the hemiplegic pa-
tients. Usually, Japanese sit on a tatami floor
without shoes, so the current FES devices which
use a heel sensor placed in the shoe sole are dif-
ficult to use in Japanese-style rooms. To apply a
FES system effectively in Japan, a gait cycle de-
tection system which can accurately detect the
gait cycle without a heel sensor is needed for the
Japanese hemiplegic patient. Recently, some re-
searchers have reported gait cycle detection us-
ing accelerometers instead of heel sensors and
succeeded in gait cycle detection (2,3). In these
reports, accelerometers were placed on the foot,
thigh, lower limb and trunk, and 2-axes acceler-
ometers were used.
We placed accelerometers and gyroscopes

around the knee. By placing accelerometers and
gyroscopes around the knee, we will be able to
detect gait cycle and stimulate the peroneal nerve
at the same time and same place. And with 3-
axes accelerometers and gyroscopes, we expect
we will be able to detect the gait cycle more cor-
rectly rather than using 2-axes accelerometers
gait detectors.

2 Materials & Methods
27 hemiplegic patients (18males, 9females) par-

ticipated in this study. They were chronic stroke
patients (more than 6 months have passed since
the onset), and could walk by themselves using
walking assistant tools and AFO. The average
age was 66 years old (range, 41-84 years). We
classified them into the Brunnstrom Stage. The
number of each stages were Stage 3:6, Stage 4:6,
Stage 5:12, Stage 6:3.
They were asked to walk 30m at their normal

self selected pace. And they were permitted to
use tools to assist walking and AFO.
3-axes accelerometers (Hitachi Metals H48D,

4.8 4.8 1.5mm) & gyroscopes (Murata ENC-
03R, 4.0 8.0 2.0mm) were fixed on one base
(2.0 1.4cm) and were placed around the knee .
Heel sensors were placed on the sole as a control
signal (Click BP, Tokyo Sensor Co., 35 17
4mm). We asked patients to walk (first walk) and
collected data by using a data logger (Hioki 8430
Memory Hilogger) (Fig. 1). The data was trans-
ferred to a computer for processing using Neural
Network Learning (MATLAB Neural Network
Toolbox). To use Neural Network learning can
make detecting gait cycle by using only 3-axes
accelerometers and gyroscopes possible. After
studying data, we asked patients to walk (second
walk) and collected data again.
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The data obtained from the second walk was
compared with the data obtained from the heel
sensor. So, we converted the data into a graph
and counted the number of errors. If the graph
signal of Neural Network Learning was different
from the graph signal of the heel sensor, this was
counted as an error.

3 Results
We compared the graph of the accelerometers

and gyroscopes with the graph of the heel sensor.
Typical graph examples are shown in Fig. 2-1
and 2-2 (Example 1 is a good pattern and exam-
ple 2 is a failure (appearing errors) pattern).
The total number of calculated steps were 1231.

The total number of errors were 27 (2.1% of total
steps). 17 patients didn’t have any errors and 10
patients had 27 errors. According to the Brunn-
strom Stage, the number of steps in each stage
were Stage 3:253, Stage 4:276, Stage 5:561,
Stage 6: 141. The number of errors were Stage
3:9 (3.6%), Stage 4:8 (2.9%), Stage 5:10 (1.8%),
Stage 6:0 (0%) (Fig. 3). There weren’t significant
differences among these groups.

4 Discussion
Heel sensors have always been used to detect

the gait cycle. Shimada et al. reported that FES
system using heel sensor and percutaneous in-
tramuscular electrodes improved walking speed
and step cadence in hemiplegic patients. But,
there are some faults with the heel sensor. There
is a need for greater durability in the heel sensor
and the long electric wire which connects the
heel sensor to the stimulator. And the long elec-
tric wire is cosmetically unappealing. The heel
sensor isn’t suitable for the Japanese life style
where one needs to take off their shoes (1).
Recent studies have reported that gait cycle de-

tection which use other methods instead of heel
sensors.Jasiewicz et al. reported the gait cycle
detection using tilt sensors placed on the knee
and the foot, and using accelerometers placed on
the foot in able-bodied and spinal-cord injured
individuals (2). Mansfield et al. reported the gait
cycle detection using accelerometers placed on
the trunk in able-bodies individuals (3). They re-
ported 2-axes accelerometers were a valid sensor
for the hemiplegic patient gait detection.
There have been few studies using 3-axes ac-

celerometers and gyroscopes in hemiplegic pa-
tients. In this study, we could detect gait cycle of
the hemiplegic patients using 3-axes accelerome-
ters & gyroscopes placed around the knee in
spite of the level of paralysis. We expect that we
can develop a new FES system by using 3-axes
accelerometers & gyroscopes and apply it to
other motion analyses.

5 Conclusions
3-axes accelerometers & gyroscopes could de-

tect the gait cycle in hemiplegic patients.

Legend of figures

Heel sensor

X - axis

Y - axis

Z - axis

Gyro - axis

Fig.1: The data before doing Neural Network Learn-
ing (first walk data).

Heel sensor

Accelerometers
& Gyroscopes

Comparison heel sensor with accelerometers & gyroscopes

66 Y.O M

Fig.2-1: The solid line graph shows heel sensor sig-
nals. And the dotted line graph shows accelerometers
and gyroscopes signals. We can see that the graph
obtained from accelerometers follows the graph ob-
tained from heel sensor.

Heel sensor

Accelerometers
& Gyroscopes

Comparison heel sensor with accelerometers & gyroscopes

58 Y.O F
Error

F
ig. 2-2: The arrow in this graph shows errors. The
solid line graph shows heel sensor signals. And the
dotted line graph shows accelerometers and gyro-
scopes signals. We can see a different signal in the
heel sensor graph from the accelerometers and gyro-
scopes graph.

Brunnstrom Stage 3 4 5 6
The number of patients 6 6 12 3

Total steps 253 276 561 141
Error steps 9 8 10 0

Fig. 3: Steps according to Brunnstrom Stage.

- 370 -- 370 -



References

(1). Yoichi Shimada, Toshiki Matsunaga, Akiko Mi-
sawa, Shigeru Ando, Eiji Itoi, Natsuo Konishi: Clini-
cal Application of Peroneal Nerve Stimulator System
Using Percutaneous Intramuscular Electrodes for Cor-
rection of Foot Drop in Hemiplegic Patients. Neuro-
modulation Vol 9: 2006: 320-327.

