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Abstract

The implementation of a sensory feedback system is particularly important in upper limb prosthesis to improve closed-loop
control and prosthesis acceptance. Restoring the touch sensations of individual fingers becomes critical in increasing the sense
of embodiment of the artificial limb. Vibrotactile feedback appears as a feasible route to provide useful sensory feedback to
prosthesis users. Most studies evaluate the stimulation of the forearm as a potential location of the sensory feedback system.
However, it is also necessary to evaluate the stimulation of the upper arm to provide feedback to above-elbow amputees.
In this work, the ability of 30 able-bodied subjects to discriminate vibrotactile stimulations in the biceps was evaluated.
Particularly, experiments were conducted to evaluate their ability to discriminate different stimulation sites and different
stimulation patterns. Stimulation sites were associated to tactile feedback from individual fingers of a virtual hand whereas
simulation patterns were associated to potential grasping configurations of the hand. To compare the results, the same
experiments were performed on the forearm. The results showed that subjects discriminated finger’s tactile feedback with
about 94% average accuracy and grasping pattern feedback with about 85% average accuracy. The special acuity observed
in the upper arm suggests that vibrotactile stimulation may also provide suitable feedback for restoring tactile sensation in
above elbow amputees.
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1 Introduction

Over the years, various types of upper limb prostheses have
been developed for restoring the motor function allowing
prosthetic users to perform tasks that otherwise would be
impossible [1]. However, surveys and workshops centered
on prosthetic user needs revealed that there still are several
limitations significantly affecting the acceptance of modern
prosthesis [2, 3]. One of the main limitations is the lack of an
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appropriate feedback system for restoring the sensory func-
tion. For this reason, in the last years researchers increased
the amount of studies focused on understanding the natural
sensory feedback system and on determining appropriate
alternatives for providing artificial sensory information to
the users [4-7].

Direct nerve stimulation through implanted microelec-
trodes was proposed as an interface to provide natural sen-
sory feedback to amputees [8]. Arrays of microelectrodes
are surgically placed in direct contact with stump nerves
corresponding to the afferent pathway. Proper stimulation
through these electrodes can cause amputees to perceive
real touch and proprioceptive sensations referred to their
phantom hand. Clinical trials showed that this feedback
modality helped amputees to improve object manipulation
tasks and increase self-confidence [9—-11]. Implementing a
neural stimulation device that works outside the laboratory
is a complex engineering challenge that may require decades
to be accomplished.

In current prosthesis, the short-term realization of
sensory feedback requires unobtrusive, comfortable and


http://orcid.org/0000-0002-8934-1359
http://crossmark.crossref.org/dialog/?doi=10.1007/s40846-018-0374-1&domain=pdf

Vibrotactile Feedback for Restoring Touch Sensation

783

easy-to-implement alternatives. Different non-invasive feed-
back systems were proposed in the literature to close the loop
in myoelectric prosthesis by delivering sensory information
to subjects. Grasping force is the most common variable
coded to feedback because it is difficult to assess through
vision. Hand aperture, object stiffness, slippage, and finger
position are other sensory variables transferred to users for
improving their ability to control the prosthesis. Sensory
information is typically provided through interfaces based
on mechanotactile, electrotactile and vibrotactile stimulation
[12—14]. Sensory feedback through mechanotactile stimula-
tion is referred to as modality-matching feedback due to the
fact that the sensory variable measured in the prosthesis is
coded and transferred to the subject in the same modality.
For example, the grasping force is transferred to the subject
as force by applying pressure on the skin using servomotors
[14]. This sensory substitution method provides more intui-
tive feedback than vibro- and electrotactile feedback; how-
ever, it is more burdensome and may be difficult to integrate
into a prosthetic device.

Sensory feedback through vibro- and electrotactile stim-
ulations is referred to as modality-mismatching feedback
due to the fact that the sensory variable measured in the
prosthesis is coded and transferred to the subject in a dif-
ferent modality. For example, either an electric current or a
mechanical vibration is applied on the subject’s skin to code
information about grasping force [6]. Electrotactile stimu-
lation consists in delivering electric current to the surface
of the skin through either single or multichannel electrodes
[15-18]. Sensory information is conveyed by an independent
modulation of the stimulation parameters, i.e. pulse width,
amplitude and frequency of the pulse and stimulus loca-
tion [19-21]. The implementation of electrotactile inter-
faces on myoelectric prosthesis is suitable due to their low
power consumption, fast response and compact design. The
limitation of this approach is that the perceived sensations
may become uncomfortable to the user. It also represents
an interference to electromyography (EMG) signal record-
ing, which may strongly affect the control of the myoelectric
prosthesis [22].

