
 

1

 

 
Abstract - A Myo-electric Controlled Functional 
Electrical Stimulator (MeCFES) for restoring the hand 
function has been tested by 6 patients with spinal cord 
lesion. We have utilised residual myo-electric signal from 
the wrist extensor (m. extensor carpi radialis, ECR) to 
control functional electrical stimulation (FES) of either 
wrist extension (i.e. the same muscle) or thumb flexion. The 
accuracy of the resulting movement with and without the 
MeCFES was evaluated by use of a tracking test, where the 
user was trying to follow a target representing the exerted 
force. Wrist extension force was improved in 2 of 5 C5-
spinal cord injured (SCI) tetraplegics. Wrist controlled 
thumb flexion was tested by one C3 incomplete SCI person 
with significant increase of isometric force. From the 
tracking tests, the tendency seems to be that low residual 
voluntary force results in less accuracy of the movement 
but with significant increase of the muscle output. This 
paper shows experiments concerned with the use of the 
myoelectric signal (MES) for control of FES. 

 
Index terms—EMG, Myoelectric signals, FES, Functional 
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1. INTRODUCTION 
(This is a modified version of a paper submitted to IEEE 

Trans. Rehab. Eng. 2000) 
Spinal cord injury (SCI), may lead to loss of volitional 

control of the limbs but leave some muscles only partly 
paralysed. We want to provide or improve the tenodesis 
grip [1] by means of myo-electrically controlled functional 
electrical stimulation (MeCFES) as well as to explore the 
further applications to control functional electrical 
stimulation (FES) of same or synergistic muscles.   

Most FES hand systems are controlled in on/off manner 
by switches [2, 3] or myoelectric signals (MES) [4]. 
Proportional shoulder control is provided in an implant 
system [5]. Recently myoelectric control has been 
compared to other methods for control of the implant grasp 
system [6] and found feasible. Some of the technical 
challenges are to filter out stimulation response [7] and 
minimise the system to a portable lightweight system [8]. 
Reliability and accuracy of the MeCFES augmented 
movement is assumed important for the grasp function. 

Triggering the FES of a muscle by myoelectric activity has 
been shown to augment the voluntary muscle force after 
stroke [9] due to the effect of biofeedback training. 

2. Methods  
The MeCFES is a prototype device produced in ASAH 

Medico A/S, Denmark for this research purpose. It com-
prises an amplifier, digital signal processor, a stimulator 
and can interface with a computer to allow monitoring of 
the signals. The MES is amplified [10] and band-pass 
filtered to 10-500Hz before sampling at 1kHz. Stimulation 
is amplitude modulated rectangular bi-phasic current, 
0.3ms positive-, 0.3ms zero- and 0.3ms negative- pulse to 
provide further reduction of stimulation artefacts in the 
MES. The MES is divided into blocks of stimulation 
intervals. The first 20ms after each pulse are zeroed to 
eliminate stimulation artefacts, leaving 40ms of signal in 
each block. A FIR-filter is applied to suppress all har-
monics of the stimulation frequency, which is chosen as 
1/60ms; thus also the power net frequency (50Hz) 
harmonics will be suppressed by the filter. The moving 
average rectified value (ARV) over 1.2s of the filtered 
signal is calculated and subtracted by an offset 
(background noise). This is used as the control signal, 
which is multiplied by a gain factor to obtain the stimula-
tion amplitude (with an upper limit set as the maximal 
comfortable level for the subject or giving maximal con-
traction).   

Surface electrodes (Ag-AgCl, Medicotest A/S, Denmark) 
were placed over the extensor carpi radialis (ECR) muscle. 
Two configurations of surface stimulation electrodes 
(Pals®, Axelgaard Manufacturing Co.,Ltd. USA) were 
used : Wrist extensor Controlled Wrist extensor 
Stimulation (WCWS) where the stimulation electrodes are 
placed over the ECR and Wrist extensor Controlled Thumb 
Stimulation (WCTS) where the stimulation is applied at the 
thenar space to give thumb flexion.  

Six tetraplegics and one strokepatient that complied with 
the selection criteria (i.e. they lacked wrist extension, good 
response to stimulation, etc.) and one normal tested the 
system. Participants are listed in Table 1 together with the 
stimulation configuration used.  
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RT None M NA 31 NA 
EG C5-Complete F 12 41 WCWS
AA C5 Complete F 2 79 WCWS
FB C5 Complete M 37 54 WCWS
KGN C5-Complete M 12 32 WCWS
KN C5-Complete F 4 32 WCWS
MF C3/4- Incomplete M 8 25 WCTS 
GG Stroke F 1 30 WCTS 

Table 1. The test panel with the time since lesion (TSL) and the 
configuration used to stimulate. 

 
A tracking test was used to evaluate the effect of the 

MeCFES. On a computer screen, a trapezoidal target was 
presented to the user (e.g. see dashed line in Figure 1). 
Visual feedback was given by displaying the generated 
muscle contraction simultaneously with the target as force 
vs. time. The curves are normalised with maximal 
MeCFES assisted force output. The high level of the target 
was chosen to be 90% for the WCWS tests and 75% for the 
WCTS tests. The target is shown as dashed lines, the unas-
sisted voluntary tracking is the dotted line (marked:V), and 
the MeCFES assisted track is shown as a solid line 
(marked:M), e.g. see Figure 1. 