(2). Jan M. Jasiewicz, John H.J Allum, James W.
Middleton, Andrew Barriskill, Peter Condie, Brendan
Purcell, Raymond Che Tin Li: Gait event detection
using linear accelerometers or angular velocity trans-
ducers in able-bodied and spinal-cord injured indi-
viduals. Gait and Posture 24: 2006: 502-509.

(3). Avril Mansfield, Gerard M. Lyons: The use of ac-
celerometry to detect heel contact events for use as a
sensor in FES assisted walking. Medical Engineering
and Physics 25: 2003: 879-885.

Author’s Address

Takenori Tomite
Department of Orthopedic Surgery, Akita Uni-
versity Graduate School of Medicine,
1-1-1 Hondo, Akita, 010-8543 JAPAN
E-mail:tomite@doc.med.akita-u.ac.jp

- 371 -



Movement of Ankle Plantar flexor and Subjective Pain 
by Monophasic Electrical Stimulation 

Suzuki T1, Watanabe T2, Saura R3, Uchiyama H4  
1 Department of Mechanical Engineering, Maizuru National College of Technology, Maizuru, Kyoto, Japan 

2 Department of Biomedical Engineering, Tohoku University, Sendai, Miyagi, Japan 
3 Department of Rehabilitation Medicine, Osaka Medical College, Takatsuki, Osaka, Japan 

4 Department of Mechanical Engineering, Kansai University, Suita, Osaka, Japan 

 

Abstract 
    The aim of this study was the investigation of the dynamical movement of the ankle plantarflexor and subjective pain 
by electrical stiumulation, which are considered as key points to improve the walking performance effectively, and to 
make users more comfortable. These results apply for developing assisting walking devices for elderly people and 
improving the performance of FES walking system for hemiplegia patients. From results, the rapid movement of 
ankleflexor without load can be obtained at higher frequency 30Hz above and longer pulse width W>0.6ms, but the 
subjective pain is high the region on the rapid ankleflexor movement. The subjective pain under level 6 is tolerable. The 
stimulating frequency around 30Hz and pulse width around 0.6ms is considered as one of good condition for well ankle 
plantar movement and less subjective pain. 

Keywords:  ankle plantar flexor, subjective pain, monophasic electrical stimulation 

 
  

1. Introduction 
    Increased gait variability by slow walking speed 
predicts future fall risks. Slow walking in elderly 
people [1] and stroke patients [2] is well known. 
Slow walkers such as elderly people and stroke 
patient have a possibility of hip fracture caused by 
side fall, because the body in side fall is difficult to 
be supported by hands, so the hip crashes to the 
ground in many cases. The slow walking is one of 
causes of side fall is reported. [3] So walking speed 
has a important role to keep the stability of 
walking because the kinetic energy to the front, 
which reduces side movements,  increases along 
with the walking speed. 

    Ankle plantar flexor by gastrocnemius and 
soleus muscle is very important to increase 
walking speed. Weakness of ankle plantar flexor 
should be considered as one factor of slow walking 
in elderly [4] and stroke patients. [2, 5] Also the 
results of dynamic simulation of normal walking 
shows that the ankle plantar flexor by 
gastrocnemius and soleus well contribute to 
increase forward progression of the trunk. [6] The 
FES walking system for hemiplegia patients 
focused on preventing the foot-drop by stimulating 
Dorsiflexor muscles in swing period. A Recent 
study to aim at improving the FES walking system 
delivered to the ankle plantarflexor and 
dorsiflexors [7] shows that the average 

contribution of the paretic leg increases 33.1% 
from 28.8% without FES, but there is no difference 
between dorsiflexors with plantarflexor and 
dorsiflexors only, though the ankle plantarflexor is 
important for walking.  

    The aim of this study was the investigation of 
the dynamical movement of the ankle plantarflexor 
and subjective pain by electrical stiumulation, 
which are considered as key points to improve the 
walking performance effectively, and to make 
users more comfortable. These results apply for 
developing assisting walking devices for elderly 
people and improving the performance of FES 
walking system for hemiplegia patients. 

2. Methods 
Experiment 
The experimental device is shown by the Figure 1. 
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The device was designed for measuring the angle 
of ankle movement. The potentiometer 
dynamically detected the angle of subject's ankle. 
The recording of ankle measurement, whose 
sampling frequency was 100Hz, was started by a 
trigger of  electrical stimulation of ankle 
plantarflexor muscles via self-glued surface 
electrode. The size of the surface electrode for both 
anode and cathode electrodes are 50mm by 80mm. 
The cathode electrode is adhered on the top belly 
mid of both the medial and lateral gastrocemius 
muscles. The anode electrode was on the bottom 
end of gastrocemius muscles. The monophasic and 
rectangular pulse wave in electrical stimulation 
was employed for this experiments, because the 
stimulation with monophasic and rectangular shape 
are the most effective from experimental results.[8] 
The pulse generated by the stimulator is amplified 
by the isolation amplifier. The bottom plate under 
a feet was designed much lighter weight than a feet 
weight, so we assumed the effect of rotating inertia 
of the device can be neglected. The subjects  in 
experiments were lie on the right side to prevent 
from the mass effect of the plate by gravity.  

Procedure 
    The pulse interval D and width W were 
randomly chosen from 0.1ms to 1.2ms at W and 
from 20ms, 33ms and 50ms at D; The frequency 
were 50Hz, 30Hz and 20Hz respectively. The 
current C of the pulse was fixed at 20mA. The 
subjective pain in each trial was assessed by 
Revised Face Pain Scale (FPS-R) [9]. The right leg 
in all subject were tested. In advance, the 
comfortable ankle positions were determined at 
each subject lying on the right side with relax. 
Each trials start at the predetermined ankle position 
by a trigger, which also start electrical stimulation 
and recording. The stimulations continue 2s, then 
the hearings of the subjective pain were done. 

Methodology for analyzing data  
    The dynamic ankle movements were assumed as 
the step response of 1st system with lag by Eq. (1). 

 G(s) =
Ke−Ls

Ts +1
 ,    θ(t) = K(1− e

−
t−L
T )   (1) 

The important parameters of Eq.(1) are gain K, 

time constant T and lag time L.  

Subject 
    Three healthy subjects joined this study. The 
description of subjects are on Table 1. The subjects 
were well informed this study and made consents 
before experiments. 

