
Deve lopment and evaluation of a
two-dimensional e le ctrocutaneous cognitive
f eedback system for use in parap legic standing
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Fatigue of electrically activated paralysed muscles is a major
factor limiting the duration of functional electrical stimulation
(FES) supported paraplegic standing. Fatigue can be sig-
ni� cantly delayed by changing the posture. Since paralysed
individuals are deprived of proprio-and exteroception from the
lower limbs they are not aware of the posture and loading of
their paralysed legs. If suitable cognitive feedback (CF)
information about posture in the sagittal and frontal planes
is provided, they might be able to successfully exercise posture
switching. A two-dimensional electrocutaneous CF system was
developed. Relative limb loading and the location of the
weighted centre of pressure were selected as informational
variables. Discrete encoding schemes in the form of spatial and
frequency codes were employed and the informational signals
were divided into three sub-regions. The ability to correctly
interpret the CF was investigated using one- and two-
dimension tracking tests in three paralysed subjects, each of
whom were studied over � ve consecutive days. All three subjects
were able to use the CF in one-dimension tests. Two subjects
could do the same also in two-dimension tests. The encoding
scheme which was developed to communicate the selected
biomechanical variables proved to be easily understood and
thus appropriate for use in paraplegic standing.

Introduction

Functional electrical stimulation (FES) supported
standing after complete spinal cord injury (SCI) is an
important therapeutic modality in the rehabilitation of
paralysed individuals [1] . The dominant problem in
FES supported standing which prevents a person with
SCI to stand for prolonged periods is fatigue of the
arti� cially activated muscles. An appealing approach to
reduce muscle fatigue is to switch between different
postures such that different muscle groups are cyclically
engaged and relaxed [2]. This concept was successfully
undertaken in the laboratory setting but was never
widely used. One of the major reasons for this is the
relation between the user and the orthotic device where

a standing subject must follow the action of a
preprogrammed stimulation, which is uncomfortable
and can also cause a fall.

It would be much easier and safe r if a standing person
could voluntarily change the posture followed by an
appropriate action of the orthotic system [3, 4] .
However, since the paralysed subjects are deprived of
proprio- and exteroception from the lower limbs they
are not aware of the posture and loading of their lower
extremities. If we were able to adequately substitute for
the missing proprioception by means of cognitive
feedback (CF) , paralysed individuals might be able to
voluntarily switch between postures, instead of having to
adapt to preprogrammed FES driven patterns.

To date only a few simple CF systems providing sensory
substitution for the lost sensory modalities have been
introduced in paraplegic standing. Phillips and Pet-
rofsky [5] developed a system that communicated the
distribution of the vertical force under the foot sole
(measured in the sagitta l plane) via a vibrotactile display
to the chest of a standing paralysed subject. Turk et al. [6]
used auditory CF to communicate the angle of inclina-
tion of the body in the sagittal plane in standing subjects.
MatjacÏ ić and Bajd [7] used similar single channel
auditory feedback in unsupported paraplegic standing.
Andrews et al. [8] studied the use of an electrocutaneous
display to warn a patient whenever inclination in the
sagittal plane exceeded a predetermined angle and also
when the limb-loading ratio exceeded predetermined
boundaries. In all four studies, the authors reported that
the provision of CF led to improved balance, usually
re� ected as a reduction in body sway. The aim of the
described CF schemes was to provide subjects with
information on how much they have deviated from a
preferred posture, which was in most cases upright. An
important aspect in design ing these schemes was the
simplicity of the CF system because excessive cognitive
load on subjects should be avoided since maintenance of
standing requires substantial physical and mental effort
for a person with paralysis.

However, neither of the presented CF systems can
provide a standing subject with comprehensive infor-
mation on posture, which is needed to control standing
and voluntary switching between postures in the sagittal
and frontal plane. To provide adequate information
about current posture, a CF system should commu-
nicate selected biomechanical variables or combina-
tions of them re� ecting the current state of the

215Journal of Medical Engineering & Technology
ISSN 0309-1902 print/ ISSN 1464-522X online Ó 2000 Taylor & Francis Ltd

http :/ / www.tandf.co.uk/ journals

* Author for correspondence; email: zm@smi.auc.dk

Journal of Medical Engineering & Technology, Volume 24, Number 5, (September/ October 2000), pages 215 – 226



216

paralysed extremities in the sagittal and frontal planes.
An important question exists whether a paralysed
individual standing by means of FES can understand
and make use of a complex CF system, which carries
posture information in two dimensions.

The objective of the present investigation was to
develop and evaluate a two-dimensional electrocuta-
neous CF display suitable for use in paraplegic standing.
To address the latter objective, the abilities of three
paralysed persons to correctly interpret sensory signals
provided by the proposed two-dimensional CF display
were evaluated in tracking studies performed during
standing.

