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Vibro- and Electrotactile User Feedback on Hand
Opening for Myoelectric Forearm Prostheses

Heidi J. B. Witteveen∗, Ed A. Droog, Johan S. Rietman, and Peter H. Veltink, Senior Member, IEEE

Abstract—Many of the currently available myoelectric forearm
prostheses stay unused because of the lack of sensory feedback.
Vibrotactile and electrotactile stimulation have high potential to
provide this feedback. In this study, performance of a grasping
task is investigated for different hand opening feedback conditions
on 15 healthy subjects and validated on three patients. The open-
ing of a virtual hand was controlled by a scroll wheel. Feedback
about hand opening was given via an array of eight vibrotactile or
electrotactile stimulators placed on the forearm, relating to eight
hand opening positions. A longitudinal and transversal orientation
of the array and four feedback conditions were investigated: no
feedback, visual feedback, feedback through vibrotactile or elec-
trotactile stimulation, and addition of an extra stimulator for touch
feedback. No influence of array orientation was shown for all out-
come parameters (duration of the task, the percentage of correct
hand openings, the mean position error, and the percentage devi-
ations up to one position). Vibrotactile stimulation enhances the
performance compared to the nonfeedback conditions. The addi-
tion of touch feedback further increases the performance, but at
the cost of an increased duration. The same effects were found for
the patient group, but the task duration was around 25% larger.

Index Terms—Electrotactile stimulation, hand opening feed-
back, myoelectric forearm prostheses, vibrotactile stimulation.

I. INTRODUCTION

D ESPITE the large improvements made in the develop-
ment of myoelectric upper-limb prostheses, the number

of prostheses that is not used on a regular basis remains quite
high (30–60%) [1], [2]. Several surveys have indicated that
prostheses’ abandonment is related to the poor functionality of
the currently available prostheses and the lack of sensory feed-
back [1], [3], [4]. In a recent study, in which representative
prosthesis users were involved, it has been shown that feedback
about the gripping force and the hand opening are the most

Manuscript received November 16, 2011; revised March 30, 2012; accepted
April 28, 2012. Date of publication May 22, 2012; date of current version July
18, 2012. This work was supported by the Ministry of Economic Affairs (Pieken
in de Delta), Overijssel, The Netherlands, under Grant PID082035/1.6.1b. As-
terisk indicates corresponding author.

∗H. J. B. Witteveen is with the Department of Biomedical Signals
and Systems MIRA, Institute for Biomedical Technology and Technical
Medicine, University of Twente, 7500 AE Enschede, The Netherlands (e-mail:
h.j.b.witteveen@utwente.nl).

E. A. Droog and P. H. Veltink are with the Department of Biomedical Sig-
nals and Systems MIRA, Institute for Biomedical Technology and Technical
Medicine, University of Twente, 7500 AE Enschede, The Netherlands (e-mail:
e.droog@utwente.nl; p.h.veltink@utwente.nl).

J. S. Rietman is with the Roessingh Research and Development, 7500 AH
Enschede, The Netherlands, and also with the Department of Biomechani-
cal Engineering MIRA, Institute for Biomedical Technology and Technical
Medicine, University of Twente, 7500 AE Enschede, The Netherlands (e-mail:
j.s.rietman@rrd.nl).

Digital Object Identifier 10.1109/TBME.2012.2200678

important aspects to be incorporated in future myoelectric fore-
arm prostheses [5]. Feedback about the opening of the hand is
especially important in situations where no visual feedback is
available. Furthermore, a prosthesis that comprises hand open-
ing feedback may reduce the amount of visual attention needed
to control the prosthesis and thereby increase the acceptabil-
ity of the prosthesis by the user. Several approaches to provide
hand opening feedback for upper-limb prostheses have been de-
scribed. The use of phantom sensations to provide hand opening
feedback was investigated at an early date [6]. For this approach,
two vibrotactile stimulators, activated with different amplitudes
to create (phantom) sensations in between the stimulators, were
used to provide information about the elbow angle of an upper-
limb prosthesis. A direct connection to the afferent nerves was
investigated by Dhillon and Horch who used implanted elec-
trodes to provide information about the elbow range [7]. Elec-
trostimulation of the skin was evaluated by Prior and Lyman to
provide feedback about the hand opening [8]. A single electrode
provided feedback by pulse rate modulation, which resulted in
an increased ability to distinguish object sizes. Another way of
providing feedback about the hand opening has been published
more recently [9], [10]. The hand opening of a virtual hand
was fed back to the subjects by moving the real index finger
via a motor, which in this way provided proprioceptive motion
feedback.