3. Results and Discussions 
    Typical dynamic movement of ankle at f=30Hz 
and W=0.8ms on subject A shows in the Figure 2. 
The voluntary ankle movement delayed against 
FES ankle movement, because the voluntary 
movements were measured under the procedure 
including visual feedback. The most of ankle 
responses showed likely responses given by Eq. 
(1). The results of gain K, delay time L and time 
constant T shows in the Figure 3-1, 3-2 and 3-2 
respectively. No ankle movement at W=0.1ms is 
observed on all subjects. The gain K by Figure 2 
rose with the increase of pulse width W until 
W=0.6ms. But, the gain K almost be constant over 
W=0.6ms. The increasing stimulating frequency f 
contributed slight increase of the K, but there were 
no clear differences between 30Hz and 40Hz. The 
likelihood of the gain K was the same on all 
subject, but the absolute value of the K in subject 
C was twice larger than the K of other subject. 
Also the voluntary movement of the K at each 
subject were taken various value. The lag time L 
by Figure 3-2 shows similar tendency on all 
subjects. In the range of W<0.7ms, the L increased 
against the decrease of the W. the L at W>0.8ms 
on all subjects took the constant value around 
0.055s. Higher frequency, especially 40Hz posed 
small L value. The time constants T at all subjects 
were constant value on the range of W>0.6ms. The 
T of subject C was twice larger than the T of other 
subjects. Small time constant  shows rapid 
movement, so subject C's movement were slower 
than other subjects. But the voluntary value of the 
T at all subject were the same. From the analysis 
with Eq. (1) shows the similar tendency in all 
subject on stimulating pulse frequency f and width 
W, but the absolute values are different. The 
reason is expected that there are the difference on 
the growth of the ankle plantarflexor muscle in 
each subject.  
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    The subjective pain shows in the Figure 3-4. The 
pain rose in all subject against the increase of the 
W. The increase of the frequency f caused the 
increase of the pain. From the hearing, the 
tolerable subjective pain were estimated under 6 
level by FPS-R. The movements of ankle 
plantarflexor  at f=40Hz and W>0.6ms were good, 
but the subjective pain were not tolerable.   

4. Conclusions 
    The rapid movement of ankleflexor without load 
can be obtained at higher frequency 30Hz above 
and longer pulse width W>0.6ms, but the 
subjective pain is high the region on the rapid 
ankleflexor movement. The subjective pain under 
level 6 is tolerable. The stimulating frequency 
around 30Hz and pulse width around 0.6ms is 
considered as one of good condition for well ankle 
plantar movement and less subjective pain.  
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Abstract
Therapeutic application of functional electrical stimulation (FES) has shown promising clinical results in the
rehabilitation of post-stroke hemiplegia, but little is known about how this therapy affects the central nervous system. In 
a previous fMRI study, we have shown that variations in the hand grasp function cause different patterns of brain
activity. These variations were voluntary grasp (VOL), passive grasp elicited by electrical stimulation (FES) and 
voluntary grasp assisted by electrical stimulation (FESVOL). Considering that the fMRI technique provides high
spatial, but low temporal resolution, and it does not allow inferring about the nature of the brain activation (i.e. 
excitatory or inhibitory), the objective of the present study was to determine if the effects we observed in the previous
fMRI study were indeed excitatory as we postulated. We assessed cortical function, using multichannel surface EEG,
with analysis of alpha oscillatory activity. The power spectra of EEG signal decreased in the alpha band bilaterally
with movement initiation over the motor and parietal areas under FESVOL condition. One interpretation of this result
is that different task-related afferent inputs produced a state of activation/deactivation of neural networks in different
cortical areas, which was reflected in the modulation of alpha rhythm.

Keywords: peripheral electrical stimulation, voluntary movement, alpha rhythm, beta rhythm.

Introduction
In a previous study [1], we used fMRI to 
investigate brain activity evoked with four hand
grasp tasks involving voluntary motor activation 
(VOL), in combination with functional electrical
stimulation (FES), a technique involving patterned 
electrical stimulation of finger flexor/extensor
muscles to effect movement. We observed bilateral 
cerebellar activity when the voluntary activity was 
combined with FES (FESVOL). In addition,
differences in activation were observed bilaterally 
in secondary somatosensory (SII) areas when the 
FES-assisted hand grasp task was contrasted with 
voluntary grasp alone.
With classical fMRI methods it is not possible to 
differentiate between increases and decreases in
neuronal firing and, therefore, it is not possible to
know if the contrasts represent net excitatory vs.
inhibitory effects. The polarity and amplitude of
the potentials observed with EEG, in contrast, are
directly related to the modality (excitatory or
inhibitory) and intensity of the neural population at 
the cortical level.
The objective of the present study was to 
determine if the effects we observed in the 
previous fMRI study were indeed excitatory as we

postulated. We assessed cortical function, using 
multichannel surface EEG, with analysis of alpha
oscillatory activity associated with three grasp 
tasks: VOL, FES and FESVOL. We hypothesized 
that the processing of VOL, FES and FESVOL 
peripheral inputs would be reflected differently in
the modulation of cortical alpha oscillatory
activity.
Based on the fact that the strength of alpha rhythm
inversely correlates with the fMRI signal strength
in cortical areas [2], we hypothesized that 
FESVOL input would show a bilateral decrease in
the strength of alpha band over the cortical areas. 
Specifically, based on our previous findings with 
fMRI technique, we hypothesized a decrease over 
parietal areas.

Material and Methods 
EEG recordings were performed with a 32-channel
digital EEG amplifier while the subjects performed
three different motor tasks (VOL, FES and 
FESVOL) in addition to a resting task where they
were asked to remain still (REST). The VOL, FES 
and FESVOL tasks involved repetitive extension 
movement of the fingers of the right hand: 1) VOL,
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in which the subject voluntary opened and closed 
the hand; 2) FES, in which the open/close hand 
movement was elicited by patterned electrical
stimulation of the finger extensor muscles with no 
voluntary contribution to the movement; and 3) 
FESVOL, in which the open/close hand movement
was performed as described under the FES 
condition with the addition of voluntary activation.
Patterned neuromuscular electrical stimulation was 
used to effect finger flexion movements in the FES
and FESVOL trials. The stimuli were delivered at
50 Hz with 200 μs pulses, and controlled by a 
commercial FES stimulator. The stimulation
pattern was triggered by a push-button switch held 
in the left hand. Each button press initiated a 
stimulation pattern that produced a 1.5 s finger 
extension. While the magnitude of stimulation
varied from one subject to another, the range of 
stimulation current intensity ranged from 10-15 
mA.
Averaged EEG waveforms were band-pass filtered
to compute the energy in the alpha (8–12 Hz) band 
for three different intervals: 1) preparation (from -2 
to -1 s before movement onset), 2) execution 
(between movement onset and 1 s before it) and 3) 
control (between movement onset and 1 s after it). 
A one-way repeated-measures analysis of variance
(ANOVA) was used to assess task-related power 
changes in the alpha band. Significant differences 
between individual conditions were identified by 
the Student Newman-Keuls test for multiple
comparisons. The outcomes were declared
significant at p < 0.05.