Cognitive feedback system

Figure 1 illustrates the elements of the CF system,
which provides a paralysed subject, standing in
parallel bars, with information about his current
posture derived from the centre of pressure (COP)
under the feet. The CF system and test apparatus
consists of the following four units: ( 1) a sensory
system to asse ss the pressure distribution under the
feet and perform feature extraction, (2) an encoding

algorithm, (3) an electrotactile display and (4) a
visual display.

Assessment of pressure distribution under the feet and
feature extraction

During quiet standing an intact person maintains the
knees in an extended position. Ankle � exion and
extension muscles control postural sway in the sagittal
plane, while posture in the frontal plane is controlled
by the hip adductors and abductors [9] . The COP and
the relative vertical ground reaction forces (RVGRF)
under both feet predominantly vary according to the
change of torque in the ankle and hip joints. RVGRF is
expressed as a fraction of the total sum of vertical
ground reaction forces (GRF) under the left and right
legs. The C-posture utilized by the paralysed individuals
is, from a biomechanical point of view, similar to the
quiet standing of an intact subject with the exception of
the added arm support needed in paraplegic standing.
In the absence of contractures in plegic joints of a
paralysed individual, shear forces under the feet
( resulting from arm forces) are small compared to
the body weight. Therefore, the RVGRF changes mainly
due to passive stiffness of the plegic hip joints and
re� ects relative limb loading. The weighted sagittal
COP (WSCOP) , which changes due to passive stiffness
of the plegic ankle joints, re� ects the position of the
centre of mass (COM) of the body in the sagitta l plane.
The RVGRF and WSCOP signals were selected as
informational input to the CF system since they
adequately re� ect the current posture.

Pressure distribution under the feet of a standing
subject was measured by a Pedar Ò (NOVEL, GmbH)
shoe insole measuring system, modi� ed for use in real
time and connected to a personal computer (PC) .
Using the pressure distribution we were able to
calculate the vertical GRF (VGRF) and COP under
each foot. VGRF and COP signals were low-pass � ltered
(Butterworth, 4 order, 2.5 Hz) and subsequently used
to calculate the WSCOP and RVGRF signals as
described in Winter et al. [9] . It should be noted that
two RVGRF signals exist, one for each limb. However,
they both carry the same information. If the RVGRF
under the left leg is increased above 50% by some value,
then the RVGRF under the right leg is decreased by the
same value. From this point onward when referring to
the RVGRF signal, we have in mind the RVGRF under
the left leg. The WSCOP signal was expressed as the
percentage of the shoe insole length, where 0%
corresponds to the position of WSCOP at the toes,
and 100% corresponds to the position of the WSCOP at
the heel. However, the WSCOP was usually con� ned to
a much narrower range ( ca. 55 – 75% ).

Encoding algorithm and electrotactile display

Tactile input of sensory information requires the
information signals to be encoded into stimulation
signals, which should be clear, comfortable and easily
understood [10] . Based on experiences from prior
work of Szeto and Saunders [10] , Kaczmarek et al. [11] ,
Riso et al. [12] and Szeto and Riso [13] we designed an
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Figure 1. The elements of the CF system. The pressure
distribution under the standing subject’s feet is acquired using
a shoe insole measuring system. After � ltering, the relative
vertical ground reaction forces and weighted sagittal centre of
pressure are calculated and describe the Current posture of
the standing subject (1). The encoding algorithm (2) trans-
forms the acquired signals into stimulation parameters that are
displayed to the standing subject via an electrotactile display
(3). A visual display (4) is used to provide the subject with
information about the Current and Target postures.
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encoding algorithm to convert the WSCOP and RVGRF
signals into stimulation parameters for use with an
electrotactile display.

Three pairs of skin stimulation sites, symmetrically
placed with respect to both sides of the upper body as
shown in � gure 2, were used to spatially encode the
WSCOP. The range of the WSCOP signal was divided
into the Anterior, Middle and Posterior regions of the foot
and mapped onto the skin stimulation locations. The
location of the WSCOP in the Anterior, Middle and
Posterior region corresponded to stimulation of the
electrode pair at the shoulders, lateral back skin and
medial back skin, respectively. Only one pair of
electrodes was activated at any given time. If the
WSCOP was located outside the bounds de� ned by
the three regions, no electrode pair was active . The
coding of the WSCOP relates sway in the sagittal plane
to stimulation of a particular electrode pair by means of
the spatial mapping between the information signal and
the electrodes’ locations. The use of a position code to
convey a positional signal should minimize the mental
processing load on a standing subject [12] .