Vibrotactile stimulation comprise mechanical stimulation
of fast adapting mechanoreceptors (Type I and II) using dif-
ferent types of actuators, i.e. linear electromagnetic actua-
tors, rotary electromagnetic actuators and non-electromag-
netic actuators [23]. In the field of prosthetics, the sensory
information measured in the prosthesis is transferred to the
user by modulating amplitude and frequency of vibration,
which in some cases cannot be controlled independently.
Arrays of coin vibration motors were placed on the fore-
arm both circumferentially and longitudinally to study and
determine appropriate stimulation parameters in terms of
stimulus modulation and stimulation sites [24]. These motor
distributions were used to study different coding strategies

to feedback information about level of grasping force [25,
26], hand aperture [27], object slippage [28] and object stiff-
ness [29]. Experiments conducted on able-bodied subjects
and amputees showed that vibrotactile feedback improved
their performance on virtual grasping and holding tasks [27].
Additionally, a study demonstrated that providing vibrotac-
tile stimulation to phantom finger sites on the residual limb
can improve the ability of amputees to discriminate multiple
feedback sites [30]. Finally, the usage of a single C2 tactor
was investigated as alternative to coin-shaped motors to pro-
vide vibrotactile feedback [31]. This is a more complex type
of stimulator that allows certain independence in the control
of the amplitude and frequency of vibrations. Experiments
on able-bodied subjects suggested that the modulation of
vibration amplitude provides superior grasping force feed-
back during virtual object manipulation tasks [31] Addi-
tionally, an appropriate training on vibrotactile feedback is
required to increase the ability of subjects to perform object
manipulation tasks [32, 33].

The reviewed literature shows that most of the works
are focused on vibrotactile feedback for transradial ampu-
tees. However, it is also interesting to understand how
transhumeral amputees or people with elbow disarticula-
tion would perform with vibrotactile feedback. The objec-
tive of this study was to determine the ability of subjects
to recognize vibrotactile feedback applied to the surface of
their biceps. Specifically, the effectiveness of stimulating
the upper arm was compared with respect to the forearm.
The methodology consisted of experiments conducted on
able-bodied subjects to evaluate their ability to discrimi-
nate different stimulation sites (spatial coding) and different
stimulation patterns (spatial and amplitude coding). Stimu-
lation sites were associated to tactile feedback from indi-
vidual fingers of a virtual hand, whereas simulation patterns
were associated to potential grasping configurations of the
hand. Results of the experiments indicated that the ability of
subjects to discriminate stimulation sites was significantly
higher than their ability to discriminate stimulation patterns.
Additionally, no statistically significant differences were
found in discrimination accuracy between upper arm and
forearm. Providing tactile feedback about the sensory state
of individual fingers is particularly important as it could help
amputees to increase the sense of embodiment of the pros-
thesis, and hence the functionality of the prosthetic hand
could be increased.

2 Methods
2.1 Vibrotactile feedback

Non-invasive vibrotactile stimulation was provided using
coin-shaped vibration motors having a diameter of 10 mm

@ Springer



784

J. M. Fontana et al.

and a thickness of 3.4 mm (Precision Microdrives Ltd, UK).
Their main advantages are the low costs and the small size
and weight, allowing an unobtrusive and simple mounting
into a prosthetic socket [25]. An array of three coin motors
was located on the anterior part of the biceps at a fixed dis-
tance from the elbow, using a custom-made fabric sleeve.
Motors were positioned following a diagonal line with a
separation between motors of 4 cm in the proximal-distal
direction and 4 cm in the lateral-medial direction (Fig. 1,
top). Literature showed that subjects can accurately discrim-
inate vibrotactile stimuli, for different orientations of the
stimulator array in the forearm, when the distance between
stimulators is about 4 cm [34]. The array of motors was later
placed on the subject’s forearm to compare the discrimina-
tion abilities at both locations (Fig. 1, bottom). Each motor
in the array provided information about the sensory state of a
specific finger on a virtual hand. Sites S1, S2, and S3 (Fig. 1)
were associated to the sensory state of the thumb, index and
middle fingers, respectively. In this study, two sensory states
(ON/OFF) were simulated on each site. In the ON condition
(i.e. finger in contact with an object), the motors were acti-
vated to produce 1 s of constant vibration at approximately
225 Hz. In the OFF condition (i.e. no feedback) the motors
were turned off.

