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Abstract—Human grasping and manipulation control critically 

depends on tactile feedback. Without this feedback, the ability 
for fine control of a prosthesis is limited in upper limb amputees. 
Although various approaches have been investigated in the past, 
at present there is no commercially available device able to 
restore tactile feedback in upper limb amputees. Based on the 
Discrete Event-driven Sensory feedback Control (DESC) policy we 
present a device able to deliver short-lasting vibrotactile feedback 
to transradial amputees using commercially available myoelectric 
hands. The device (DESC-glove) comprises sensorized thimbles to 
be placed on the prosthesis digits, a battery-powered electronic 
board, and vibrating units embedded in an arm-cuff being 
transiently activated when the prosthesis makes and breaks 
contact with objects. The consequences of using the DESC-glove 
were evaluated in a longitudinal study. Five transradial amputees 
were equipped with the device for one month at home. Through a 
simple test proposed here for the first time—the virtual eggs 
test—we demonstrate the effectiveness of the device for 
prosthetic control in daily life conditions. In the future the device 
could be easily exploited as an add-on to complement myoelectric 
prostheses or even embedded in prosthetic sockets to enhance 
their control by upper limb amputees. 
 

Index Terms—haptic interface, sensory substitution, upper 
limb prosthetics, virtual eggs test, wearable technology  
 

I. INTRODUCTION 
HE loss of a limb is a traumatic event and this is 
particularly evident in the case of a hand amputation. 

While an acceptable level of grasping function is often gained 
through active prostheses, restoring sensory functions remains 
one of the open challenges in this field. The motor function of 
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a lost hand can be partially re-established with a body-
powered or a myoelectric prosthesis. As body-powered 
prostheses are controlled by means of cables actuated through 
body movements, users can infer both their aperture (from the 
amount of movement) and grip strength (through the reaction 
forces transmitted by the control cable and harness on their 
body). In contrast, the technically more advanced myoelectric 
prostheses are controlled by processed electromyographic 
(EMG) signals from residual muscles, and their control 
represents a significant cognitive load because the users have 
to rely on vision (e.g., if a grasp has been completed) and 
incidental stimuli (audible noise from the motor, socket 
pressures and vibrations, etc.) to regulate their actions 
[1][2][3]. 

Although significant progress has been made in the field of 
articulated prostheses [4], control interfaces [5][6] and control 
algorithms [7], the sensory feedback component and its 
practical effectiveness in activities of daily living remains an 
unresolved issue. Yet it stands to reason to believe that such 
feedback should improve the control of the prosthesis in the 
daily use [2][8]. 

Sensory feedback can be provided invasively or non-
invasively (for a recent review, see [1]).  Invasive feedback 
can be provided using surgically implanted electrodes 
targeting afferent nerves within the residual limb [9], and 
holds a potential of eliciting close-to-natural tactile sensations 
[10]. In contrast, non-invasive stimulation generally relies on 
the ability of the individual to learn to correctly interpret 
artificial sensory stimuli, although modality (e.g. pressure to 
pressure) and somatotopical matching (e.g. eliciting phantom 
sensations) can shorten the learning process [1]. Among the 
non-invasive techniques, vibro- or electro-tactile feedback 
have been widely investigated in the past as they do not 
require surgery, their high acceptance by the users, low power 
consumption, small dimensions and compatibility with the 
EMG signal [11][12][13][14]. 

Whether applying invasive methodologies or not, in 
previous studies a feature of the feedback stimulus (e.g. the 
amplitude of the vibration or of the electrical current) was 
continuously modulated by the grip force of the prosthetic 
hand. The expectation was that with training users would 
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display improved dexterity by fine-tuning the grip force 
control. However, improved manipulation ability with closed-
loop control of a prosthesis remains to be demonstrated, 
although this approach has proven to be useful in force-
matching experiments [15][16] and to stably elicit different 
recognizable sensations using both invasive [5][17][18] and 
non-invasive stimulation [11][19][20]. In fact, previous 
studies either provide contradictory results [14][15][21][22] or 
are still at a preliminary stage [23][24]. We are aware of only 
two exceptional case studies in which improved manipulation 
performance was achieved with closed loop control and both 
employed invasive methodologies. Kim and Colgate [19] 
reported improved control in a virtual grasp-and-lift task after 
targeted muscle reinnervation (TMR) [25] while Tan and 
colleagues [17] reported improved bimanual dexterity in a 
single amputated patient who received stimulations through 
chronically implanted neural cuff electrodes. 