The encoding scheme for the RVGRF signal is shown in
� gure 3. This encoding scheme is implemented
through the same three pairs of electrodes used for
the spatial encoding of the WSCOP signal. The
information about the current value of the RVGRF is
coded by frequency modulation of the stimulus train
delivered to the active pair of electrodes ( selected
according to the current value of the WSCOP) .
Similarly to the WSCOP signal, the RVGRF signal is
divided into three regions: Left, Balance and Right. If the
load bearing is divided between both limbs within the
Balance region of the RVGRF signal, the stimulation
pulse frequency at both electrodes of an active pair is
set to 20 Hz. When the RVGRF falls into the Right
region, indicating that more weight is supported by the
right leg, the pulse frequency of the right active
electrode is set to 60 Hz, while the pulse frequency of

the left active electrode is set to 5 Hz. When the RVGRF
falls into the Left region, the pulse frequency at the right
active electrode is set to 5 Hz and the frequency of the
right active electrode is set to 60 Hz. If the RVGRF
exceeds the Left and Right boundaries de� ned by the
three regions then (similar to the WSCOP code) ,
neither electrode is active. A reason for selecting the
lowest frequency to be 5 Hz is that the sensation of
� utter on the skin is more comfortable than individual
pulses delivered at lower frequencies. Also the latency
for changing from one frequency to another is
excessive if the low frequencies are utilized. The
frequency coding was selected according to the prior
studies of Riso et al. [14] . They asse ssed just noticeable
differences ( JND) in frequencies ranging from 2 –
100 Hz, which brackets the useful range for CF [10] .
They found that the mean JND for changes in
frequency, was around 30% at 5 Hz and around 20%
at 20 Hz. In the RVGRF encoding scheme we used
three discrete frequencies, namely 5, 20 and 60 Hz
where the perceived change from 5 to 20 Hz and from
20 to 60 Hz is at least 3 JNDs apart. We, therefore,
expected that subjects would be able to comfortably
discern between the three different frequencies. The
RVGRF encoding scheme is closely related to the limb
loading/ unloading mechanism by simultaneously rais-
ing the frequency at the active electrode on the side of
the body, that is above the loaded limb and decreasing
it at the unloaded side of the body. Such a representa-
tion seems intuitive to further simplify the mental
processing load on a standing subject.

We arrived at the encoding scheme presented by
extensive experimentation on � ve intact subjects who
stood while wearing the measuring shoe insoles and
simulating the Tracking experiment that is described

Z. MatjacÏ ić et al. Development and evaluation of a 2D electrocutaneous cognitive feedback system

Figure 2. Spatial encoding of the WSCOP signal. The WSCOP
signal range was divided into three regions: Anterior, Middle
and Posterior. Three pairs of stimulation sites were placed
symmetrically on each side of the body. The location of the
WSCOP in the Anterior, Middle and Posterior region
corresponds to stimulation of the electrode pairs at the
shoulders, lateral back site and medial back site, respectively.
Only one pair of electrodes was active at any given time. If the
WSCOP was not located within one of the regions, neither
electrode pair was activated.

Figure 3. Frequency modulation scheme used to encode the
RVGRF signal. The RVGRF signal range was divided into
three sub-regions: Right, Balance, Left. If the RVGRF was
within the Balance region, both active electrodes delivered
stimuli with a frequency of 20 Hz. If the RVGRF was located
in the Right region the active electrode at the right side of the
body delivered stimuli at 60 Hz, and at the other site the
frequency was set to 5 Hz. When the RVGRF was in the Left
region, the frequencies were reversed with respect to the previous
case. If the RVGRF was not located in one of the sub-regions,
neither electrode was activated.
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below. The sensory feedback encoding scheme was
implemented in software running on a PC.

The electrotactile display consisted of six concentric
surface electrodes placed on the torso as shown in
� gure 2. Each electrode has an active centre with a
diameter of 5 mm, surrounded by a 5 mm insulating
annulus and then by a 4 mm ´ 40 mm concentric
ground electrode. Before placing the electrodes onto
the stimulation sites shown in � gure 2, the skin was
coated with protective skin dressing wipe (Tens clean-
cote [ ) to moisten it and to assure a stable electrode –
skin contact. Biphasic stimulation pulses were delivered
to the electrodes on each side of the body by means of
two PC controlled electrical stimulators (designed and
produced at our laboratory) with constant current
multiplexed outputs. Pulse width was maintained at
30 ls, while the pulse amplitude was adjusted to elicit a
comfortable sensation ( typically around 15 mA) well
above the sensation threshold. Special care was given to

the placement of each electrode pair. Corresponding
electrodes at each side of the body were placed to allow
equal intensity sensations.