Despite these developments and the distinct need for hand
opening feedback, no myoelectric forearm prostheses are avail-
able today that provide any sensory feedback about the opening
of the hand to the user. One of the reasons probably is the lack
of proper investigation of the optimal parameters to provide
the hand opening feedback. Intuitively, the direct stimulation of
the individual nerves will provide the best solution to close the
loop of the control of a myoelectric prosthesis, but is also the
most difficult method to successfully implement in a prosthe-
sis, due to the selectivity of the sensory system. On the other
hand, vibrotactile and electrotactile stimulations seem to be of
high potential to provide feedback in myoelectric prostheses, be-
cause they are easy to apply, nondisturbing to the environment
and noninvasive, as already stated by Kaczmarek et al. [11].
However, no studies have been conducted on the objective com-
parison of these stimulation methods to provide hand opening
feedback.

Providing position feedback through an array of stimulators,
in which each stimulator corresponds to a position, might be a
method with higher ecological validity than methods using am-
plitude or frequency modulation, to provide hand opening feed-
back. The phantom sensation approach of Mann and Riemers [6]
can be seen as an early application of such an approach. Another
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Fig. 1. Experimental setup. (a) Virtual representation of the moving hand and
one of the objects to be grasped. (b) Vibrotactile feedback array placed in the
longitudinal orientation.

application of an array of stimulators is shown by Antfolk et al.,
who used five servomotors, placed on the arm, to provide infor-
mation about the different fingers to be touched [12].

In this study, the use of an array of eight stimulators to provide
hand opening feedback is investigated, whereby the methods of
electrotactile and vibrotactile stimulations are compared objec-
tively on healthy subjects and validated on a small patient group.

II. METHODS

A. Subjects

Measurements were performed on 15 healthy subjects (age,
24.6 ± 2.9 yrs.) and three patients (age, 45.5 ± 9.2 yrs., one
forearm amputee, two congenital). The mean stump length of
the patients was 13 ± 5.6 cm. Everyone was informed about the
research before the start of the experiments via an information
letter and all signed informed consent. Subjects were included
when they had no experience with vibrotactile and electrotactile
stimulations and did not have any sensory or skin problems of
the arm. The study protocol has been approved by the local med-
ical ethical committee (Medisch Ethische ToetsingsCommissie
Twente).

B. Experimental Setup

A virtual representation of an opening and closing hand [see
Fig. 1(a)] was built in Labview (Labview Inc., 2009b, National
Instruments, Austin, TX) to block the normal proprioceptive
pathways, thereby enabling the participation of healthy subjects.
The hand opening was controlled by the scroll wheel of an
adjusted computer mouse. The “rotation clicks” were removed
from the scroll wheel to avoid mechanical cues relating the
mouse scroll to the hand opening. Furthermore, a randomly
varying gain between the level of mouse scrolling and the hand
opening was used to further avoid cues about the hand opening
related to the mouse scrolling.

Eight circular objects with varying object sizes were simu-
lated within the Labview environment and displayed in random
order [see Fig. 1(a)]. A grasping task consisted of the display of
an object and an open hand, after which the subject had to change
the hand opening through scrolling, to a position which fitted
the object correctly. When the hand opening was held constant
for 2 s, the task was completed and another object appeared.
In the visual feedback conditions, the hand and the object were
visible during the whole task. For the nonvisual feedback con-
ditions, only the object was shown shortly at the start of a new
grasping task to inform the subject about the object to grasp,

but not providing any visual information about the opening of
the hand. For each experimental condition, 45 objects were
presented, of which the first five objects were applied to get
acquainted to the new condition and were not used for further
analysis. All hand positions over the whole grasping motion
were stored by the program.