Results
Task-related power decrease in alpha band 
Alpha energy level decreased at all electrode 
locations when evaluating preparation with the
control phase of the movement.
In the VOL and FES conditions, there was a 
significant alpha energy decrease between
preparation and control over the central and
parietal areas bilaterally (C3, Cz, C4, P3, Pz and 
P4 electrodes). For the FESVOL condition, a 
significant bilateral energy decrease in the alpha 
band was observed over the central (motor) and
parietal areas between the preparation and control
phases (C3, Cz, C4, P3, Pz, P4 electrodes), see
Figure 1B. 

Fig. 1: (A) Neural activation for FESVOL vs. VOL
(bilateral secondary SII) [3] (B) Energy levels in the
alpha band at different electrode locations as a function
of movement phase in the FESVOL experimental
condition.

Discussion
Task-related power decrease in the alpha band 

Power decreases in the alpha band extends
bilaterally with movement initiation over the motor
and parietal areas (Figure 1B). This is consistent 
with data from [4] and [5] that studied EEG 
changes in healthy volunteers during wrist 
movements induced either by FES or during active
and passive movements. They suggested that 
sensorymotor processing during FES involves 
some of the processes that are also involved in 
voluntary hand movements. This is an important
observation with clinical significance for 
rehabilitation.
[6] reported that with increasing finger movement
task complexity, the power in the alpha band 
decreased bilaterally in centroparietal regions. 
They suggested that with increasing movement
complexity, a neuronal circuitry responsible for the
generation of alpha band activity in both
hemispheres is activated including bilateral
primary sensorimotor areas, parietal cortex and 
SMA. This is in agreement with our EEG findings
and also our fMRI findings that showed activity in
bilateral parietal areas.
Alpha band decrease during the motor task 
indicates enabled information processing through 
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hand area networks. The alpha band decrease may
reflect a mechanism responsible for selective 
attention to a motor subsystem. This effect of 
selective attention can be accentuated when other
cortical areas not directly involved in the specific 
motor task (e.g. parietal areas) are `inhibited' [7].
The strength of alpha rhythm inversely correlates 
with the fMRI signal strength in cortical areas.
laufs found a robust pattern of negative 
correlations between blood oxygen level dependent 
(BOLD) signal change in association with alpha
power in the frontal and parietal cortices. [8] also
observed BOLD signal changes in parts of the 
frontal and occipital lobes to correlate negatively 
with alpha power. A decrease in the power of
sensorimotor rhythms could be correlated with an 
activated cortical network, servicing planning and
execution, while an increase in power could reflect 
deactivation.
In our previous fMRI study [1], the only areas 
where the FESVOL condition showed significantly 
more activity than the VOL condition, when 
correcting for multiple comparisons, were the 
bilateral secondary somatosensory areas, see figure 

1A. The prominent decrease in alpha band over 
parietal areas could therefore reflect excitatory 
activity.

Conclusions
Neuromuscular stimulation combined with 
voluntary activation (FESVOL) produces a
decrease in the power spectra of EEG signal in the
alpha band bilaterally over the motor and parietal 
areas. The EEG analysis is complementing our
previous fMRI results confirming the excitatory
effect postulated previously by the fMRI study.
This study should be understood as contribution to
the actual effort of the researchers in the
rehabilitation field. Future studies should 
investigate whether patients with altered strengths
of afferent input show similar patterns. 
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Abstract 
It is widespread among hemiparetic patients an impairment of the medial hamstrings, which compromises knee flexion 
during gait. This disability is usually known as stiff-legged gait. A biofeedback treatment focalized on the recovery of 
the hamstrings action during the pulling phase of a cycling task was proposed. The patient was asked to pedal 
voluntarily, concentrating the maximum effort in the knee flexion of the paretic leg. At each revolution, the work 
produced in this phase was visually displayed to the patient. If the work was under a certain threshold, FES was 
provided to “remember” the subject the correct activation timing of the interested muscle. One hemiparetic patient, 
who suffered from stiff-legged gait, was involved in the treatment. After one session lasting 12 minutes, the patient 
improved the ability to activate the hamstrings during cycling. Longer treatments on more patients are needed to 
confirm the results. Furthermore, gait analysis before and after treatment may be an interesting tool to assess any 
progress in walking performance. The proposed treatment could become an attractive option in the recovery and 
strengthening of the medial hamstrings, combining the role of FES in improving motor relearning and the one of 
biofeedback in maximizing patient involvement.  

Keywords: hemiparesis, biofeedback treatment, functional electrical stimulation, cycling 

 

Introduction  
Stiff or straight legged gait is a common disability 
in stroke patients that interferes with normal limb 
advancement. A treatment able to effectively 
strengthen and recover the use of the medial 
hamstring muscles during knee flexion has not yet 
been found. Recently, it was demonstrated that 
functional electrical stimulation (FES) could help 
in strengthening muscles and relearning the patient 
the correct muscular activation timing needed 
during a complex movement [1, 2]. 
The focus of most FES training paradigms has 
been on the direct motor consequences of 
stimulation elicited by the activation of efferent 
motor neurons and/or selected muscles. It is 
envisaged that through the appropriate placement 
and tuning of the stimulation, adaptive behavioral 
patterns can be regularly elicited and maintained 
[3]. Stimulation, of course, also engages sensory 
fibers that relay signals to the spinal cord. This 
afferent input can, depending upon its nature and 
strength, activate spinal circuits that induce, 
modulate or even inhibit the performance of the 
target response. Surprisingly, little is known about 
how spinal circuitry impacts the consequences of 
FES. Recently, evidences based on animal models 
suggest that spinal neurons can foster adaptive 
behaviour in an FES paradigm [4]. This study 
outlines that the recovery may be facilitated by (1) 

linking stimulation to a specific functional 
response, and (2) allowing the ‘spinal cord' to 
minimize exposure to FES.  
Starting from this concept and the hypothesis that 
an active participation of the patient increases 
efficacy of the treatment, we developed a 
biofeedback (BF) protocol aimed at recovering the 
use of the flexor muscles of the knee during 
cycling. The cycling task was chosen because it 
represents a functional, safe and widely accessible 
mode of exercise that has a kinematic pattern 
very similar to the one of walking. During the 
proposed BF protocol a combination of a visual 
feedback and sensorial feedback are fed to the 
patient. The visual feedback shows the force 
produced in each revolution during the knee 
flexion by the paretic leg while the sensory 
feedback is provided by FES when the force 
produced is not enough in order to “remember” 
the patient the correct activation timing. 