Visual display

Figure 4 shows the visual display as it appears on the PC
monitor. The visual display provides a top view of a
subject and bilateral three element electrode arrays.
The head of the subject facing upwards is drawn to the
middle of the screen. The three stimulation sites are
drawn symmetrically to the left and right sides of the
head, denoting the three electrode sites located on the
body of the standing subject. Each stimulation site on
the screen is characterized by a set of squares and a
smaller set of rectangles. Each such set is composed of
three elements positioned medial to lateral. The sets of
squares displayed a Target posture that a standing subject
had to reach in the tracking experiments as will be
described, while the rectangles provided visual feed-
back of the Current posture of the subject. Depending on
the Target and Current location of the RVGRF signal, a
different number of elements were active within the
active set determined by the Target and Current WSCOP.
An example of the presentation of a Target posture is
illustrated in � gure 4. Here, a standing subject had to
achieve a posture where the WSCOP was in the Middle
region, while the RVGRF was placed in the Right region.
This corresponds to the status of the CF elecrotactile
display where the pair of electrodes at the lateral back
sites is active in such a way that the right electrodes
deliver a 60 Hz stimulus train while the left electrode
delivers a 5 Hz stimulus train. The Current posture of a
standing subject is also displayed. Because the fre-
quency of the stimulation at both back electrodes is
20 Hz, the two innermost rectangles are illuminated in
the visual display.

Experimental evaluation of the cognitive
feedback system

Subjects

Three male subjects with complete SCI (table 1) and in
good physical condition participated in our study. Note
that the level of SCI is very different among the three
subjects. We intentionally se lected subjects having
different lesions. This was done to investigate the
applicability of the two-dimensional CF in subjects with
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Figure 4. Visual display showing all six electrode sites. Three
squares and three rectangles represent each stimulation site.
The squares show the Target posture which the standing
subject has to achieve, while the rectangles signal the Current
posture of the standing subject. The particular Target
posture commanded by the display requests that the WSCOP
should be placed in the Middle region while the RVGRF
should be positioned in the Right region. The particular
Current posture attained by a subject is such that WSCOP is
located in the Back region while the RVGRF is located in the
Balance region. The corresponding status of the ECFsystem is
shown for both postures. Note that for both the target squares
and feedback rectangles four elements are always illuminated.
The state of a particular element depends on the target and
feedback condition. The illuminated elements shift right, for
example, when the imbalance in limb loading requested is to the
right body side.

Table 1. Description of the three paralysed subjects who participated in
the tracking tests.

Age
(yr)

Height
(cm)

Weight
(kg) Lesion Cause

Time post
injury

Subject 1 22 174 59 C7 Traf� c
accident

7
months

Subject 2 20 179 70 T2 Cut
wound

12
months

Subject 3 34 170 59 L1 – L4 Fall 8
months



219

various degrees of impairment. All subjects signed
informed consents and the study was approved by the
local ethical committee.

Tracking equipment

A tracking experiment was undertaken to evaluate the
abilities of the subjects to interpret the sensory
information provided by the two-dimensional electro-
cutaneous cognitive feedback (ECF) system. Tracking
tests have been shown to be a useful methodology for
the evaluation of sensory feedback codes [10] .

Experimental conditions

The knees of the standing subjects were maintained in
an extended position by means of long braces. The
subjects were also � tted bilaterally with compliant
ankle foot orthoses ( stiffness approx. 2 Nm (deg Ð 1) to
stiffening the ankle joints. Instrumented shoe insoles
were placed between the ankle foot orthosis and the
footwear. The electrodes were attached to the subject’ s
skin as shown in � gure 2. Subjects stood in a standing
frame maintaining a C posture as shown in � gure 1,
and with both feet in parallel. They held onto the
handles of the standing frame. They were asked to
consecutively incline in the anterior, posterior, left and
right directions to the extent where they could still
comfortably maintain standing. In this way we asse ssed
the feasible ranges of the WSCOP and RVGRF signals.
Next, the visual feedback (VF) was displayed where
only the Current posture was shown. The standing
subject was instructed to move between nine possible
postures corresponding to the three positions of
sagittal plane inclination and three positions of left/
right relative foot loading. If the subject’ s excursions
into these regions were wide enough, the subject
could easily switch between them. Next, we reduced
the width of the regions and asked the subject to
switch between the postures again. Through iteration
in this manner ( termed a Short visual session) we
adjusted the size of the regions of the WSCOP and
RVGRF signals to be small enough that the subject
needed the aid of the visual feedback to maintain a
requested Target posture ( i.e. his residual propriocep-
tive sense was not adequate) . The sizes of the adjusted
regions differed slightly for each subject and were
around 7% of the WSCOP and 7% of the RVGRF
signals’ full ranges.

Experimental protocol

A few descriptors should be de� ned to facilitate the
presentation of the experimental protocol as follows:

(1) Session is a period when the subject was presented
with a series of Target postures, via the visual display,
which he then had to match. Each session
consisted of approximately 10 trials, and a trial
was de� ned as a period within which the Target
posture was stationary. The duration of each trial
was randomly selected between 10 and 14 s, and
was judged to be suf� ciently long for all of the
subjects to match the various Target postures. The

duration of each session was, therefore, limited to
approximately 2 min. We felt that if the session
duration was longer, the subjects might not remain
fully concentrated on the task. A Target posture was
randomly selected for each trial. Sessions were
performed under the following conditions: while
the subject was receiving ECG; ECF combined with
VF; or � nally without supplemental feedback.