C. Vibrotactile and Electrotactile Stimulation

Vibrotactile feedback was provided by an array of eight
small commercially available coin motors (Ineed, China). These
motors have been used in earlier studies on vibrotactile feed-
back [13] and were chosen because of their ease of use, their
small size, and low costs. The coin motor consists of a rotating
inner mass, which stimulates in tangential direction to the skin.
The frequency and force of stimulation are coupled and depen-
dent on the characteristics of the skin to which it is attached. The
driving current was primarily set to 44 mA for every single vi-
brator in each experiment, which resulted in clearly tangible, but
comfortable sensations. Stimulation amplitudes were adjusted
manually, if necessary, to create equally perceived amplitudes
of stimulation for each stimulator. The control unit for the array
of stimulators was custom build and connected to a National
Instruments DAQ system (NI USB-6211, National Instruments,
Austin, TX), which was controlled by a Labview syntax, incor-
porated in the Labview setup. The stimulators were attached to
the skin by double-sided adhesive rings (EEG Kleberinge, T06,
MedCat, Erica, The Netherlands).

Electrotactile feedback was provided by an array of eight
small surface electrodes (Blue sensor BRS, Ambu, Ballerup,
Denmark) controlled by another custom build control unit
(Octostim) and via Bluetooth the stimulation commands are
send from the Labview setup to the control unit. A counter
electrode (anode) was placed at the wrist. Before starting the
experiments with electrotactile feedback, sensation and com-
fort thresholds were determined quickly for each electrode. The
stimulation amplitude was increased in steps of approximately
0.035 mA and time intervals of 0.5 s until the subject felt the
stimulation and pressed the stop button. The resulting amplitude
was stored as the sensation threshold. After 1.5-s rest, the am-
plitude was increased again by the same steps and the subject
was asked to press the stop button when the stimulation was
not comfortable anymore. The resulting amplitude was called
the comfort threshold. The stimulation amplitude for the experi-
ment was determined at 60% between the sensation and comfort
threshold. A 60% threshold was chosen to get clear, but certainly
not painful, sensations and was based on experience in earlier
experiments. The stimulation amplitude was checked for every
electrode and adjusted if necessary to get an equal sensation for
all electrodes.

D. Feedback

Feedback was applied on the same arm as used for giving
control input to the simulated hand, which was their dominant
arm in computer use. The hand opening was fed back to the
subjects by activation of the corresponding stimulator. The hand
opening was discretized to eight steps, corresponding to the eight
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Fig. 2. Schematic overview of the array orientations on the forearm.

stimulators of the array placed on the arm of the subjects. When
a hand position was reached, only one of the stimulators was
activated and vibrated until further movement of the hand. The
stimulators were placed either in a longitudinal or transversal
configuration (see Fig. 2). For the longitudinal configuration, the
stimulators were placed between the elbow joint and the wrist
at the dorsal side of the forearm. Activation of the stimulator
closest to the wrist corresponded to a fully closed hand. In the
transversal configuration, stimulators were placed around the
forearm. To create the largest distance between stimulators, the
array was placed at the largest circumference of the forearm,
but at least 3 cm from the elbow joint. The distance between the
stimulators was equally spread and marked on the arm to use the
same positions for both types of stimulation. For patients, the
stimulators in the longitudinal configuration were placed on the
dorsal side of the stump, with equal interstimulator distances
as for the transversal orientation, which led to a number of
stimulators (3, 3, and 6 for the patients) crossing the elbow and
placement on the upper arm.

Besides the continuous feedback, in some experimental con-
ditions, also feedback was provided when the hand opening
corresponded exactly to the size of the shown object, which is
referred to as touch feedback. This feedback was given by an
extra stimulator or electrode. This stimulator was placed on the
forearm of the subject between the elbow joint and the wrist.
It was placed on the dorsal side when the array was placed
transversally and on the ventral side of the forearm when the
array was placed in the longitudinal orientation. The amplitude
of stimulation of the single vibrotactile stimulator was the same
as for the stimulators in the array and the amplitude of the single
electrotactile stimulator was determined by the same procedure
as used for the array electrodes as described before. The extra
stimulator was activated simultaneously with one of the stimu-
lators in the array, during the whole period the hand was at the
correct position.

E. Experimental Conditions

The grasping tasks, consisting of grasping 45 objects, were
performed under four different feedback conditions for both
types of stimulation and both array orientations (see Table I).
The order of the type of stimulation applied and the order of
array orientation were randomly chosen beforehand. Both array
orientations were applied subsequently for one type of stimu-
lation to reduce the time needed to switch between stimulation
types.