2.2 Data Collection
A total of 30 able-bodied subjects volunteered for this study

(9 females and 21 males, mean age (SD) 27.7 (+ 9.6) years).
The Ethical Committee of the National University of Rio

Fig.1 Location of the vibration motors in the anterior part of the
biceps (top) and forearm (bottom)
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Cuarto approved this study. Informed consent was obtained
from all subjects included in this study. Subjects partici-
pated in an experimental session, where they were seated
comfortably with the dominant arm in a resting position
(Fig. 2). Subjects wore earmuffs throughout the experiment
to avoid any auditory cue associated to the motor sound that
could help them to discriminate vibration sites or patterns.
A custom-made software application was developed to gen-
erate a vibration stimulus and its corresponding visual cue.
The delay between vibrotactile and visual feedback was kept
less than 300 ms to avoid a perceivable delay between both
feedback conditions that may affect the results [35].

2.3 Experimental Procedure

The experimental session was divided into two parts. In
each part, a training period was implemented to help sub-
jects to adapt to the system and to learn to interpret vibro-
tactile feedback [32]. The first part consisted in discrimi-
nating the site of a stimulus (S1, S2, and S3). It started
with a training stage in which 45 vibrotactile stimuli (15
for each site) were randomly provided to the subject while
he/she was looking at the computer screen for receiving
visual feedback. In this part of the experiments, the visual
cue was a picture of the anterior part of an open human
hand in which the finger being stimulated was highlighted
while the vibrotactile feedback was provided. In this
stage, subjects learned to associate each finger with the
corresponding stimulation site. Next, in the validation
stage, a new set of 45 vibrotactile stimuli (15 for each
site) was randomly provided to subjects without visual
feedback. After each stimulus, subjects determined which
site was stimulated and the experimenter either validated
or corrected the answer. This stage allowed subjects to
strengthen the finger—stimulus site association. Finally, in
the testing stage, 45 vibrotactile stimuli (15 for each site)

Fig.2 Setup of the experiment performed to evaluate the ability of
subjects to discriminate different vibrotactile stimulations
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where randomly provided to the subject, who was asked
to infer which finger was stimulated having neither visual
nor experimenter feedback.

The second part of the experiment consisted in discrim-
inating three different stimulation patterns associated with
different grasping configurations of the virtual hand. These
stimulation patterns were obtained by combining multiple
stimulation sites. For lateral grasping configuration, the
stimulus was presented as S1-ON, S2-OFF and S3-OFF
(i.e. only the site corresponding to the thumb was stimu-
lated). For pinch grasping, the stimulus was presented as
S1-ON, S2-ON and S3-OFF (i.e. thumb and index fin-
gers were stimulated simultaneously). Finally, cylindri-
cal grasping was presented as S1-ON, S2-ON and S3-ON
(thumb, index and middle fingers were stimulated simulta-
neously). In this part of the experiment, the visual cue was
a set of pictures of a human hand showing each grasping
configuration (see computer screen in Fig. 2). The picture
frame was highlighted to indicate which grasping configu-
ration corresponded to the stimulation pattern provided
to the subject. As in the experiments for discrimination
of stimulation sites, training and validation stages were
implemented to help subjects to learn and reinforce the
association between grasping configurations and stimula-
tion patterns. Finally, in the testing stage subjects were
asked to infer which grasping configuration was stimulated
having neither visual nor experimenter feedback. A total of
45 stimuli were randomly provided to subject during each
stage (15 stimuli for each pattern).

The experimental procedure described above was
repeated with the vibration motors located on the anterior
part of the forearm to compare the discrimination abilities
of subjects at both locations.

2.4 Data Analysis

Subject’s answers for the validation and testing stages were
logged into a datasheet and saved for analysis. Discrimina-
tion accuracy was the metric used to evaluate the perfor-
mance of subjects in the experiments. Accuracy was defined
as the number of correct answers stated by subjects divided
by the total number of the presented stimuli. Balanced two-
way analysis of variance (ANOVA) was performed to evalu-
ate the differences in discrimination accuracy over the exper-
imental conditions. In the first analysis, the arm location
for the vibrotactile stimulation (biceps-vs-forearm) and the
experimental stage (validation-vs-testing) were evaluated. In
another analysis, the stimuli locations and the discrimina-
tion tasks (individual finger vs. grasping pattern) were the
evaluated factors. Post hoc analysis on specific differences
was done using the Student 7 test. A significance level of 5%
was selected in all cases.