(2) One-dimension session is a session where the Target
posture was con� ned to one dimension requiring
tracking either in the sagittal or frontal plane. In
either plane, only three different Target postures
were possible . During one-dimension sessions in
the frontal plane only the electrode pair corre-
sponding to the Middle region of WSCOP was
active . During the one-dimension sessions in the
sagittal plane only the 20 Hz frequency corre-
sponding to the Balance region of RVGRF was
utilized.

(3) Two-dimension session is a session where a Target
posture was selected from a matrix of nine possible
postures determined by three WSCOP regions and
three RVGRF regions.

(4) Short visual session has already been described in a
previous subsection.

Two consecutive days before the tracking experiment,
all three subjects stood while receiving the ECF and VF.
They explored the postural space separate ly for the
sagittal and frontal planes. At this time the regions of
WSCOP and RVGRF signals were set rather wide (12%
of full range) . This introductory standing was per-
formed for 20 min each day ( the subjects could not
stand comfortably for greater durations) .

The tracking experiment was conducted over � ve
consecutive days. The protocol for the experiment is
summarized in table 2. In the � rst four days only
one-dimension sessions were performed. We felt that
the subjects should be given enough time to become
familiar with the task and encoding of both signals
� rst in the one-dimension tasks for each of the
planes separate ly before attempting to cope with the
two-dimension task which was the primary goal of
the investigation. On the � rst and third days the
ECF was provided to the standing subjects in three
frontal sessions followed by three sagittal sessions.
On the second and the fourth days three frontal
plane sessions with ECF provided were followed by a
frontal plane session without ECF. Similarly, the
following three sagittal sessions were concluded by a
sagittal session without ECF. These two extra sessions
without ECF were introduced in order to asse ss the
ability of the subjects to track Target posture without
ECF, but immediately after being exposed to the
ECF. We expected that the prior exposure to the
ECF might enable the subjects to calibrate their own
sensory systems, presumably arm proprioception.
Such a calibration might allow adequate tracking
even without ECF, provided that the feet stayed at
the same location. On each experimental day, the
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subjects stood from the � rst session until the
completion of the last session.

The two-dimension sessions were introduced on the
� fth experimental day. However, the subjects � rst
completed a one-dimension tracking test in the frontal
plane without ECF, followed by a one-dimension test in
the sagittal plane without ECF. In contrast to similar
sessions conducted on the second and fourth experi-
mental days these two sessions were conducted without
prior exposure to the sessions with ECF. They were
performed to compare the performance with the extra
two sessions performed in each plane on the second
and the fourth days. A short break then followed where
the subjects were seated. After a short visual session, two
two-dimension sessions followed where the subjects
received ECF and VF feedback. In the following three
sessions, VF was withdrawn leaving only ECF. Then, one
session was performed without either type of supple-
mental feedback. The subjects were seated again for
15 min. After another short visual session the last two-
dimension session was performed without feedback.
These last two sessions were included following the
same rationale as in one-dimension sessions.

All the subjects underwent the described protocol
except for Subject 3 who (because of medical
complications not related to the experiment) trans-
ferred from the rehabilitation centre to the hospital
and was, therefore not available after Day 4. The
experimental Day 5 for Subject 3 was conducted three
weeks later.

Outcome measures

Each trial within every one-dimension session was
evaluated in order to determine whether the tracking
in a particular trial was successfu l or not. The following
objective criterion was applied. If the time duration
when the Current posture signal matched the Target
posture signal, as demonstrated in the � gure 5 (b) ,
exceeded 50% of the total trial duration, a trial was
judged as succe ssfu l. The threshold of 50% was selected
to account for two sources of error. The � rst is the
initial reaction time the subjects needed to recognize
the command and to change the posture, which could
take up to 30% of the total trial duration. The second
source was jittering of the Current posture signal, as
shown in � gures 5 and 6, which occurred as a result of
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Table 2. Experimenta l protocol for the tracking experiment.

Plane Feedback

Day Session number Session type Frontal Sagittal ECF VF

1 and 3 Short visual session
1 One-dimension X X
2 One-dimension X X
3 One-dimension X X
4 One-dimension X X
5 One-dimension X X
6 One-dimension X X

2 and 4 Short visual session
1 One-dimension X X
2 One-dimension X X
3 One-dimension X X
4 One-dimension X
5 One-dimension X X
6 One-dimension X X
7 One-dimension X X
8 One-dimension X

5 Short visual session
1 One-dimension X
2 One-dimension X

Break
Short visual session

3 Two-dimension X X X X
4 Two-dimension X X X X
5 Two-dimension X X X
6 Two-dimension X X X
7 Two-dimension X X X
8 Two-dimension X X

Break
Short visual session

9 Two-dimension X X
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the narrow widths of the regions the WSCOP and
RVGRF signals were divided into.