TABLE I
SUMMARY OF THE FOUR DIFFERENT FEEDBACK CONDITIONS

USED IN THE EXPERIMENT

F. Validation on Patients

Based on the results from the healthy subjects, a smaller part
of the protocol was executed as validation on patients. Stimula-
tion parameters showing the largest difference in performance
were selected, but not when the performance was worse than the
nonfeedback situation. For every parameter setting, the visual
and the hand opening feedback situation were evaluated and
the nonfeedback situation was performed once at the end of the
experiment.

G. Outcome Parameters and Statistical Analysis

For every grasping task performed in a certain experimental
condition, the time needed to perform the task was recorded.
This value comprises the time taken to reach the 40 objects,
while the 2 s of object holding were left out. Furthermore, the
hand opening in the constant holding phase and the presented
object size were compared. Based on this, the percentage of
correct hand openings and the mean absolute deviation from the
correct hand opening were calculated. Finally, also the percent-
age of hand openings that only deviated up to one position from
the correct hand opening was calculated. This last parameter
was chosen to provide an additional accuracy measure which is
less strict. A repeated measures analysis of variance (ANOVA)
analysis was performed in SPSS (PASW Statistics 18, IBM,
Armonk, NY) to evaluate the differences in outcome parame-
ters. The type of stimulation (vibrotactile or electrotactile), the
feedback condition (visual, hand opening, hand opening and
touch, and no feedback), and the orientation of the stimulator
arrays (longitudinal or transversal) were used as the within sub-
jects variables. In case of significant differences (p < 0.05), post
hoc Student t-tests were performed for all possible combinations
within each factor. A Bonferroni correction was applied when
multiple tests were conducted.

III. RESULTS

The results on healthy subjects will be presented first. At the
end of this section, the validation results in three patients will
be shown.
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Fig. 3. Distribution of (a) the duration of the tasks, (b) the mean absolute error, expressed in positions, (c) the percentage correct hand openings, and (d) the
percentage deviations up to one position, categorized per feedback condition (see Table I) and grouped per type of stimulation for healthy subjects. Patient results
are shown in dots next to the bars per feedback condition and for all four parameters. For feedback through vibrotactile stimulation, patient results are shown for
both the transversal (left column) and longitudinal (right column) oriented array.

A. Descriptive Statistics

The duration of a single task, the mean absolute error, the per-
centage correct hand openings, and the percentage hand open-
ings deviating up to one position are presented in boxplots [see
Fig. 3(a)–(d)]. Median values of the data of all 15 healthy sub-
jects are represented by the thick horizontal lines, the borders
of the boxes are the 25th and 75th percentiles and the whiskers
represent the minimum and maximum values.

Asterisks indicate the outliers with values larger than
1.5 times the interquartile range from the box edge. Data are
separated for both types of stimulation (vibrotactile and elec-
trotactile), but combined for the orientation of the stimulator
arrays.

A large spread in data is seen over the different subjects.
Further statistical analysis is, therefore, performed by a re-
peated measures procedure. Repeated measures ANOVA was
performed over all data for all four outcome parameters, with
the orientation of the stimulator arrays, type of stimulation, and
feedback condition as the different factors involved in the anal-
ysis. Next, the results of this ANOVA analysis and the necessary
post hoc tests are described for all factors separately.

B. Orientation of the Stimulator Arrays

The distance between the stimulators was almost comparable
for both array orientations (3.9 cm for the longitudinal orien-
tation compared to 3.8 cm in the transversal configuration). A
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TABLE II
p-VALUES OF REPEATED MEASURES ANOVA FOR EACH OUTCOME

PARAMETER WITH TYPE OF STIMULATION AS FACTOR, PER FEEDBACK

CONDITION SEPARATELY

paired t-test has shown that these differences were not statisti-
cally different (p = 0.2).

Resulting from the repeated measures ANOVA, no significant
differences for all four parameters were found for the orientation
of the array on the forearm (p = 0.37 to 0.92).

C. Type of Stimulation

No subjective measures, like questionnaires, to compare vi-
brotactile and electrotactile stimulations were used. However,
several subjects spontaneously reported that vibrotactile stimu-
lation was perceived as being more comfortable. Furthermore,
electrotactile stimuli were often reported as painful (after thresh-
old determination) and had to be adjusted, which never happened
for vibrotactile stimuli.

