
Optimisation of Spatial Electrocutaneous Display 
Parameters for Sensory Substitution 

W.K. Vos, D.G. Buma, P.H. Veltink 

Research School 
‘Integrated Biomedical Engineering for Restoration of Human Function’ (iBME) 

University of Twente 
P.O. Box 217 

7500 AE Enschede, The Netherlands 
wvos@tm.tno.nl1; D.G.Buma@alumnus.utwente.nl; P.H.Veltink@ewi.utwente.nl 

Abstract. A spatial electrocutaneous display for sensory substitution is being 
designed. The display will be used to feed back sensory signals from trans-
femoral prostheses to amputees. The aim is to improve their walking perform-
ance. Two experiments have been performed to optimise the display parameters 
for dynamic, cyclic signals, which are common during walking. From these 
experiments it became clear that healthy subjects were capable of discerning ar-
tificially generated disturbed knee angle patterns from undisturbed patterns. This 
shows that the electrocutaneous display has the capability to feed back signals 
from a transfemoral prosthesis. 

1   Introduction 

At the University of Twente in the Netherlands, a spatial electrocutaneous display for 
sensory substitution is being designed. The objective is to feed back artificial sensory 
information from a transfemoral prosthesis to a 1-D array of electrodes attached to the 
skin of the upper leg. This display should increase the amputee’s awareness of the 

prosthesis and improve the amputee’s feeling of security [1]. The display could be used 

for example to feed back the knee angle during the swing phase of locomotion. This 

enables the amputee to predict if the knee joint will lock at heel contact and support his 

weight. 

A few systems are already patented. In one of them nerve fibres are directly stimu-

lated with electrode cuffs [2]. In another the skin is electrically stimulated when a 

switch in the prosthetic foot is activated [3]. 

The research program consists of three phases: In the first phase, the electrode-skin 

interface is investigated. In the second phase, the display parameters are determined 

and optimised for the projection of dynamic, cyclic signals, which are common during 

walking. In the third phase, implementations of electrocutaneous displays are tested in 

                                                           
1 Nowadays W.K. Vos is working at TNO Human Factors, department of Skilled Behaviour, and 

continues to be involved in the field of tactile displays. Address: TNO Human Factors, 
Kampweg 5, PO Box 23, 3769 ZG Soesterberg, The Netherlands. 
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a sensory substitution system used by transfemoral amputees. For the second phase, 
two experiments have been carried out to optimise the display parameters. This paper 
presents the results of these experiments. 

2   Methods 

In total two experiments have been performed, in which ten healthy and naive subjects 
volunteered to participate. The experiments have been approved by the medical-ethical 
committee and all subjects have signed an informed consent. In both experiments, the 
subjects had to detect artificially generated, disturbed knee angle patterns from a ran-
dom sequence of 18 disturbed and 72 undisturbed knee angle patterns, displayed on a 
tactile display. The subjects were instructed to press a reaction button when they be-
lieved a disturbance occurred. A laptop was used to measure the subject’s reaction and 
to give the subject auditory feedback. Per trial the detection ratio (Rdet) was calculated, 
which is defined as the ratio of correctly detected knee angle patterns and the total 
number of applied patterns. Additionally, the laptop was used to send stimulation pat-
terns to the 8-channel electrocutaneous stimulator. 

The subjects were stimulated with 30 Hz bi-phasic current pulses with amplitudes 
between 0 and 47 mA and pulse widths of 40 Ps. The amplitude of each channel was 
adjusted to obtain the same sensation strength for each channel. The knee angle patterns 
were displayed on a straight array of n concentric, stainless steel electrodes placed on 
the medial side of the upper leg. The display was positioned along the longitudinal axis 
of the upper leg, with the first electrodes being the most distal. The cathode of the 
electrode consisted of a circular plate with a diameter of 10 mm. The anode consisted of 
a ring with an outer diameter of 21 mm and an inner diameter of 15 mm. The distance 
between two adjacent electrodes was 1 cm. 