In the two-dimension sessions, a trial was recognized as
successfu l only if both tracking dimensions were
successfu l. For every session, the successfu l trials were
expressed as a percentage of the total of that session.

Results

Figure 5 shows the performance of Subject 1 during two
one-dimension sagittal plane tracking sessions. In � gure
5 (a) the subject received ECF, while Figure 5 (b) shows
the performance without ECF. The right-hand side of
� gure 5 shows the time course of the Target posture and
the Current posture signals. The solid thick line repre-
sents the Target posture as it changed in random fashion
throughout the session. The solid thin line represents
the Current posture signal, which depends on the current
value of WSCOP shown on the left-hand side of � gure 5.
The value of WSCOP is within the targeted region
whenever the Target posture and Current posture signals
are matched. Clearly, the tracking performance in
� gure 5 (a) differs signi� cantly from the one shown in
� gure 5 (b) .

Figure 6 shows representative two-dimension sessions
performed by Subject 2 with and without ECF. When
the ECF was delivered (� gure 6 (a) ) well-controlled
posture shifts can clearly be seen, re� ecting the
presence of the ‘ reference’ signal, which was correctly
interpreted by the standing subject. In contrast, the
success of the subject when tracking the Target postures
without ECF was poor ( � gure 6 (b) ) .

Figures 7, 8 and 9 show the collected results for all the
sessions performed by all three subjects.

Subject 1

The performance of Subject 1 is shown in � gure 7. We
can observe a high percentage of successfu l trials in
both planes already on Day 1 of the tracking experi-
ment, indicating that the subject had little dif� culty in
interpreting the ECF signal. On Day 2, a similar
performance in frontal plane tracking can be seen as
on Day 1. The only exception was Session 2, where the
subject appears to have become confused about which
combination of stimulus frequencies corresponds to
which posture. The sagitta l plane tracking sessions were
100% successfu l. The same pattern was repeated on
Days 3 and 4. These data show that although Subject 1
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Figure 5. Representative sample of results for one-dimension sessions in the sagittal plane performed (a) with ECF and (b) without
ECF. A time course of the WSCOP signal is displayed on the left-hand side of the � gure. All three regions are also indicated. On the
right-hand side of the � gure the thick solid line represents the Target posture , the thin line represents the Current posture , and the
shaded regions showthe discrepancy between these two signals. Each of the trials in the session performed without ECF is consecutively
numbered. The percentage of time when the Current posture matched the Target posture in a given trial is displayed and each
trial is judged to be either successful (S) or unsuccessful (US). If the relative time when the Current posture signal matched the
Target posture signal exceeded 50% of the total trial duration, a trial was judged as a successful.
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could accurately interpret the ECF code in both planes,
the performance in the frontal plane was lower,
suggesting that the frontal plane code might have been
more dif� cult to interpret.

The results for one-dimension sessions performed on
Days 2 and 4 without ECF, but immediately after the
sessions performed with ECF, show that Subject 1 could
track Target postures very well in the sagitta l plane. In the
frontal plane he was completely unsuccessfu l on Day 2
while on Day 4 he was successfu l in all trials. On Day 5
his performance for the one-dimension tracking with-
out ECF was poorer compared to his performance on
Day 4. The results of the two-dimension sessions
performed with VF and ECF showed that the subject
could reliably track the Target postures in both planes
simultaneously. The results for the following three

sessions performed only with ECF show that Subject 1
could reliably and accurately interpret the two-dimen-
sional ECF code in the absence of VF. In the next
session performed without ECF but immediately after
the sessions with the ECF, Subject 1 could track less
than 40% of the Target postures. Finally, for the last
session performed also without ECF but after being
seated for 15 min, Subject 1 showed very poor success.

Subject 2

Figure 8 shows the tracking results for Subject 2.
His performance was very similar to the perfor-
mance of Subject 1 in all of the sessions. In
one-dimension sessions with ECF he could track
absolutely accurately in the sagittal plane, while
in the frontal plane, like Subject 1, he had
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Figure 6. Representative sample of results for two-dimension sessions in the sagittal plane performed, (a) with ECF and (b) without
ECF. On the lower left display in parts (a) and (b), the time course of the RVGRF signal is displayed. On the right-hand side of the
� gure the thick solid line represents the Target posture , the thin line represents the Current posture and the shaded regions show
the discrepancy between the two signals.
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modest dif� culties. In the one-dimension sessions
performed without ECF but immediately after the
sessions with ECF (Days 2 and 4) Subject 2
could track the Target postures quite successfu lly,
however that was not the case on Day 5 where

there were no preceding sessions with ECF. This
result is again very similar to the performance of
Subject 1 under the same conditions. The results
of tracking in two dimensions are also very
similar to the results of Subject 1, showing that
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Figure 7. The results of the tracking tests for Subject 1. The upper graph shows the success of the subject while tracking one-dimension
Target postures while being presented with ECF. The lower graph at the left side shows the results for the one-dimension sessions
performed without ECF. The lower graph at the right side presents the results for two-dimension tracking tests for various experimental
conditions as indicated.