3 Results

As regards the identification of stimulation sites, results
showed that the average discrimination accuracy (+ SD)
in the validation stage in the biceps was 94.1 + 6.2% and
in the forearm was 93.7 + 5.9%. In the testing stage, the
average accuracy in the biceps was 93.9 + 6.5% and in the
forearm 92.1 + 9.0%. ANOVA analysis showed no signifi-
cant differences between the results of the experimental
stages (validation and testing, p = 0.471) and between the
results of arm location (biceps and forearm, p = 0.403). It
also showed no significant interaction in the effects of the
two factors on the discrimination accuracy (p = 0.624).
In the experiments involving the identification of stimula-
tion patterns, subjects achieved an average accuracy in the
validation stage of 84.1 + 10.1% in the biceps and 81.3 +
12.3% in the forearm. In the testing stage, the average accu-
racy in the biceps was 85.0 + 10.9% and in the forearm
82.1 £ 11.0%. The ANOVA analysis indicated no significant
differences in the discrimination accuracy between valida-
tion and testing stages (p = 0.675) and between biceps and
forearm locations (p = 0.151). No significant interaction
effects of experimental stage and arm location factors on
the discrimination accuracy were found either (p = 0.985).
Figure 3 presents boxplots that illustrate the distribution
of subject’s answers for identifying stimulation sites and
stimulation patterns during the testing stage. As regards
discrimination of stimulation site, 67% of the subjects
obtained accuracies greater than 95% in the biceps whereas
only 53% of subjects achieved more than 95% accuracy in
the forearm. Although no statistically significant differ-
ences were found, the results may indicate that participants
had more difficulties for discriminating stimulation sites
in the forearm than in the biceps. Considering the dis-
crimination of stimulation patterns, the average accuracy
in the biceps and in the forearm dropped significantly with
respect to the discrimination accuracy for stimulation site
(p = 0.0003 in the biceps and p = 0.0002 in the forearm).
A more detailed illustration of the results is presented in
Figs. 4 and 5. Figure 4 shows the confusion tables gener-
ated from all subject’s answers during the testing stage of
the stimulation site discrimination experiment. The main
diagonal of the tables (dark gray boxes) depicts the num-
ber of correct answers over a total of 450 for each site (30
subjects and 15 stimuli per site). The remaining elements
(white boxes) correspond to the incorrect answers. In both
locations (biceps and forearm), the incorrect answers were
mainly caused by subjects confusing adjacent sites. Site
S2 (motor in the center of the array) presented the lower
discrimination accuracy.
Figure 5 shows the confusion table for the testing stage
of the stimulation pattern discrimination. Also in this
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Fig.3 Boxplot that shows the
distribution of the accuracy of
subjects responses for individ-
ual finger and grasping pattern
discrimination. Dashed line
inside the box represents the
mean value

Fig.4 Confusion matrix
showing the results for site
discrimination. The last column
and the last row of each matrix
represent the true positive rates
and the discrimination accuracy
for each finger, respectively.
Bottom right box represents the
average accuracy

Fig.5 Confusion matrix show-
ing the results for stimulation
pattern discrimination. The
last column and the last row of
each matrix represent the true
positive rates and the discrimi-
nation accuracy for each finger
respectively. Bottom right box
represents the average accuracy

task, most of the incorrect answers were caused by sub-
jects confusing “adjacent” stimulation patterns. That is,
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active motors, when missing, subjects confused whether
1 or 2 motors were active or whether 2 or 3 motors were
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active. However, subjects hardly ever confused when 1 or
3 motors were active.

4 Discussion and Conclusion

In upper-limb prosthesis, the implementation of a sensory
feedback system is extremely important to achieve an intui-
tive control and, most importantly, to increase the sense of
embodiment of the prosthesis. Artificial tactile sensations
can be generated by connecting sensors placed on the finger-
tips of an artificial hand to electrical/mechanical stimulators
placed on the residual limb. Such actuators can be instan-
taneously activated, with different levels of intensity, when
subjects touch and grasp objects. This will stimulate the
skin’s mechanoreceptors in the residual limb inducing touch
sensations in the brain as if they originated from the artifi-
cial hand. In this work, the implementation of vibrotactile
feedback to restore tactile sensations on the upper arm was
investigated. Particularly, the ability of subjects to identify
different stimulation sites and different stimulation patterns
was evaluated. An accurate discrimination of stimulation
sites would help amputees to receive information about the
sensory state of individual fingers of the artificial hand. This
information would help them to identify which fingers are
touching an object and what level of force is being applied
to that object during manipulation tasks, thus increasing the
prosthesis embodiment.