The repeated measures ANOVA showed significant differ-
ences for all four outcome parameters for the type of stimu-
lation. The performance in the grasping tasks is significantly
better when feedback is given via vibrotactile stimulation, ex-
pressed in a shorter duration of the task, lower mean errors,
and higher percentages of correct hand openings compared to
electrotactile stimulation. A significant interaction component
with the feedback condition was also shown, and therefore, the
effects of the type of stimulation on the performance parameters
were analyzed by repeated measures ANOVA for each feedback
condition separately. The results of this comparison between vi-
brotactile and electrotactile stimulations were expressed in the
p-values for significance and summarized in Table II.

When only hand opening feedback is provided, there is no
difference in performance between feedback through vibrotac-
tile or electrotactile stimulation, while vibrotactile stimulation
performs much better when extra feedback is added about the
exact grasping. Although there were no differences in the direct
performance parameters, the duration of the tasks performed
with vibrotactile stimulation was significantly lower compared
to electrotactile stimulation in the situation with only hand open-
ing feedback.

D. Feedback Conditions

The results of the repeated measures ANOVA show signifi-
cant differences in performance over the four feedback condi-
tions (visual, hand opening, hand opening and touch, and no
feedback) for all four performance parameters (p ≤ 0.001). A
significant interaction component with the type of stimulation
was also seen; therefore, repeated measures ANOVA was per-
formed per type of stimulation, which showed significant influ-

ences of feedback condition for both types of stimulation for all
four outcome parameters. Therefore, the post hoc analyses were
performed for both types of stimulation separately. To compen-
sate for the repeated execution of post hoc tests, Bonferroni
correction was applied. The original significance level (0.05)
is divided by the number of tests performed (6). The corrected
significance is now 0.008.

No differences were found for the duration of the tasks in
conditions without any feedback compared to tasks where vi-
sual feedback is available. However, the addition of feedback
through electrotactile stimulation increases the duration of the
tasks significantly (p < 0.001) compared to the nonfeedback
and visual feedback conditions, which is also the case for the
addition of touch feedback (p < 0.001 for electrotactile stimula-
tion as well as for vibrotactile stimulation). It took the subjects
longer to identify the activation of the extra stimulator or they
needed more time to reach the correct hand opening.

The percentages hand opening with deviations up to one po-
sition show a significant increase in performance when feed-
back is added. The best performance is shown for the visual
feedback condition, followed by the hand opening and touch
feedback condition. The performance in conditions with hand
opening feedback is significantly better compared to the non-
feedback conditions (p = 0.001 and p = 0.003 for electrotactile
and vibrotactile stimulations, respectively). For the electrotac-
tile stimulation feedback conditions, no increase in performance
is seen for the addition of touch feedback compared to the hand
opening feedback condition (p = 0.135 compared to p = 0.007
for vibrotactile hand opening and touch feedback). The same
conclusions can be drawn for the other outcome parameters,
the mean absolute error, and the percentage of correct hand
openings, which showed comparable p-values.

E. Validation on Patients

The stimulation conditions used in the validation protocol
were 1) the transversal oriented vibrotactile array, 2) the longi-
tudinal oriented array, 3) vibrotactile touch feedback with the
transversal oriented array, and 4) the transversal oriented elec-
trotactile array. The results are plotted in Fig. 3 for each patient
separately and each feedback condition. On average, the perfor-
mance parameters were highly comparable with healthy subjects
and for the transversal vibrotactile array even somewhat higher
(up to 16%). Furthermore, the same trends were seen, specif-
ically an increase in performance with feedback and a higher
duration for electrotactile compared to vibrotactile feedback and
for touch feedback. However, the duration of all tasks was higher
for the patients (70.6 compared to 55.4 s).

IV. DISCUSSION

A. Orientation of the Stimulator Arrays

The distance between the stimulators was not significantly
different between both orientations of stimulation. Therefore,
performance parameters could be compared between these two
orientations. The longitudinal orientation was selected for this
study because it is possibly more functional and has a more



2224 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 59, NO. 8, AUGUST 2012

intuitive relation to the control of the hand and the orientation
of the muscles used to close and open the hand. However, the
forearm stump could be too short to apply an array of eight
stimulators in a longitudinal direction, which is not the case for
the transversal oriented array.