Figure 8. The results of the tracking tests for Subject 2. The upper graph shows the success of the subject while tracking one-dimension
Target postures while being presented with ECF. The lower graph at the left side shows the results for the one-dimension sessions
performed without ECF. The lower graph at the right side presents the results for two-dimension tracking tests for various experimental
conditions as indicated.
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Subject 2 could reliably track the Target postures
when presented with ECF information. Without
ECF (Sessions 8 and 9) his performance was
clearly much poorer.

Subject 3

Figure 9 displays the results for Subject 3. The
results for the one-dimension tracking performed
with ECF are similar to the results of Subjects 1
and 2. The � rst four sessions on Day 4 were
omitted, because the subject could not track the
Target postures due to pain he felt in the region of
his trunk. The performance of Subject 3 was also
similar in the one-dimension sessions performed
without ECF but immediately after the three
sessions performed with ECF. Only the results of
the two-dimension sessions differ in comparison to
the results obtained with Subjects 1 and 2. Subject 3
was able to track the Target postures when he was
presented with VF and ECF; however, his perfor-
mance was rather poor when presented only with
the ECF information. While observing the perfor-
mance for each trial of Sessions 5, 6 and 7 on Day
5 we could see the pattern of the WSCOP and
RVGRF as shown in � gure 6 (a) , indicating that the
subject was tracking the Target posture. The only
difference was that wrong postures were tracked. It
is possible that the subject may have confused the
code between the postures and the ECF representa-
tion of them. This explanation is plausible since the
tracking tests on Day 5 were conducted three weeks
after the Day 4 sessions.

Discussion

The two main objectives of this work were: ( i) to
develop an ECF system that provides a paralysed
standing subject with information on posture in the
sagittal and frontal planes simultaneously and ( ii) to
explore whether the paralysed subjects could reliably
interpret the two-dimensional ECF signal during the
standing task.

Methodological considerations

The presented encoding schemes were developed
through extensive experimentation with able-bodied
subjects during standing in order to determine the
simplest and most intuitive representation of the
selected informational variables which would � t the
cognitive abilities of a human. However, during
standing of a paralysed individual the concentration
of a subject must be shared between the task of
maintaining standing and the task of interpreting the
code presented. Therefore, we might expect that the
cognitive abilities of paralysed individuals would be
somewhat lower compared to an able-bodied one. In
this light, each subject suffering from complete SCI
represents a unique case . The residual sensory-motor
and cognitive abilities determine whether a particular
subject would be able to make use of the comprehen-
sive two-dimensional cognitive feedback information.
Furthermore, motivation, concentration and coopera-
tion play an important role in the experiments
described. These considerations are re� ected in our
experimental methods where we sought to minimize
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Figure 9. The results of the tracking tests for Subject 3. The upper graph shows the success of the subject while tracking one-dimension
Target postures while being presented with ECF. The lower graph at the left side shows the results for the one-dimension sessions
performed without ECF. The lower graph at the right side presents the results for two-dimension tracking tests for various experimental
conditions as indicated. X denotes the sessions that were not performed due to pain experienced by the subject.
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factors that could compromise a subject’ s ability to
correctly interpret and make use of the two-dimen-
sional CF. During each experimental day, great care was
exercised while putting the electrodes on the subject’ s
torso to assure equal sensation at each site . Also, the
number of tracking sessions per day was limited to
ensure a high level of concentration in each of the
subjects. One of the key factors in the experiments we
performed was the motivation of the subjects. For that
reason the duration of the experimental evaluation was
limited to � ve days. During the � rst four days the
subjects were required to perform tracking experiments
only in one plane at a time in order to gain con� dence
and a positive attitude toward the orthotic system.
Additionally, the sessions where the ECF was withheld
were performed only on the second, fourth and the
� fth day to ensure that possible failures would not have
a negative psychological impact on the subjects.

A visual display was found to be a very effective tool. It
was not only essential for a standing paralysed subject
during the process of learning the ECF coding scheme.
It also served as a monitor for the experimenter who
could (during short visual sessions) set up the regions
of the WSCOP and RVGRF signals to the values that
could be attained by a particular subject. The latter is
very important for an objective evaluation of the ECF
system since in this way we could be certain that the
ability of a particular subject to track a given Target
posture depended solely on the subject’ s cognitive
abilities to accurately interpret the given codes.