The root mean square of the difference between the 
target and the track is calculated for respectively voluntary 
(VErr) and MeCFES assisted performances (Merr) and 
used as a performance indicator.  

3. Results 
Measurements of a normal subjects tracking, without 

FES, was made and showed typically a tracking error less 
than 5% (subject RT). Figure 1 shows a tracking test 
performed by the subject (KGN) with the weakest ECR and 
it can be seen that there is a significant improvement with 
the MeCFES. The MeCFES provided 13N isometric wrist 
extension force but with poor control.  
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Figure 1. Force tracking by KGN using WCWS 

Augmented isometric wrist force could be achieved in two of 
the subjects using WCWS. Subject EG had an unassisted 
isometric force of 52N. For subject KN the maximum stimulated 
force was 28N but the MeCFES did enhance the short-term 
endurance enabling the subject to maintain the force more easily.  

The WCTS was applied to an incomplete SCI (MF) 
Figure 2 shows unassisted thumb force tracking together 
with wrist controlled thumb stimulation force. The 
unassisted contraction fatigues very rapidly and after two 
measurements it declined to zero due to fatigue. When the 
MeCFES was applied, tracking required much less effort 
for the subject although the MeCFES was applied after the 
unassisted tests. The relative stimulation amplitude is 
added as a dash-dot line 
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Figure 2. Subject MF. Tracking errors with WCTS  
A stroke patient with paresis of the left arm tested the 

device. Before the experiments there were no volitional 
wrist extension but voluntary MES was pres??ent. We 
applied WCTS and four sessions took place within a 
fortnight. At the initial session the maximal voluntary force 
of the thumb reached 14N but with limited control (best 
Merr= 42%, and best Verr= 16%).  
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Figure 3. Hemiplegic subject’s (GG) tracking with (M) and 

without (V) WCTS from the fourth session. 
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 Four sessions later both the voluntary and the 
MeCFES assisted performance improved having an unas-
sisted error of 12% and a better MeCFES tracking error of 
only 8% (Figure 3).  

All the tracking errors are collected in Figure 4.  
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Figure 4. Tracking errors of the subjects. The light bars show 
the unassisted- and the dark bars show the MeCFES assisted 
tracking errors. The normal line shows the 5% error that we 
expect of normal control. The on/off line represents the error an 
on/off control would have with bedst possible timing and the null 
line represents the error of a zero tracking. 

4. Discussion and Conclusion 
It seems that if the voluntary tracking is good then the 

MeCFES makes the tracking more difficult as seen with 
subject FB. Subjects FB and AA did have such a strong 
voluntary control that FES could not augment the muscle 
output. The subjects stated that with the MeCFES it did 
require less effort to track the target. 

The accuracy is generally better in the phase of 
increasing muscle contraction than in the release phase, 
which might be explained by the hysteresis in the 
recruitment curve.  

It is known that the stimulation can elicit several 
different kinds of nerve responses (H-reflex, F-waves etc.)  
[11], which can affect the contraction force of the muscle 
and the recording of volitional MES.  

It has been found that FES has a carry over effect that 
can be seen as an increased voluntary control over the 
affected muscles in stroke patients [12]. In addition, 
myoelectric biofeedback has shown its potential to re-
educate muscles affected by stroke [13]. The here 
presented MeCFES approach is virtually combining both 
myoelectric biofeedback and FES.  

We believe that the principle could be applicable to other 
paretic muscles, for example, to assist lower limb functions 
in incomplete SCI or hemiplegia, e.g. as a supplement to 
the dropped foot stimulator [14]. 

It is the authors opinion that the results indicates that 
MeCFES may be feasible as an aid or therapeutic tool in 
rehabilitation of people suffering an upper motor neurone 
lesion. It is though necessary to clarify the reasons for the 
lack of control and robustness, before we can conclude if 
the method is viable.  

5. Future Plans 
In collaboration, between Centro di Bioingegneria, 

Universiteit Twente, University College London and 
Salisbury District Hospital (funded by the EU-project: 
TMR/NEUROS2) has made it possible to prepare a trial 
for the use of MeCFES on the lower extremity (targeting 
tibialis anterior). A preliminary trial at Universiteit Twente 
on a incomplete SCI showed an increase of 20% 
muscleforce of the tibial muscle by MeCFES. We hope to 
make 40 experiments with patients in four groups: 
Incomplete SCI, Stroke, Normals and Complete SCI. The 
purpose is to test if the MeCFES can be used on the lower 
limb (as a foot-drop stimulator alternative) for either of the 
first two groups. Furthermore we will gather information to 
help us understand the complications of the system in form 
of raw MES, Force, Tracking error (with/without 
stimulation) in correlation to stimulation intensity. By 
comparing the results with and without MeCFES, we hope 
to determine if the principle is feasible for each group. 
Data from normal subjects serves as a reference for the 
“optimal” control that we want to achieve and data from 
the complete SCI will hopefully provide information about 
the influence of non-volitional components in the MES. 
The experiments commence at the time of writing and 
should be concluded by September 2000.  
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