We have identified several reasons for the shortage of 
successful results. First, and perhaps the most important factor 
is that sensory relearning strongly depends on the patients’ 
ability to reinterpret sensory information [26]. Indeed, even 
with apparently ideal sensory feedback, i.e., after re-suturing 
accidentally severed nerves and subsequent significant re-
innervation of biological sensors has occurred, functional 
results are unsatisfactory unless the patient is in the early teens 
or younger [27]. Second, common to all past solutions is that 
feedback was provided in a continuous fashion and yet it is 
well known that humans tend to adapt to such stimuli [8]. 
Thirdly, providing feedback via sensory systems that are not 
normally engaged in a task taxes the cognitive systems 
[14][15]. 

To address these issues, we have developed a device that 
taps into established sensorimotor mechanisms and delivers 
short-lasting sensory cues rather than continuous feedback. 

According to the Discrete Event-Driven Sensory Feedback 
Control (DESC) policy [28][29][30], i.e., a neuroscientific 
hypothesis of the mechanisms involved in humans’ 
sensorimotor control, manipulation tasks are organized by 
means of multi-modally encoded discrete sensory events, e.g., 
resulting from object contact, lift-off, etc. (Fig. 1). The 
nervous system monitors such events and uses them to apply 
control signals and, if necessary, to initiate corrective actions 
that are appropriate for the task and the current phase. 
Specifically, the device introduced in this study provides 
feedback about when a prosthetic hand makes and breaks 
contact with objects, events known to be highly significant for 
the normal grasp-and-lift control, and, as such, the feedback 
was expected to be naturally associated with the 
corresponding mechanical events. Results show that, after an 
initial training period, the device enabled all five recruited 
amputees to improve their manual dexterity. To our 
knowledge, this is the first demonstration of a non-invasive 
sensory feedback system that improves functional 
performance in target patients. 

II. ARCHITECTURE OF A DESC-GLOVE 
Building on the DESC policy, we envisioned a device, 

namely DESC-glove, able to inform the user on the 
completion of task phases through discrete stimulations 
delivered synchronously with respect to some pertinent events 
(specifically, object contact and release). Since we already 
demonstrated this principle to be functional with healthy 
subjects by using vibrotactile stimuli containing only temporal 
information about transitions between phases (i.e., signaling 
when a mechanical event occurred) [31], we argued that it 
should be possible to use any stimulation modality (e.g. 
electro-tactile, pressure) without degrading the effectiveness 
of such a device. In addition, we showed that, although the 

 
Fig. 1.  Phases and sub-goals of a pick-lift-replace manipulating task. Vertical lines indicate the mechanical events that separate consecutive grasp phases and 
represent completed task sub-goals. These events are signaled through tactile events to the central nervous system and are used to apply control signals and if 
required to trigger corrective actions (modified from [30]). 
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vibrotactile stimuli obviously do not evoke the patterns of 
afferent discharges normally associated with either touch or 
lift-off, they were nevertheless embedded in the sensorimotor 
control of the task. This suggests, but still has to be 
demonstrated, that the exact stimulation patterns and sites 
(both influencing the patterns of afferent discharges generated 
during the stimulation) have little effect on the effectiveness of 
vibrotactile sensory feedback.  

III. IMPLEMENTATION OF A DESC-GLOVE FOR 
CONVENTIONAL MYOELECTRIC PROSTHESES 

The DESC-glove comprised two main parts (Fig. 2(a)): (1) 
sensorized digit thimbles designed to fit digits of conventional 
myoelectric prostheses and (2) an arm-cuff attached by elastic 
bands to the residual arm and containing a custom printed 
circuit board (PCB), a battery, and miniature vibrators. 