Material and Methods 
Experimental Setup 
The experimental setup, reported in Fig.1, includes 
a current–controlled 8-channel stimulator and a 
motorized cycle-ergometer equipped by sensors 
able to measure the torques at the left and right 
crank. These signals are transmitted from the 
ergometer to a desktop PC (PC master) able to 
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compute the work produced in each revolution by 
the hamstring of the paretic leg during the knee 
flexion (Wham).  

 
Fig. 1 Experimental Setup 

Then, Wham is transmitted via UDPIP to a PC slave 
which provides a visual display to the patient.  
When Wham is lower than a selected threshold, the 
PC master send the stimulation to the hamstring of 
the paretic leg. 

Treatment protocol 
The BF treatment was designed to last three 
times a week for two weeks. Each trial lasts 12 
minutes: (1) 1 minute of passive cycling; (2) 1½ 
minute of voluntary cycling; (3) 7 minutes of BF 
protocol; (4) 1½ minute of voluntary cycling; (5) 
1 minute of passive cycling. 

During the BF protocol, the subject is asked to 
focus on the knee flexion during cycling. When 
the work produced by the paretic leg, displayed 
through the graphical interface (Fig. 1, PC slave) 
does not exceed the threshold, the stimulation is 
sent during the angular range corresponding to 
the knee flexion in the following revolution. The 
threshold is set according to the patient skill.  

Results 
As an example, we report the results of a case 
study on one hemiparetic patient performing one 
single treatment trial. 

 
Fig 2: Mean active torque profiles during voluntary 
cycling before the BF protocol. 0° corresponds to the 
maximum flexion of the healthy hip.  

 

 
Fig 3: BF protocol results: panel (a) depicts the fluctuation of Wham produced by the patient in each revolution (solid 
line) compared to the work threshold (dashed line), and the stimulation on-off signal (dash-dot line). Panels (b) and (c) 
show the active torque produced by the paretic leg when Wham is under threshold and Wham over threshold, respectively.  

(a) 

(b) (c) 
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Fig. 2 depicts the mean active torque profiles, i.e., 
the difference between the torques produced 
voluntarily and the ones obtained during passive 
cycling, computed before the BF protocol 
averaging 40 s of voluntary cycling. The torque 
generated by the healthy limb (dashed line) is 
characterized by two peaks: the first one represents 
the contribution during knee extension, while the 
second one is due to the hamstrings pulling action. 
It is noteworthy that the paretic leg profile (solid 
line) shows only one peak around 250° 
corresponding to the quadriceps pushing action 
(note that the paretic profile is shifted by 180° with 
respect to the healthy one). Therefore, a treatment 
focused on the recovery of the hamstrings action 
was proposed. 
Fig. 3 shows the performance of the patient during 
the BF protocol. Panel (a) illustrates the fluctuation 
around threshold (dashed line) of Wham. When the 
work is under threshold, the stimulation is on, as 
shown by the dash-dot line. On the contrary, the 
stimulation is off when the work is over threshold. 
Panels (b) and (c) report the active torque profiles 
produced by the paretic limb, corresponding to two 
representative revolutions of these two opposite 
situations. In panel (b) it is noticeable the absence 
of the peak due to the pulling action, while in panel 
(c) both the peaks are visible.  
Finally, Fig. 4 depicts the mean active torque 
profiles generated by the both the legs averaging 
40 s of voluntary pedalling after the BF protocol. It 
may be noticed that the profile of the paretic leg 
recovered a peak corresponding to the hamstrings 
action.  

 
Fig 4: Man active torque profiles obtained during the 
voluntary cycling phase after the BF protocol. 

Discussion 
The work introduces a case study on one 
hemiparetic patient suffering from stiff-legged gait. 
The patient has been involved in a BF treatment 
aimed at the recovery and strengthening of the 
medial hamstrings. The BF consisted of a visual 
signal, which displayed the torque produced by the 

paretic hamstrings during a cycling task, and of a 
sensorial signal provided by FES. After one 
session, lasting 12 minutes, the patient increased 
the hamstring strength and started to use it 
systematically during voluntary cycling.  
The treatment effectiveness could be based on the 
sum of two crucial factors: the afferent signal, 
provided by FES to the central nervous system, 
which may improve motor relearning and 
plasticity, and the patient involvement, which is 
maximized by the visual feedback displayed during 
the exercise. 
More patients treated over different sessions 
should be involved in a pilot study to confirm the 
results here obtained. Besides, it may be worth 
performing quantitative gait analysis before and 
after the longer treatments in order to compare 
kinematic and electromyography patterns during 
gait and assess the efficacy of the therapy in 
improving gait performance. Indeed, the 
recovery of walking ability is the final aim af 
any rehabilitative treatments which involve the 
lower limb of hemiparetic patients.  

Conclusions 
The proposed treatment seems to be an interesting 
option for the focalized recovery of the medial 
hamstrings, whose impairment widely concerns the 
paretic leg of patients after stroke. Trials on an 
increased number of hemiparetic patients are 
necessary to assess the real effectiveness of the 
proposed treatment. Moreover, further 
investigations are required to proof and quantify its 
efficacy in reducing physical exertion and 
improving gait pattern in patients walking with a 
stiff-legged gait on the affected side.  
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Abstract 
In this work, the effects of the artificial ankle joint stiffness on the performance of sit-to-stand movement and upper 
body effort have been assessed during FES-assisted arm-supported standing up in paraplegic patients. An ankle-foot 
orthosis (AFO) was developed with the plantar-assisting spring. By changing the spring, the rigidity of the AFO could 
be adjusted. Experimental results on two complete paraplegic subjects indicated that by suitable selection of the 
stiffness in the plantar flexion direction, the paraplegic patient could stand up comfortably with less upper body effort. 
The results showed that the peak arm force was reduced from 67.2% to 44.3% of the body weight in subject RR and 
from 77.7% to 47.9% in subject MS. 
 
Keywords:  Sit-to-stand, paraplegic, upper body effort, Functional Electrical Stimulation. 

