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Abstract - A new two-channel implantable stimulator 
for the treatment of dropped foot is under investigation. 
The stimulator consists of an external transmitter worn 
over the site of an implanted receiver. The transmitter 
operates on two distinct frequencies, using a single 
transmitting coil and two smaller receiver coils, sited 
side-by-side in the implant. This arrangement of coils 
limits the sensitivity of the output to relative 
misalignment between the transmitter and receiver. The 
paper discusses the importance of this sensitivity and 
describes an approach to its evaluation with the new 
device. 
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1. Introduction 
 

Surface FES systems for the treatment of dropped 
foot are now in clinical use in significant numbers. 
However, both the quality of treatment and scope of 
application are limited by factors inherent to any surface 
system [1]. Recognition of these limitations has led to 
several attempts to produce a clinically useful 
implantable system (e.g.[2],[3]). To date, this has not 
been achieved, due to technical problems and also 
perhaps less tangible factors, such as cost, or technical 
support to the patient (e.g.[4],[5]). Therefore, the 
development of such a system remains a  significant goal 
in FES. 

 
Although implantable systems hold several 

potential advantages over surface mounted systems, this 
paper focuses on one aspect, namely sensitivity to 
placement of external energy sources (electrodes or 
transmitter). One criticism of surface stimulation is the 
observed high degree of sensitivity of muscle output to 
positioning of the electrodes and this has been one of the 
factors driving the development of an implantable 
system. Nevertheless, as surface mounted FES systems 
for dropped foot are already in clinical use, a question 
that needs to be addressed before implantable systems 
will be adopted by clinicians is how significant are the 
claimed advantages of such systems over the present 
approaches.  

Apart from the practical issue discussed above, 
another reason for investigating sensitivity is the lack of 
data for designers on this issue. Although other groups 
have made considerable progress towards a fully 
implantable system based on natural sensors (e.g.[6]), it 
is assumed that there is still some scope for improving 
systems based on externally mounted controllers. 
Implantable systems generally use a radio frequency 
inductively coupled link to transmit energy and signals 
across the skin from the transmitter to an implanted 
receiver. This link is usually designed to be tolerant of 
relative misalignment between the transmitter and 
receiver and it is assumed that a high tolerance of 
misalignment is important (e.g.[7],[8]). The paper 
discusses this question and describes an approach to 
measuring aspects of misalignment sensitivity in 
patients.  
 
2. Transmitter/receiver misalignment 
 

Several papers have been published on the changes 
in the characteristics of radio-frequency coupled systems 
with misalignment. For instance, Soma et al describe 
closed-form solutions for the changes in mutual 
inductance with linear or angular misalignment [8]. 
Donaldson and Perkins [9] provide a detailed analysis of 
resonant coupled coils, describing the various design 
objectives and providing useful guidance on maximising 
the tolerance of output voltage to relative 
transmitter/receiver misalignment.  

 
Although Donaldson [9] discusses the issue of 

tolerance to misalignment and provides sensible 
guidelines, the development of specifications for 
implantable systems remains difficult. In most cases, 
design objectives will conflict and hence designers must 
weight them. An example of conflicting requirements 
concerns the size of coils; the larger the diameter of coils 
the greater the absolute tolerance to misalignment, but 
the less acceptable the device becomes to the patient.  
Suitable weighting of these various design objectives is 
extremely difficult and inevitably partly subjective, but it 
is proposed that data on the more practical aspects would 
provide guidance to the designer in making these 
choices.  



 

 

 
Similarly, the work on closed-loop controllers for 

such systems also aim to maximise the ‘noise’ rejection. 
In controller design, satisfying this objective is usually a 
trade-off against other objectives. Therefore, data on the 
more practical aspects of typical misalignments (‘noise’) 
could be of use in controller design. 

 
More specifically, the practical aspects that have 

been addressed in detail in only one previous study 
concern the extent of day to day misalignment that can 
be expected and the effects of this on suitable output 
measures. These measures should provide data of use to 
designers of similar systems, and further will give an 
indication of the clinical importance of the present 
system’s misalignment tolerance. 

 
The previous work in this area is, as discussed 

above very limited. The exception to this is the work by 
Trnkoczy [10], carried  out in Yugoslavia in the 1970s. 
This study investigated the effect of variability in both 
surface electrode placement and transmitter placement 
on steady state and rise time of isometric moment. This 
work provides a useful  grounding for our study. 