The displayed knee angle patterns were generated with a generic dynamic model. 
Measurements from Winter [4] were used to calculate the movement of the upper leg 
and to set the initial conditions of the lower leg. Mechanical parameters of the leg were 
obtained from Koopman [5]. Only the last 50% of the step cycle (this includes the 
swing phase) was simulated. The display was switched-off during the other 50% (this 
includes the stance phase). The knee angle is defined as the angle (in radians) between 
the extension of the upper leg and the lower leg. Consequently, a fully stretched leg has 
a knee angle of zero radians. During the swing phase disturbances simulating tripping 
can be induced by application of a force pulse on the lower end of the lower leg aiming 
backwards with a strength F, a duration 't, and an onset time t0. In the experiments 't 
was taken 10 ms. For t0=160 ms (before the maximum knee angle) F was taken 60, 80 
and 100 N. For t0=390 ms (after the maximum knee angle) F was taken 250, 300 and 
350 N. 

The simulated knee angle patterns were sampled at 30 Hz and afterwards converted 
to stimulation patterns. These stimulation patterns describe which electrodes are acti-
vated. The result depends on the number of electrodes (n) and the coding (c). These 
display parameters are described in more detail in Section 2.1 and 2.2. 
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Before the measurements started, the subjects were familiarised with the projection 
of knee angle patterns. 90 knee angle patterns were displayed on a display of 8 elec-
trodes with c=cstandard (see Section 2.2). 

2.1   Experiment I: Number of Electrodes (n) 

In the first experiment, the influence of the number of electrodes (n) on Rdet was 
measured. The knee angle patterns were projected on a display of respectively 
n={2,3,5,8} electrodes. Per subject the measurements were done for each parameter 
value, which were randomly ordered. This procedure was repeated twice, with the 
parameter values ordered differently. For c the standard coding (cstandard) was used (see 
Section 2.2 for a more elaborate explanation). From the results the optimal number of 
electrodes (nopt) was determined. 

2.2   Experiment II: Coding (c) 

In the second experiment Rdet was measured for various codings (c). The coding de-
termines how the knee angle pattern is converted to a stimulation pattern. It actually 
consists of three parameters: 

1. The mapping method (m); this parameter describes which electrodes are activated 
during a range of knee angles. From previous pilots it was discovered that the acti-
vation of one electrode at the time was much less confusing then the simultaneous 
activation of multiple electrodes. Therefore it was decided to display a linear input 
signal sequentially. This will be referred to as sequential mapping. 

2. The nonlinear mapping method (a); this parameter is used to display more detail in 
certain knee angle ranges. The relation between the normalised input knee angle 
pattern x and the output y is given by equation (1): 

> @1,0,,0, �o� xaxy a  . (1) 

For a<1 low knee angle values are accentuated, while for a>1 high knee angle 
values are accentuated. Taking a=1 results in linear projection. 
In the experiment a={0.5, 1, 2} have been used to measure Rdet. These have been 
proven to be successful parameter values during previous pilots. 

3. The filtering parameter (A); the filter accentuates disturbances in the knee angle 
patterns, which frequencies appeared to be above 5 Hz. The filter consists of three 
cut-off frequencies: f1, f2, and f3. f1 is a zero, f2 is a pole at 5Hz, and f3 is a double pole 
at 15Hz. The maximum amplification A is determined by 

� � � �� �12 loglog20 ffA �� . (2) 

Pilots showed that useful values for A were 0 dB (second order low pass filter with 
f1=5 Hz) and 12 dB (f1=0.63 Hz). 

The knee angle pattern is first fed through the non-linear mapping, then the filtering and 
then the mapping method. 
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A summary of the codings that have been used in Experiment II is listed in Table 1. 
Per subject Rdet was measured for each parameter value, which were presented in a 
random order. This procedure was repeated twice, with the parameter values ordered 
differently. For the number of electrodes nopt was taken. From the results the optimal 
coding (copt) was determined. 