 
  

Introduction  
Sit-To-Stand (STS) maneuver is one of the 
repetitive movements in daily life and it is also a 
prerequisite for standing, walking, and reaching 
distant objects. It has been demonstrated that using 
Functional Electrical Stimulation (FES) on 
paraplegic’s lower extremities they can complete 
the STS task [1]. One of the main issues in STS 
movement in paraplegic patients using FES is the 
amount of upper body effort during the task [2]. 
The long term effects of repetitive high transient 
loading of the arm during activities such as 
transfers and wheeling have been implicated in the 
high incidence of overuse syndromes in the spinal 
injured population [3]. Therefore it is essential to 
find a solution to minimize the patient’s upper 
extremity efforts during movement.  
Many STS aspects in healthy subjects and some 
issues in able-bodied young and elderly have been 
analyzed during past studies [4]-[8]. However, few 
studies exist on the FES-assisted STS movement in 
paraplegic subjects [9], [10]. Donaldson and Yu 
[9] measured the handle forces and the posture 
during open-loop FES-assisted standing up of two 
paraplegic subjects. The tests show that they use a 
strategy called quick knee-locking in which the hip 
extension occurs after the knees are locked and 
while a flexion deficit is being applied at the knees. 
The results shows that most of the forces needed to 
lift up the body in an upward position are provided 
by upper extremities. Bahrami et al. [10] analyzed 
the biomechanical aspects of STS transfer in 

healthy subjects with/without arm-support and in 
paraplegic patients with/without FES and 
suggested that some significant differences exist 
between the strategy used by the paraplegic 
patients to stand up and the strategies used by the 
healthy adults rising with arm-support.  

In all FES-assisted arm-supported standing up [9], 
[10], only the knee joint or both the knee and hip 
joints were actively contributed to the STS 
movement by stimulating the quadriceps and 
gluteal muscles. Previous studies on STS 
movement in healthy subjects reveal that during 
seat off to standing posture the plantar flexion 
muscles are active and an extension torque is 
generated in the ankle joint [7], [8].  

The aim of current study is to investigate the effect 
of ankle joint stiffness on the upper body efforts 
during FES-assisted standing up in paraplegic 
subjects. 

Material and Methods 
The experiments were conducted on two thoracic-
level complete spinal cord injury subjects in 
different days. The paraplegic subjects were active 
participants in a rehabilitation research program 
involving daily electrically stimulated exercise of 
their lower limbs (either seated or during standing 
and walking) using ParaWalk neuroprosthesis [11]. 
The hip, knee, and ankle joint angles were 
measured by using the motion tracker system MTx 
(Xsens Technologies, B.V.) which is a small and 
accurate 3-DOF Orientation Tracker.  A Kistler 
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piezoelectric force plate type 9286AA (Winterthur, 
Switzerland) was used to measure the 3D ground 
reaction forces (GRF) under both feet (with an 
accuracy of ,0.5% of the full scale) and the 
corresponding CoP. The vertical forces on the arm 
support frame were measured by two Load cells 
(LRF350, Futek Advanced Sensor Technology, 
Inc, USA) mounted underneath the both walker 
handles (Fig. 1). An ankle-foot orthosis (AFO) was 
developed with the plantar-assisting spring. By 
changing the spring, the rigidity of the AFO could 
be adjusted. 

The experiments were performed while the 
paraplegic subjects were seated in their wheelchair. 
Both feet were placed symmetrically and parallel 
to each other on a force plate. For rising, 
stimulation is voluntarily triggered by the patient 
wearing AFO, and the body is lifted upward from 
the initial to the extended upright position by the 
help of stimulating the quadriceps and gluteal 
muscles using an eight-channel computer-based 
FNS system [12] and arm support. 

 
Fig. 1: Experimental Setup 

Results 

Fig. 2 shows the hip, knee, and ankle joint angles, 
hand and ground reaction forces, for different 
values of the stiffness controlling the plantar 
flexion for two paraplegic subjects. It is observed 
that the peak hand reaction forces (PHF’s) are 48% 
(60%) and 52% (58%) of the body weight in 
subject RR (MS) when the stiffness values are 
22.14 Nm/rad and 10.53 Nm/rad, respectively. The 
PHF’s are 73% and 72% of the body weight with 
no spring in subjects MS and RR, respectively. 

Fig. 3 shows the average of the hand reaction 
forces with different values of stiffness. Totally, 
172 experimental trails were conducted on two 
subjects in different days. The results indicate that 
the mean hand reaction force is reduced form 
48.2% of the body weight to 32.9% by applying 
22.14 Nm/rad mechanical stiffness on the ankle 

joint in subject RR, and from  53.2% to 30.8% by 
applying 10.53 Nm/rad stiffness in subject MS. 

Discussion and Conclusions 
In this work, we investigate the effect of the ankle 
joint stiffness on the upper body efforts during 
FES-assisted standing up in paraplegic subjects. 
The results indicate that applying artificial stiffness 
in the plantar flexion direction could significantly 
reduce the upper body effort in paraplegic patients 
standing up using FES. 
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Fig. 2: Joint angles, hand and ground reaction forces with different values of stiffness in the ankle joint for two 
paraplegic subjects RR (a) and MS (b): no spring (solid line), 10.53 Nm/rad (dashed line), and 22.14 Nm/rad (dotted 
line).  
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Fig. 3: Average of the hand reaction forces with 
different values of stiffness: no spring (black), 10.53 
Nm/rad (dark gray), and 22.14 Nm/rad (light gray). 
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Abstract 
In order to have an effective therapy of denervated muscle and ensure that whole muscles are stimulated a monitoring 
method is needed. Up to now the method has been to put the finger on the muscles tendon, for example the patella 
tendon, to detect whether the muscle is contracting or not. The information from this is limited. To ensure a balanced 
therapy we suggest a method to monitor the electrical stimulation therapy. The application of an ultrasound wave 
modulates the tissue resistance to the stimulating current and produces a voltage signal that can be detected by surface 
electrodes. This is known as the electro acoustic effect (AE). Using it to map the distribution of an electrical current in 
a conductive volume is known as Ultrasound Current Source Density Imaging(UCSDI). In this work we use the 
mathematical description of the effect to estimate whether the method can be used to map the distribution of a 
stimulating electrical current and even for mapping the electrical activity of the muscle fibres of muscles in the thigh. 
The results indicate sufficient signal strength using stimulation current for signal generation. 

Keywords: Denervated muscle, electrical stimulation therapy, ultrasound density imaging, therapy monitoring. 
 