Results of the site discrimination experiments showed
that subjects presented a high level of discrimination accu-
racy. They also showed that there were no significant dif-
ferences in the accuracies observed in the biceps and in the
forearm. An explanation for this may be found from a physi-
ological point of view. Each coin motor stimulated a specific
location on the skin, activating the skin’s mechanorecep-
tors and generating a sensory signal that travelled through
afferent pathways to the somatosensory cortex that decoded
the signal. The density of mechanoreceptors in the region
of stimulation plays an important role in the perception of
the vibrotactile stimuli and, most importantly, in the spatial
resolution [36]. The density of these receptors is similar in
the upper arm and the forearm [37]. This may be a possible
reason for not finding significant differences in the discrimi-
nation results at both locations.

The accuracy values obtained in this study for spatial
discrimination were comparable to the results observed in
previous studies. In [38], authors presented an array of 5
servomotors to provide mechanotactile stimulation to the
forearm of amputees and able-bodied subjects. Amputees
achieved an average accuracy of 75.2% in identifying five
different stimulation locations whereas able-bodied partici-
pants achieved 89.6%. In [31] and [33], vibrotactile stimula-
tion was provided to the biceps of participants using a single

actuator to determine appropriate stimulation parameters.
However, the spatial acuity of subjects was not evaluated in
those studies. In [20], subjects identified four movements
of a prosthetic finger with 95.6% of accuracy using a multi-
channel electrotactile feedback system (in the forearm). In
[12], two electrotactile coding schemes (spatial and mixed)
were evaluated for transferring 15 levels of grasping force
to the forearm of able-bodied subjects. The mixed coding
(frequency and spatial) scheme presented the highest dis-
crimination level (87%). The presented results corresponded
to psychometric tests, which only evaluated the capacity of
subjects to discriminate different stimulation modalities.
They constitute the first step towards the development of a
sensory feedback system, which would have to be evaluated
on closed-loop control tasks to understand and evaluate its
performance [12].

On the other hand, the ability of subjects to discriminate
grasping patterns dropped significantly with respect to their
ability to discriminate sites. This behavior was observed at
both stimulation locations (biceps and forearm). A potential
reason may be that stimulation patterns involved the activa-
tion of more than one vibration motor (sites) at the same
time. A vibrotactile stimulus with 1 active motor was felt
by subjects as a vibration of a pure tone whereas a stimulus
with 2 or 3 active motors was felt as repeated beats due to
a phase shift between motors caused by small differences
in the amplitude and frequency of vibration of each motor.
Such differences produced stimuli with similar amplitude
that may have been hard to distinguish. As a result, subjects
were able to accurately discriminate 1-motor stimuli but they
presented difficulties to distinguish stimuli produced by 2 o
3 active motors.

This paper contributes to the field of prosthetics and hap-
tics by showing that the upper arm may be a suitable location
to provide vibrotactile stimulation for restoring the sense
of touch. The experiments on able-bodied subjects revealed
that the spatial acuity on the biceps was not significantly
different with respect to the spatial acuity in the forearm,
location most commonly studied in the literature. This result
would help to increase the population of prosthetic users
who can receive and interpret sensory feedback by includ-
ing people with either transhumeral amputation or elbow
disarticulation. Integrating a sensory feedback system into
the upper-limb prosthesis is extremely important as it helps
people to increase the functionality of their prostheses and
hence reduce device abandonment [2].

During the experiments, a fixed distribution of actuators
was used to stimulate different sites in the biceps of able-
bodied subjects. This may constitute a limitation of this
study because amputees may have a limited space in their
residual for providing tactile feedback. Thus, the number and
location of the actuators would depend on the physiology of
the residual limb. Previous studies showed that transradial
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amputees may present a phantom map of the hand, which
allows finding specific sites in their residual limb that cor-
respond to the phantom fingers [30, 39]. Moreover, another
study demonstrated that the stimulation of skin areas without
phantom sensations could potentially help the development
of phantom finger sensations in the residual limb [40]. In
above elbow amputees, further studies are required to deter-
mine if they present the phantom map of the missing hand
or if it can be developed with appropriate stimulation. Thus,
future work will be focused on evaluating vibrotactile feed-
back on upper arm amputees to find potential stimulation
sites for restoring tactile sensations of individual fingers.
Additionally, future studies will seek to determine whether
restoring individual finger sensations through vibrotactile
stimulation would help subjects to improve their ability to
perform daily living activities.
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