A. Thimbles 
Thimbles were preferred over a sensorized glove as they 

were easier to don and doff for the participants (Fig. 2). Given 
that conventional myoelectric prostheses are single degree of 

freedom devices, there was no need to equip the prosthetic 
fingers with independent thimbles. Accordingly, one thimble 
detected contact and release events on the thumb palmar area, 
while the thimble connecting the index and middle fingers 
detected those events in parallel on their palmar areas. The 
thimbles were cast in silicone rubber (SORTA-Clear shore 
40A, Smooth-On Inc., Allentown, USA). During the casting 
process, different FSR sensors were embedded in the 
polymeric matrix depending on the shape of the thimbles (Fig. 
2(a)): one FSR 400 for the thumb and two FSR406 short for 
the combined index and middle finger (Interlink Electronics 
Inc., Westlake Village, USA). Once fitted on the prosthesis, 
the thimbles thus could sense contact events (and the grip 
force) at the thumb and the opposing digits of the prosthesis. 

The thimbles were characterized by means of a 3D 
positioning platform (VT-80 linear stages, PI miCos GmbH, 
Eschbach, Germany) equipped with a tri-axial load cell 
(NANO17, ATI Industrial Automation Inc., Apex, USA), 
which applied a known deformation on the thimbles surface 
while the embedded sensor and load cell outputs were 
recorded. The output voltage profile showed that the 

 
Fig. 2.  The DESC-glove. A) The device is composed of two parts: sensorized digit thimbles that detect contact with objects and an arm cuff used to stimulate 
the user via miniature vibrating motors. B) The device fitted on the myoelectric prosthesis of an upper limb amputee. C) The arm cuff of the DESC-glove 
redesigned by an industrial designer in order to improve its comfort and aesthetics.  

 
Fig. 3.  (A) Comparison between the output of a bare FSR sensor (blue) and a sensorized thimble (red). The silicone matrix of the thimble thus did not degrade 
the sensibility of the embedded sensor. (B) Timing characterization of the DESC-glove for a contact event detection: the contact threshold was set to 0.3N and 
the duration of the PWM activation of the vibrators to 60 ms. In the example, the stimulus reached the human force perception threshold in ≈ 7 ms after the 
contact was detected.  
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sensibility threshold of the instrumented thimble was 0.14 N ± 
0.015 N (mean ± SD, n=10, Fig. 3(a)) which matched the 
sensibility of the bare FSR; hence, the sensor sensibility was 
not degraded by the surrounding silicone matrix. This was 
pivotal for intended use of the thimbles, i.e., that they should 
faithfully and rapidly encode touches and releases. 

The PWM activation duration and the detection algorithm 
were based on our early study [31]. In particular, the 
activation was set to 60 ms, while the contact and release 
events were identified by detecting when signals coming from 
the thimbles or when their first time derivatives crossed their 
respective thresholds. Allowing for a small safety margin 
against false positives, these voltage thresholds were set so to 
correspond to ~0.3 N and ~0.1 N/ms respectively.  

B. Arm-cuff with the electronic controller and vibrators 
The DESC architecture was implemented by an electronic 

controller on the PCB (Fig. 4). This was based on an 8-bit 
microcontroller (PIC18LF4431, Microchip Technology Inc. 
Chandler, USA) designed to monitor at 1kHz analog signals 
from the FSR sensors and to activate two miniaturized DC 
vibrating motors (model 306-101, Precision Microdrives Ltd, 
London, UK) when the signals reached pre-set thresholds. 
Each vibrator was driven by the microcontroller using pulse 
width modulation (PWM). In particular, the firmware of the 
microcontroller was designed to compute the PWM signal 
duty cycle by taking into account the battery charge level 
(monitored every 10s by the microcontroller) and the rated 
voltage of the vibrators (stored in the microcontroller 
memory). In this way, the strength of the vibration was made 
stable against battery discharge and allowed vibrators with 
different rated voltage to be used. 

In addition to the functions required for providing the 
DESC-like vibrotactile feedback, the controller monitored the 
status of a push-button available on the PCB: when the button 
was pressed for >2 s the device turned on or off, when pressed 
for <2 s the device indicated the battery charge on a RGB 
LED. 