  

Introduction  
A fundamental difference of neuromuscular 
electrical stimulation and electrical stimulation of 
denverated muscle is the location of the action 
potential’s creation. In the former case the action 
potential is created on a nerve fiber. It propagates 
down to the muscle, crosses the neuromuscular 
junction by all muscle fibers in one motor unit and 
from there along the fibers. The result is fiber 
contraction. If on the other hand, the muscle is 
denervated there is no nerve fiber to propagate the 
action potential. In this case the muscle fibers have 
to be stimulated directly. And since in a skeletal 
muscle the potential is not transmitted from one 
muscle fiber to another each and every fiber has to 
be stimulated. This means that the stimulating 
electrical current has to reach each fiber in 
intensity high enough to depolarize the fiber 
membrane crossing the threshold potential. To 
realize this in thigh muscles with electrodes on the 
surface of the skin is a difficult task that has not 
been solved satisfactory. The current state of the 
art is to use high stimulating current [1].In this way 
many fibers are reached but the energy of a 
stimulating pulse used for denervated muscle is 
about thousand fold that for an innervated muscle 
[1]. The possible current intensity is though limited 
by the danger of damaging the tissue around the 
electrodes. In order to have  an effective 

treatment of denervated muscle and ensure that 
whole muscles are stimulated a monitoring method 
is needed. It is a prerequisite tool for designing 
effective electrode systems. Up to now the muscle 
contraction monitoring method has been to put the 
finger on the muscles tendon, for example the 
patella tendon, to detect the contraction. The 
information from this is limited. If the muscle is a 
bipennad muscle or if the tendon has more than 
one muscle connected to it the information is only 
whether there was a contraction or not, but what 
muscle or part of muscle is still unknown. The 
result can be a very unbalanced therapy leading to 
an overgrowth of one muscle or muscle part 
whereas other muscle or muscle parts are still 
degenerating. To ensure a balanced therapy we 
suggest a method to monitor the electrical 
stimulation therapy. It is based on the fact that a 
pressure wave modulates the electrical 
conductivity of the tissue. The application of an 
ultrasound wave therefore modulates the resistance 
to the stimulating current and produces a voltage 
signal that can be detected by surface electrodes. 
This is known as the electro acoustic effect (AE). 
Using it to map the distribution of an electrical 
current in a conductive volume is known as 
Ultrasound Current Source Density Imaging 

The aim of the current work is to estimate the 
possibilities of using UCSDI for A: mapping of 
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electrical stimulating current and B: mapping of 
electrical activity of denervated muscle. 

Material and Methods 
Denervated degenerated muscle 
Conus cauda lesion causes paralysis accompanied 
by loss of muscle tone and absence of muscle 
reflexes in the lowest part of the spinal column 
after degeneration of the motorneuron. Patients 
suffering from conus cauda lesions have therefore 
denervated degenerated thigh muscles. Today the 
only possible therapy for these individuals to 
regain muscle size and to some extent its former 
strength is to use electrical stimulation therapy. 

AE effect 
An ultrasound wave spreading in a conducting 
medium produces periodical change in pressure 
and temperature which locally modifies the 
conductivity of the medium: 

  (1) 

where KI (MPa-1)  is the interaction coefficient of 
the medium, σ (S/m) is the conductivity, Δσ the 
conductivity change and ΔP (Pa) the pressure 
change [2-4].  

AE signal 
By applying external current to the conductive 
medium along with the ultrasound wave an 
interaction signal is produced due to the changes in 
conductivity. This is called the acousto-electric 
signal (AE). As the acoustic wave travels through 
the conductive medium an AE signal will be 
produced at the location of the wave. The signal 
strength will have the highest intensity where the 
multiplication of ΔP and I has the highest value. 
By focusing the acoustic wave to a focus point the 
location of the AE signal genesis can be 
determined. A focus point of a typical ultrasound 
transducer is about 5x4 mm. A method to measure 
the AE signal and localize it on the boundary of a 
conducting medium has been developed [5-7], 
based on the lead field theory originally developed 
for electro cardiology [8]. [5] derived the AE 
signal equation for focused ultrasound, which 
relates the conductivity change seen by an arbitrary 
electrode recording system due to a spatially 
distributed pressure field at time t: 

 (2) 

where JL is the lead field of the recording 
electrodes, JI is the distributed current source and 
V is the voltage detected by the recording 

electrodes. This way we can record an AE signal 
on the surface by moving the ultrasound probe in 
small steps and record an AE signal each time, 
forming a spatial map of an electric current 
distribution. The frequency of the recorded signal 
is the same as of the ultrasound wave. This 
property makes it easy to filter the AE signal from 
the detected voltage. By expanding equation 2 we 
get the detected voltage,V, between 2  recording 
electrodes as the sum of 2 signals, VLF and VAE: 

 

 

  
(3) 

where the first term represents the low frequency 
of the injected current and the second term 
represents the high frequency of the AE signal. 

Signal strength estimation in the thigh 
The amplitude of the measured AE signal is 
proportional to the pressure and the current. The 
size of the conducting volume and distribution of 
the current density also affect the strength of the 
signal. 

We can estimate the magnitude of the AE signal 
using another version of equation 2, derived by [3]: 

  (4) 

where R0 is the resistance experienced by the 
electrodes. Using stimulating current on the scale 
of 10-1 A, a pressure wave on the scale of MPa and 
the KI is 10-9 MPa-1 we get a signal with the size of 
10-4 V closest to the current injecting electrodes 
where the current density is the highest. 

[6] and [9] have shown that AE signal can also be 
detected at physiologically relevant current 
densities less than 10 mA/cm2. With a focal 
pressure of 2 MPa the signal sensitivity of the used 
recording system was 0,7 μV/(mA/cm2). 

Using a simple cylindrical model of a cross section 
of a thigh (r = 8 cm), where a denervated muscle 
also of cylindrical form (r = 1 cm) is surrounded 
by fat tissue, we can estimate the current density in 
the thigh when stimulating with two electrodes on 
the surface, 5 cm apart. A simple equivalent 
electrical circuit model are two parallel resistors 
(fig. 1). The resistivity, ρ, is 0,15-0,5 Ωcm for fat 
depending on the water content and 0,012-0,018 
Ωcm for muscle tissue[10]. Using 250 mA as the 
injecting current and a current division for two 
parallel resistors, the current density for fat is 1,1-
2,0 mA/cm2 and 17-46 mA/cm2 for the muscle.The 
corresponding values for injecting or stimulating 
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current of 30 mA are 0,13-0,24 mA/cm2 for fat and 
2,0-5,5 mA/cm2 for muscle.  

 
Fig. 1: Circuit model of the thigh. RF is the resistor for 
the fat and RM for muscle. The current, I, is the 
stimulating current injected to the thigh from the surface 
electrodes. 

Results 
The following table summarizes the results. 