Table 1. Defenitions of the codings (c={m ,a ,A}) that have been used in Experiment II. 

coding m a A 
dB 

cstandard sequential 1 0 
c1 sequential 1 12 
c2 sequential 0.5 0 
c3 sequential 2 0 

3   Results 

3.1   Experiment I: Number of Electrodes (n) 

The measured Rdet versus n in Experiment I have been averaged for each subject. This 
average data for all ten subjects is plotted in a box plot in Fig. 1.  
With linear regression a straight line can be fitted through the data obeying the equation 

)001.0(115.0758.0det ��� PnR . (3) 

The nopt can be determined from Fig 4. It is limited by the maximum number of chan-
nels, which is eight. 

3.2   Experiment II: Coding (c) 

In Experiment II nopt=8 was used to measure Rdet for several c’s. The results are de-

picted in a box plot in Fig. 2. 

Both cstandard and c3 result in a good detection of disturbances in the displayed knee 

angle patterns. c1 and c2 both perform significantly less. According to the Chi-square 

test there is a statistically significant difference among the median values (P=0.003). 

Furthermore copt= cstandard. 

4   Discussion 

The detection performance in the first experiment shows a clear correlation with the 

number of electrodes. In this experiment more electrodes meant a better performance. 

Increase of the number of electrodes seemed to shift the detection of disturbances from 

detection of duration differences to detection of spatial differences between knee angle 

patterns. Unfortunately, an optimum could not be found because the maximum number 
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of electrodes was limited by the hardware. However, if it were possible to use a 
stimulator with more than eight channels, it would become hard to fit all the electrodes 
in the available space on the upper leg. 

The second experiment showed that the most straight forward projection of the knee 
angles onto the skin resulted in the best detection performance. It is interesting to note 
that accentuation of large knee angles (a=2) makes it easier for the subjects to detect 
disturbances than accentuation of small knee angles (a=0.5). Disturbed knee angle 
patterns differ more from undisturbed knee angle patterns in the large knee angle range. 
More detail in this range makes it probably easier to detect disturbances. 

 

Fig. 1. Results of ten subjects for Experiment I. Shown is Rdet versus n for c=cstandard in a box plot. 
cstandard={m, a, A}={sequential, 1, 0 dB}. The data have been averaged per subject. The unin-
terrupted lines indicate the median values, whereas the dashed lines indicate the mean values. 
With linear regression a line has been fitted through the data, which obeys the equation 
Rdet=0.758+0.115*n. 

Amplification of high frequencies components in the knee angle signal, which contain 
information about disturbances (A=12 dB), did not increase the detection performance. 
In fact, the detection performance decreased. 

The conditions in Experiment I for eight electrodes and in Experiment II for the 
standard coding are the same; hence the detection ratio should be the same. However in 
this case they are not; experiment II shows a higher detection ratio than Experiment I. 
The reason for this is that different coded knee angle patterns resemble each other more 
than knee angle patterns projected on different numbers of electrodes. Subjects adapted 
more easily to a change in c than a change in n, resulting in a better detection per-
formance. 

Altogether, from both experiments it becomes clear that the subjects were capable of 
tracking dynamic, cyclic signals and react to disturbances in these signals. This is a nice 
achievement given the facts that the subjects were untrained and that the knee angle 
signal did not bear any relationship with the subjects’ movements. It should be noted 
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that the subjects could concentrate completely on the task, because they did not have 
any secondary tasks. In a final implementation of the display the users naturally will 
have secondary tasks. However, the projected signals will correspond to the users’ 

movements and it will even be complemented with information from other natural 

senses. Additionally, the subjects will have more training and will be more skilled. 

cstandard c1 c2 c3cstandard c1 c2 c3

 

Fig. 2. Results of ten subjects for Experiment II. Shown is Rdet versus c in a box plot for n=8. 
cstandard={m, a, A}={sequential, 1, 0 dB}, c1={sequential, 1, 12 dB}, c2={sequential, 0.5, 0 dB} 
and c3={sequential, 2, 0 dB}. The data have been averaged per subject. The uninterrupted lines 
indicate the median values, whereas the dashed line indicate the mean values. 
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