The controller also handled a RS-232 compatible serial 
communication (implemented over a USB) used for 

reprogramming, debugging, and setting purposes. In 
particular, the serial communication allowed the modification 
of the parameters stored in the microcontroller memory: the 
intensity and duration of the stimulation, the vibrators rated 
voltages, and the vibrators activation thresholds. This design 
allows prospective prosthetic operators to adjust functional 
properties of the device at will without the need of specific 
technical knowledge (i.e., firmware programming). For 
example, if the vibration is too strong or weak it can be easily 
tuned through a PC application connected to the system 
through a standard USB cable. The latter also served for 
charging the internal battery (model LP-402025-1S-3, 155 
mAh) via standard USB chargers or plugs. Finally, the battery 
together with the electronics were securely housed in a slim 
plastic case (55x42x13 mm) to avoid risks of short-circuits 
due to body sweat. 

There was a tight temporal coupling between the vibrator 
activation and both contact and release events: the delay 
between a detected event and when the stimulus reached the 
human force perception threshold on the forearm (i.e. less than 
10-2 N [11]), was <10 ms (Fig. 3(b)). This delay was mainly 
due to the motor inertia of the vibrator that, of course, also 
affected the duration of the stimulus (i.e., the vibrator kept 
rotating for ~150 ms after the PWM was switched off) and its 
frequency (which varied between 100 Hz and 200 Hz, from 
the nominal value of 205 Hz). 

Electrical wires were used to connect the thimbles to the 
PCB in the present prototype (Fig. 2), but a wireless 
connection between the thimbles and the arm-cuff would be 
advisable in future implementations (Fig. 2(c)). 

IV. METHODS 
The effectiveness of the DESC-glove was assessed through 

a longitudinal study involving upper limb amputees recruited 
with the help of ANMIL (the Italian association of maimed 
and disabled workers; www.anmil.it). The inclusion criteria 
were that participants should have a transradial amputation, 
use a myoelectric prosthesis >3 days per week, and be 
otherwise physically and mentally healthy. 

Five upper limb amputees matching the inclusion criteria 
gave their informed consent to participate in the study 
according to the Declaration of Helsinki. They all used their 
prostheses at work and domestically practically at all awake 
hours (Table 1). They were provided with the device (Fig. 2) 
for four weeks while the effects of the DESC-like feedback on 
their prosthesis control performance were assessed weekly in 
experimental sessions. The participants were informed that the 
device delivered short lasting vibrations when grasping and 
releasing objects and instructed to use the device as much as 
possible during daily life activities (at work as well as at 
home) even if the additional feedback initially would seem 
useless. Subjects were instructed to wear the arm-cuff on their 
upper arm, but they received no indication regarding the exact 
placement of the device (i.e. its angular orientation or distance 
from the elbow). Importantly, no participant reported any 
phantom sensation evoked by the vibrators of the DESC-
glove.  

 
  

Fig. 4.  DESC controller architecture for contact events detection. Similar 
algorithms are implemented for release event detection. TON is the activation 
time of the PWM signal. CX is the sensor contact status (i.e., 1 = contact, 0 = 
no contact) and was used to avoid vibrator activations between events 
detection. 
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A. Modified box and blocks test: the virtual eggs test (VET) 
We designed a novel test to assess sensorimotor control of 

the hand, and in this case, to collect data on prostheses control 
with the DESC-glove, using the well-known box and blocks 
test as the starting point [32][33]. We call it the Virtual Eggs 
Test (VET), as it resembles the task of picking and 
repositioning fragile objects. The VET replicated the box and 
blocks test except that breakable blocks were used instead of 
the standard wooden ones. Empty paper blocks (50x50x50 
mm, 8 g; inset in Fig. 5) were equipped with a mechanical 
fuse (L=49 mm, d=1.3 mm, weight < 1 g) glued to two 
opposite walls. The force required to break the fuse, i.e., to 
“break the egg”, was measured by applying a compressing 
force (which was parallel to the mechanical fuse main axis) 
using the same apparatus used when characterizing the 
sensorized thimbles and turned out to be 10.7 N ± 1 N (mean 
± SD, n=25, 10 mm/s compression speed). The participants 
were instructed to transfer the fragile blocks presented in front 
of them from one side to the other of a 15 cm high wall as fast 
as possible but without breaking them. The performance was 
measured by the number of blocks transferred and percentage 
of blocks broken during 1 minute trials, similarly to the 
standard box and blocks test.  