Our results showed no differences in performance for the dif-
ferent orientations of the stimulator array. However, differences
in distance and location perception were found by Green be-
tween both orientations of pressure stimuli [14], and in a study
by Higashiyama and Hayashi better localization performance
of seven electrotactile stimuli was seen for transversal oriented
arrays [15]. In addition, Cody et al. showed that the spatial
acuity is significantly better for stimulators oriented transver-
sal on the arm compared to longitudinal [16]. These findings
were explained by the orientation of the receptive fields of the
mechanoreceptors in the forearm. These fields are smaller in
the transversal direction compared to the longitudinal direction.
However, no effects of this difference were found in our study. It
is also known that the localization of vibrotactile stimuli, which
is also used in these experiments, is better for stimulators close to
an anatomical landmark [17]. Some of the longitudinal oriented
stimulators were at the ends close to these landmarks (wrist and
elbow), but for the transversal orientations these effects are equal
over the whole length. This could have counteracted possible
differences in performance caused by the asymmetry in recep-
tive fields. Furthermore, the experiments of Cody et al. were
performed with a von Frey hair stimulus at shorter interstimulus
intervals, which also made comparison with our study difficult.

The mean distance between the stimulators was less than
4 cm, which is within the spatial acuity range found in the liter-
ature for different body locations (2–4 cm) [18]. However, most
psychophysical studies were performed using pressure stimuli
instead of vibrotactile stimuli and not for this number of stimu-
lators. Higashiyama and Hayashi used an array with seven elec-
trodes on the volar side of the forearm and found localization
errors that were much smaller than the interelectrode distance,
used in our study [15]. In a study by Cholewiak et al. [19],
it was shown that the maximum number of stimulators to be
distinguished on the trunk was seven. The optimal number of
stimulators to be used in an array on the forearm should be fur-
ther investigated, where a tradeoff should be made between the
localization performance and the amount of information (num-
ber of hand opening levels for example) to be fed back by the
stimulation.

B. Type of Stimulation

A significant effect was seen for the type of stimulation. In
general, all performance outcome parameters were better for
the experimental conditions with feedback through vibrotactile
stimulation compared to electrotactile stimulation. The only ex-
ceptions were the hand opening feedback conditions without
touch feedback. In these cases, the percentages of correct hand
openings, the mean error, and the percentages deviations up to
one position were comparable for both types of stimulation,
indicating the same level of accuracy that could be achieved.
However, the time needed to perform the grasping tasks was

significantly higher for the electrotactile stimulation condition,
which also impedes the performance, because this will slow
down the handling speed of the subjects. This difference in du-
ration can be caused by lower onset times of the vibrotactile
stimulators or because it takes longer to recognize a specific
electrotactile stimulator in an array. However, these hypothe-
ses have not been investigated further or been described earlier.
In recent research, there is already a clear preference for the
use of vibrotactile stimulation over electrotactile stimulation.
Vibrotactile stimulation has been indicated as a more comfort-
able stimulation method [13] and the small range between sensa-
tion and pain thresholds with electrotactile stimulation was also
indicated as a reason to prefer vibrotactile stimulation over elec-
trotactile stimulation [20]. However, it has not been objectively
investigated before whether the performance with vibrotactile
stimulation is better than with feedback through electrotactile
stimulation.

The addition of an extra stimulator for touch feedback further
increases the performance in the grasping tasks when vibrotac-
tile feedback is provided, but the performances stay on a constant
level for electrotactile stimulation. This was also indicated by
the subjects, who stated that it was difficult to experience the
difference between the activation of one of the electrodes within
the array and activation of the extra electrode. However, the dis-
tance between the stimulator array and the extra stimulator was
always larger than the interstimulator distance of the array. No
clear differences in spatial acuity and localization can be found
in the literature for electrotactile and vibrotactile stimulation,
but this study showed that differentiation problems can occur
when a single electrotactile stimulator is placed too close to an
array of stimulators and activated at the same moment. Increas-
ing the stimulation amplitude might enhance the differentiation
between the array and the extra stimulator, but also increases
the likelihood of painful stimuli.

The currently available vibrotactile stimulators are mostly
not suitable for applications in forearm prostheses, because of
their relatively large size and high power consumption. The
coin motors, as used in this study and in a study by Pylatiuk
et al. [13], can be a good alternative, because of the small size
and low costs. A comparison of localization performance with
a dense array of these coin motors and larger C2 tactors showed
no differences between these stimulators [21].

However, the actual performance and application in forearm
prostheses should be an important subject of further research.