 
3. The stimulator system 

 
As described earlier, this paper is concerned with a 

new implantable device for the treatment of dropped foot 
and this is briefly described here. In previous studies 
aimed at overcoming the problems with surface 
stimulation, single channel implant devices were tested 
[2],[3]. A major technical problem encountered was the 
lack of selectivity associated with the electrode siting. 
The electrodes were attached to the common peroneal 
nerve, the same nerve that is stimulated by the surface 
devices. The placement of the electrodes during surgery 
to produce the desired movement of the foot was 
achievable. However, the response during walking was 
usually very different from that under surgery due to the 
loading of the ankle, day-to-day changes in calf tone and 
inevitable small changes in the electrode-nerve interface 
properties. These changes could not be compensated for 
with a single channel system and therefore, this approach 
failed [4],[5]. One solution to this lack of flexibility is to 
increase the number of electrode sites to two, attached to 
the two branches of the peroneal nerve [11]. It is 
proposed that this approach will hold two advantages 
over existing methods. Firstly, it will provide greater 
selectivity over the resulting motion. Secondly, by 
allowing the ratio of stimulation to the two branches to 
be adjusted, it should provide the flexibility to 
compensate for changes in the neuromuscular system 
that may occur over time.  

 
A system based on this approach has been designed 

and built and animal testing completed. The receiver 
prior to encapsulation is shown in figure 1. 
The first patient is due to be implanted in the May 2000. 
 

3.1 The transmitter-receiver link. 
 

In inductively coupled systems it is common to use 
a single transmitter/receiver coil  pair for each channel of 
information. This places a significant constraint on the 
numbers of channels that can realistically be used. 

 
The design approach taken in the new stimulator 

uses a single transmission coil whose transmission 
frequency oscillates between the natural frequencies of 
the two receiver coils. This has the effect of multiplexing 
the signals.  As only a single transmission coil is 
required, this can be made relatively large when 
compared with the diameters of the receiving coils and 
hence the link is relatively tolerant of misalignment. 
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Figure 1: Receiver prior to encapsulation 
Therefore, the questions to be addressed were: 
hat is the extent of this misalignment tolerance and; 

hat level of misalignment can typically be expected in 
his type of application. 

. Tolerance of misalignment 

It is first necessary to define what we mean by 
ensitivity to misalignment. Previous theoretical work 
as described sensitivity in terms of, for example, 
hanges in mutual inductance with translational or 
otational misalignment (e.g. [8]). These data are useful 
o the designer in moving towards a more optimal 
olution, but to evaluate the clinical usefulness of a 
ystem, we are more interested in the effect of 
isalignment on muscle functional output. 

 
The work of Trnkoczy [10] investigated the 

ynamics of the ankle and characterised output in terms 
f static joint moment and dynamic characteristics  (rise 
ime), and demonstrated that the extent of the variability 
ade closed loop control extremely difficult, given the 

echnology of the time. We have also chosen to measure 
sometric moment, but also ankle position and motion.  



 

 

The measurement of ankle motion can be carried 
out with commercially available goniometers, such as 
those produced by Biometrics Ltd, or using a gait 
analysis system. We have chosen to measure using a 
commercial goniometer system. The evaluation of ankle 
moment is less straightforward. As we are interested in 
ankle moment resulting from independent stimulation of 
two muscle groups, that have different mechanical 
effects on the ankle joint, it is necessary to measure the 
moments about the ankle in more detail than is often the 
case. 

 
Ankle moments resulting from electrical stimulation 

have previously often been measured with a single 
torque transducer positioned on a ground-fixed axis 
running approximately through the ankle or talocrural 
joint. This approach is limited in the data it provides and 
is open to criticism in terms of the biomechanics of the 
leg. For example, the measurement of moment about a 
single ground-fixed axis cannot distinguish between 
‘real’ ankle joint moments and moments due to offset 
loads, or knee moments.  

 
Although it is known that stimulation of the 

peroneal nerves can produce a stretch-reflex effect (hip 
and knee moments) to measure these effects is difficult 
and would complicate a measure of sensitivity. 
Therefore we are only concerned with moments about 
the ankle and hence have eliminated  the possible 
interference from knee moments by bracing only across 
the ankle joint. Further, we have decided to measure 
with a free hanging orthosis rather than a ground fixed 
system, as is often the case. We are measuring all six 
components using a force sensor previously designed for 
the measurement of loads in a prosthetic leg [12]. 
  

Nevertheless, it could be argued that the rig 
described above still over-constrains the ankle joint. The 
compressive forces in the joint are of little interest, as 
they produce no rotational motion. Therefore the 
measured moment resulting from the compressive forces 
passing through the bracing is subtracted in the 
calculation of joint moment. It has been suggested that a 
rig for measuring pure moment (i.e. freeing up the three 
translational degrees of freedom) would be more 
accurate, as it eliminates the possible errors associated 
with compensating for the offset forces. This approach is 
currently under investigation and a comparison of the 
two approaches is planned. 