Table 1: Injected current of 250 and 30 mA 

I (mA) RF RM IM (mA) JM (mA/cm2) 
250 25,8 19,1 144 46 

  7,74 28,7 53 17 

30    25,8 19,1 17 5,5 

  7,74 28,7 6,4 2,0 
 
Comparing these current density values to the 
values used in [9] the AE signal to be expected in 
the muscle is in the range of 1-4 μV for 30 mA 
injecting current and 12-32 μV for 250 mA. These 
signals have the same frequency as the ultrasound 
wave and can easily be filtered from other signals. 
The results imply that it´s possible to calculate the 
stimulating current strength on locations in the 
denervated muscle and hence evaluate the 
probability of success of muscle fiber stimulation. 

Discussion 
The advantages of using ultrasound current source 
density imaging are that it´s non-invasive, mapping 
of current distribution in the denervated muscle 
seems to be possible and by that we can estimate if 
the patient is corresponding to the electrical 
stimulation treatment. The method is also 
practicable in clinical settings needing only a 
ultrasound device a one channel EMG device 
along with an electrical stimulator used for the 
stimulation therapy. Uncertain is the signal quality 
in the presence of high stimulating current. This 
and other uncertainties have to be addressed in an 
experimental setup. Detecting the physiological 
current from the active fiber after electrical 
stimulation is not disturbed in the same way as it 
occurs with some delay and hence the effects from 
the stimulation current have vanished. 

Conclusions 
Results suggest that ultrasound current source 
density imaging can be used to map stimulation 
current distribution in denervated thigh muscle. 
Hence it seems to be a promising method to 
monitor electrical stimulation of denervated 
muscles. Possibly, detection of the AE signal when 
the current source is of physiological origin can be 
reached. 
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Abstract 
Objective; to identify the joint reaction forces of the lower extremities required to perform FES-rowing through the 
biomechanical analysis. Methods; Twenty non-disabled volunteers participated in this study. The subjects were 
instructed to perform rowing without electrical stimulation of the lower extremities at a pace of 23 cycles / min. The 
changes in joint reaction force of the hip, knee, and ankle during rowing were calculated using a musculoskeletal 
model. Results; Mean maximum joint reaction force of hop, knee and ankle were 990 ± 490 N (Mean ± SD), 470 ± 220 
N and 420 ± 160 N, respectively. Conclusions; It was suggested that joint reaction force of lower extremities during 
rowing was lower than during walking and FES has the potential to be applied in the low-load and safe exercise for the 
paraplegics. 

Keywords:  FES rowing, spinal cord injury, paraplegia 

 
  

Introduction  
In paraplegic individuals after spinal cord injury, 
the onset of metabolic syndrome and increased 
cardiovascular diseases have been reported as the 
long-term health management problems due to a 
decreased amount of activity, and the importance 
of fitness exercise has been recognized [1]. 

FES rowing is a full-body exercise in which the 
lower extremities are moved by electric stimulation 
and the upper extremities are moved voluntarily by 
paraplegic patients. This exercise is recognized as 
a superior endurance training program for both the 
cardiovascular and musculoskeletal systems. 
Wheeler and colleagues reported that FES rowing 
is safe in patients with spinal cord injury and was 
capable of reducing the risks associated with 
cardiovascular diseases [2].  

The objective of the present study was to identify 
the joint load of the lower extremities required to 
perform FES rowing for non-paraplegic volunteers 
through the kinematic study. 

. 

Material and Methods 
Subjects 
Twelve non-disabled adult males (age range 18 to 
30 years; mean, 23 years) volunteered for this 
study. The mean height of the subjects was 
172.6cm. The mean weight was 67.1kg. The 

subjects had no previous disease or injuries to their 
musculoskeletal systems. All subjects provided 
informed consent to participate in this study.  

The device and rowing 
The Akita FES-rowing machine for the exercise of 
paraplegics was used in this study [3]. The 
inclination angle of the seat rail of the rowing 
machine from the ground was set at 4 degrees.  

The subjects were instructed to perform rowing 
without electrical stimulation of the lower 
extremities at a pace of 23cycles/min.   

Motion analysis  
Using 6-axial tension transducer (IFS-
105M50A220, Nitta Co. Ltd., Japan) attached to 
the footrest where both feet were fixed; 
measurements of reaction force were made at a 
sampling frequency of 60 Hz. Retro reflective 
markers were attached to the subject’s body. 
Kinematic data were collected with 7 cameras 
using the VICON 370 system (Vicon Motion 
Systems Ltd., Oxford, U.K.). During rowing, 
electromyography data were collected from 3 
muscles (gastrocnemius, rectus femoris, and vastus 
medialis).  

Evaluations 
The changes in joint reaction force of the hip, knee, 
and ankle during rowing were calculated using a 
musculoskeletal model. In this study, the 
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optimization problem for estimating muscle 
tension for the calculation of joint reaction forces 
was resolved by the linear matrix inequality (LMI) 
problem related to muscle tension. 

Results 
During rowing, mean maximum joint reaction 
force of hop, knee and ankle were 990 ± 490 N 
(Mean ± SD), 470 ± 220 N and 420 ± 160 N, 
respectively. Fig. 1 shows the profile of joint 
reaction force of the hip, knee and ankle joint 
during one rowing cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. Joint reaction force during rowing. The 
horizontal axis normalized to 100% of the rowing 
cycle. 

 

Discussion 
To develop effective and safe rehabilitation 
programs in FES rowing, the biomechanical 
analysis of the lower extremity during rowing is 
important. In the past study, the optimization 
problem for estimating muscle tension for the 
calculation of joint reaction forces was resolved by 
the conventional estimation methods with 
measured myoelectric data. In this study, the 
optimization problem for estimating muscle 
tension for the calculation was resolved by the 
LMI problem related to muscle tension. 

The maximum joint reaction forces in the hip, knee, 
and ankle were about 990, 470, and 420 N. When 
comparing these results to the values in the 
walking [4], the overall values are small. In the 
present study, subjects were instructed to perform 
the motions separately, and the maximum reaction 
force measured from the foot was 50-100 N. In 
previous studies, in which rowing was performed 
with a competitive attitude, the maximum reaction 
force measured from the foot was 400-500 N. 
From this perspective, the value of the reaction 
force in the present study is about 1/4 to 1/5 of 
previous studies, and so a simple calculation of the 
joint reaction force is estimated to be about 1/4 to 
1/5 that in previous studies. Through this 
calculation, the joint reaction forces are nearly 
equal, and so the results have validity. 

Conclusions 
From this study, it was suggested that joint 
reaction force of lower extremities during rowing 
was lower than during walking and FES has the 
potential to be applied in the low-load and safe 
exercise for the paraplegics. Further study is 
necessary to develop of FES rowing exercise. 
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