C. Feedback Condition

The best results for the percentages of correct hand openings
and the mean absolute errors were shown for the hand open-
ing and touch feedback conditions. However, the duration of
the tasks was also significantly increased with the addition of
feedback through electrotactile stimulation and the use of the
extra stimulator, which is in line with the recent literature show-
ing that the addition of proprioceptive feedback increases the
performance, but at the cost of a longer task execution dura-
tion [9], [22]–[24]. Vibrotactile feedback enhances the perfor-
mance in grasping tasks without lengthening of the task duration
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and can be seen as a better method to provide hand opening feed-
back compared to feedback through electrotactile stimulation or
the use of an extra stimulator.

The percentages of correct hand openings that can be achieved
by the addition of vibrotactile or electrotactile feedback are
quite low, between 30% and 50%, especially when compared
to the visual condition where percentages of almost 100% can
be reached. However, the increase in performance that can be
achieved compared to the nonfeedback condition is significant.
Furthermore, it was shown that the desired hand opening was
reached exactly or with a deviation of one position in almost
80% of the cases. This shows that the addition of hand open-
ing feedback significantly improves the accuracy in a grasping
task. In a study by Blank et al., it was already shown that feed-
back about the hand opening improves the targeting accuracy
compared to nonfeedback conditions [25]. However, they have
used proprioception motion feedback, moving the index finger
according to the movements of a virtual finger and controlled by
the force applied by the thumb, which cannot be used by patients.
The aim of their study was to investigate the general effects of
proprioceptive feedback. They concluded that proprioceptive
feedback indeed increases the accuracy in coarse movements,
but the addition of tactile feedback would be needed to improve
the accuracy in more precise movements. This was confirmed
by the results of our study in which the percentage of correct
hand openings could still be significantly improved by the ad-
dition of an extra stimulator, activated when the virtual object
was touched. This touch feedback may be combined with feed-
back about the gripping force and thereby further increase the
performance in grasping tasks.

D. Validation on Patients

The performances of patients in virtual grasping tasks were
comparable to the results with healthy subjects, despite the pos-
sible differences in sensibility of the stumps and the fact that
control of the hand was performed with the other hand. The
placement of a number of stimulators on the upper arm for the
longitudinal orientation did not influence the results and can be
a solution for patients with short stumps. In actual use, the pros-
thesis will be controlled by EMG. In the current study, EMG
control was replaced by scroll wheel control in order to focus on
the influence of tactile feedback on performance, avoiding the
confounding effect of EMG control, which may be very vari-
able amongst. However, in future studies, EMG control needs
to be included. An increase of duration of the tasks was seen
in comparison to the healthy subjects, which could be caused
by the difference in experience with experimental settings and
computer skills. The healthy subjects all did participate in ex-
perimental studies before and all patients did not. However, it
is also possible that patients needed more time to interpret the
stimuli.

E. Experimental Setup

Because of the relatively small number of patients available,
the largest part of the experiments is performed on healthy sub-
jects. Therefore, a virtual environment, showing an opening and

closing hand, was built to circumvent the intact proprioceptive
pathways of the healthy subjects. The hand was controlled by
the scroll wheel of a computer mouse, which is not comparable
to the myoelectric control as used in today’s prostheses. This
approach was chosen to avoid the long training period needed
to learn the myoelectric control and to avoid the large variabil-
ity in the within-subject performances for this control method.
The muscles used to control the computer mouse are to some
extent comparable to those used to open and close the hand.
Furthermore, it also ensures that no feedback about the hand
opening could be derived via channels other than the stimu-
lation provided. To further optimize this, the click mechanism
was removed from the scroll wheel of the computer mouse and
a variable gain between the scrolling movement and the hand
movement was added. The success of this approach was shown
in the results for the nonfeedback conditions. The percentages
of correct hand openings were around 20%, which coincides
largely with the percentages expected with straight guessing.
The percentages are somewhat higher, due to the known end-
points of the hand movement when the hand is fully closed or
opened.

V. CONCLUSION

It is shown that feedback about the hand opening through
vibrotactile and electrotactile stimulations improves the per-
formance in grasping tasks for healthy subjects as well as for
potential users, being forearm amputees using myoelectrically
controlled prostheses. This performance is expressed in an in-
crease of correct or nearly correct hand openings and a decrease
in absolute errors. Future applications of vibrotactile stimula-
tion are preferred over electrotactile stimulation, because the
duration of the tasks is undesirably increased with electrotactile
stimulation. The addition of touch feedback leads to even more
accuracy for vibrotactile feedback, but increases the duration of
the grasping tasks.
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