 
5. Measurement of expected misalignment 
 

As discussed in earlier sections, there is a scarcity 
of data on the typical misalignments that could be 
expected in day to day usage of a transmitter for an 
implantable stimulator. Obviously, misalignment will 
depend on a large number of factors and this pilot study 
is not intended to address all of these, but rather to 
provide a first estimate of typical ranges of 
misalignment.  

 
It is also acknowledged, that given sufficient 

tolerance to misalignment, patients can generally 
readjust the position of transmitter coils based upon 
physiological feedback (e.g. in the case of the bladder 
stimulator, does the bladder open). However, this is not 
ideal, as the trial and error process is an unnecessary 
inconvenience for the patient. Further, and more 
importantly, as discussed above, clinical data on the 
expected range of misalignment would provide 
boundaries to the design objective of minimising 
misalignment tolerance. 
 
5.1 Methods 
 

A pilot study on accuracy of transmitter placement 
is being carried out at the University of Salford .This 
work aims to gather data on the typical day to day 
changes in position and orientation of the transmitter. 
The first trial will establish typical ranges of 
misalignment, but it is envisaged that future work based 
on this approach could be used to evaluate different 
fixation systems.  

 
 The position and orientation of the transmitter on 

the surface of the leg will be measured using the 3Space 
Polhemus electromagnetic motion analysis device. This 
consists of a small transmitter block containing a triad of 
coils and a separate receiver block. The transmitter block 
will be attached to the leg on a suitable bony prominence 
and the receiver to the inside of the transmitter box 
which the patient will attach to their leg (figure 2).  

 
Ten stroke patients are being recruited for the study. 

The patient will be asked to don the transmitter box and 
then remove the box on three separate occasions. A 
target spot will be marked with a thin disc of soft 
material, representing the bulge in the skin that will be 
present in patients after implant. The position and 
orientation of the transmitter will be recorded using the 
3Space system on each of the three occasions. This data 
will provide measures of typical day-to-day changes in 

Figure 2: Transmitter misalignment measurement 



 

 

positioning of the transmitter with donning and doffing. 
This approach does not address the movement of the 
implanted receiver with respect to the transmitter, but it 
is anticipated that this will be small in comparison to 
changes in the transmitter positioning arising from 
donning and doffing. 
 
6. Sensitivity to Misalignment 
 

The other part of this study will be carried out on 
patients implanted with the new device. The static 
moments and range of motion will be measured in 
response to stimulation at various levels on each of the 
two channels. 

 
A study will be carried out on the changes in these 

values with small perturbations from the nominal centre 
(where the transmitter is centrally positioned over the 
receiver). Although many papers generally describe 
misalignment with respect to a standard orthogonal 
reference frame, the actual constraint on the position of 
the transmitter coil is the surface geometry of the skin. In 
some instances, this is sufficiently flat to consider it as a 
plane, but in our application this is not the case. 
Therefore, the perturbations will be with respect to a 
surface placed grid, aligned with bony landmarks. 

 
Data gathered from the experiment at Salford will 

be used to interpret the results of the sensitivity test.  
 
7 Discussion and conclusions 
 

One of the often stated advantages of implanting an 
FES device is  the improved tolerance of misalignment 
that can be obtained when compared with surface FES 
systems. This has led designers to have as one of the 
major design goals, maximising tolerance to 
misalignment. However, without data on the typical 
misalignment that can be expected, it is impossible to 
rank this against all the other competing objectives.  

 
The paper has described a method for gathering 

data to inform the designers on typical misalignments 
that could be expected in users of a particular 
implantable stimulator. The extent of misalignment will 
almost certainly vary according to patient group and 
method of fixation of the transmitter, but it is proposed 
that a similar methodology could be adopted for other 
instances. 

 
The other aspect of this paper is the measure of 

changes in muscle output with misalignment in the new 
stimulator. It is proposed that the new design should 
provide the user with appropriate and repeatable 
movement of the ankle during the swing phase of gait. 
One of the underlying assumptions in this statement is 
that the tolerance of misalignment is sufficient. This 
assumption is to be investigated in the sensitivity study. 

 A new rig for measuring ankle moment has been 
described and its advantages and limitations discussed. 

The changes in output (moments and motion) resulting 
from small perturbations in the transmitter position from 
the nominal centre are to be recorded. If it can be shown 
that muscle output remains relatively constant with the 
typically expected misalignments, then the system’s 
misalignment tolerance is appropriate. If however, the 
system’s performance varies significantly with typically 
expected misalignments, then further work is required 
either to improve the accuracy of placement, or to 
improve the tolerance to misalignment.  
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