Tracking experiments

The results of the tracking experiment have demon-
strated the ability of each participating subject to
accurately relate the current posture and the informa-
tion provided by the ECF system for a single plane of
movement. The results in all three subjects are very
consistent. It was also demonstrated that two of the
three subjects could do the same for two planes of
movement simultaneously, after being � rst trained in
interpreting the ECF code for each plane separately
over four consecutive days. This indicates that the
proposed encoding scheme is suf� ciently simple to be
learnt. The failure of the third subject to interpret the
code in two planes may actually indicate that a period of
training is necessary to achieve an adequate perfor-
mance. Since three weeks passed from his one-dimen-
sion training sessions, it is most likely that the learned
tasks were forgotten.

Inconsistency can be observed for each subject when
looking at the success rates of the sessions performed
without ECF under different conditions. For example,
in the one-dimension sessions we expected that the
tracking performance should be markedly different
in the three cases: (1) with ECF, (2) without ECF but
immediately after sessions performed with ECF (Days
2 and 4) and (3) without ECF and without a prior
session performed with ECF (Day 5) . Our expecta-
tions turned out not to be the case . However, the
success rates for sessions performed without ECF are
meaningless when observing a representative session

without ECF shown in � gure 5 (b) . It can be clearly
seen from the time course of the WSCOP signal that
when the ECF was withheld the WSCOP remained
for the majority of the session within the Posterior
range of the signal. All four successful trials were
successfu l only because the Target posture changed to
Posterior on four of the trials, resulting in a 50%
success rate for this particular session purely by
happenstance. The possibility for this to occur
imposes uncertainty regarding the outcome of the
sessions performed without ECF in the one-dimen-
sion tracking. This is not an issue for the results of
the two-dimension tracking where clear differences
between all three conditions can be observed not
only by looking at the representative examples shown
in � gure 6, but also from the success rates in the � rst
two subjects, as follows. As expected, the tracking in
the sessions performed without ECF after Subjects 1
and 2 were seated for 15 min was very poor. Also,
better performance can be seen in the sessions
performed without ECF but immediately after the
sessions with ECF. These results suggest that the
residual sensory apparatus of the standing subject
(e.g. proprioception from the arms) might make use
of the ECF as a calibration signal. However, when the
posture of a subject changes after being seated and
then stood up again, the calibration appears to be
lost.

Because Subjects 1 and 2 exhibited good tracking ability
using the ECF system despite the fact that they have
high lesions (C-7 and T-2 respectively) , a population of
people suffering from paraplegia ( to whom the devel-
oped ECF system is intended) should not have any
dif� culties arising from the current electrode con� g-
uration of the system.

A perspective on future development

The present form of the experimental ECF system is not
suitable for everyday use in paraplegic standing. One
problem is the form of the electrotactile display, since
great care has to be exercised when placing the surface
electrodes to assure that the sensation is the same at all
of the stimulation sites. A practical system should make
use of sub-dermal implanted electrodes, which have
been shown to be very ef� cient in ECF systems [15] .
Such a solution would present good reliability since all
the wires would be hidden, and the electrode – tissue
impedance would remain stable. A comparison between
surface and sub-dermal electrodes regarding the
number of JNDs for increases in frequencies has shown
that a greater disce rnibility is obtained with sub-dermal
electrodes. Moreover, sub-dermal stimulation also
results in a more comfortable sensation [14] .

Another problem with the developed experimental
ECF set-up is the assessment of the GRF and COP under
the feet. Even though we could reliably extract both
signals from the shoe insole system, the latter is
impractical for every day use, because it requires careful
donning, dof� ng and calibration. An appealing alter-
native to the use of arti� cial sensors might be
information obtained from natural sensors [16] . An
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investigation of the feasibility of obtaining natural
sensory feedback from the cutaneous nerves innervat-
ing the foot sole is in progress. Preliminary results are
very encouraging suggesting the possibility to derive
GRF and COP signals from combinations of cuff
electrode recordings obtained from branches of the
tibial and sural nerves [17] . By making use of
subdermal electrodes and natural sensing techniques
the prospective ECF system would be fully implantable,
which should increase its reliability and user accept-
ability.

Conclusion

A two-dimensional electrocutaneous cognitive feedback
system for use in paraplegic standing was developed.
We designed an encoding scheme where an underlying
relationship between the location and frequency of the
stimuli applied to the skin and the information signal,
being WSCOP and RVGRL, was incorporated into an
arti� cial communication system. The ability to interpret
the code was investigated in tracking experiments
during standing of three subjects paralysed due to
SCI. The results indicate that the developed encoding
scheme could be interpreted reliably if an appropriate
preceding period of training is undertaken. Addition-
ally, it was shown that the residual sensory system of the
intact upper body was not suf� cient to track different
postures consistently when the supplemental cognitive
feedback was withheld.
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