The longitudinal study comprised five weekly experimental 

sessions. The first session was performed the same day they 
received the DESC-glove and then one after 7, 14, 21 and 28 
days. The experimental sessions consisted of six repetitions of 
the VET. Three repetitions were performed with the 
vibrotactile feedback activated (VTF-ON condition), while the 
other three with the feedback turned off (VTF-OFF condition). 
The order of VTF-OFF and VTF-ON conditions in each 
session was balanced across the participants to control for 
learning effects during the sessions. During the experiment 
subjects stood in front of the table where the test materials 
were placed (Fig. 5). Subjects were allowed to rest a couple of 
minutes between repetitions to minimize fatigue. The 
experimenter recorded the number of transferred and broken 
blocks in each session. 

B. Evaluation questionnaire 
After the last experimental session, all participants 

completed a short evaluation questionnaire. The questions 
translated from Italian are summarized in the Appendix. The 
questionnaire focused on two areas: the use and satisfaction of 
the subjects’ prostheses (four questions) and the subjects’ 
experience of the DESC-glove (eleven questions). The 
questions probed the usefulness of the DESC-glove asking for 
the activities of daily living in which it was deemed useful, if 
it elicited or enhanced a feeling of ownership of the prosthetic 
hand, and suggestions for improvements.  

C. Statistical methods 
Spearman’s rank correlations (rs) were calculated to 

evaluate monotonic trends in number of transferred blocks 
across test weeks for each subject as well as after aggregation 
across subjects. Mean rs across subjects were calculated after 
Fisher transformations. Wilcoxon signed rank test was used to 
evaluate differences in transferred blocks between VTF-ON 
and VTF-OFF conditions. 

To determine if the number of broken blocks was affected 
by vibrotactile feedback, rs was computed for each subject. 
Also, we computed the probability of the observed occasions 
in which the number broken blocks in the VTF-ON condition 
was lower than in the VTF-OFF condition for each day in all 
subjects assuming a binominal distribution, i.e., B(n,p) with 
n=25 (5 subjects × 5 days) and p=0.5. 

Statistical significance was defined as p<0.01. 

 
Fig. 5.  Participants performed a modified version of the box and blocks test 
using the prosthesis with fragile blocks (inset) for a total of six 1 min long 
trials: three with and three without the DESC-glove. The number of 
transferred blocks and broken fuses was recorded for each session. The 
DESC-glove stimulated the subject when the thumb and index/middle made 
or broke contact with objects. 

TABLE I 
DETAILS OF PARTICIPANTS 

Amputee Age Gender Dominant hand / 
amputation laterality Stump length 

Prosthesis 
currently 

used 

Years since 
first fit of a 
myoelectric 
prosthesis 

Prosthesis use 
Days per week / 
hours per day 

PI 44 F Right / Right Mid third SH† 19 7 / 16 

MM 38 M Right / Right Lower third SHS‡ 14 7 / 16 

MC 55 M Right / Right Mid third SHS 31 7 / 16 

DP 26 F Left / Left Mid third SHS 4 7 / 16 

AL 75 M Right / Left Lower third SH 30 7 / 16 
†SH=Ottobock Sensor hand. ‡ SHS=Ottobock SensorHand speed. 
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V. RESULTS 

A. Modified box and blocks test: the virtual eggs test (VET) 
The performance with (VTF-ON) and without vibrotactile 

feedback (VTF-OFF) was assessed by the proportion of 
broken blocks and the rate of block transfer. While a negative 
trend in the percentage of broken blocks across the 15 
repetitions (3 repetitions × 5 sessions) was highly significant 
across subjects in the VTF-ON condition (rs = -0.76; 
p<0.0005), it did not reach statistical significance in the VTF-
OFF condition (rs = -0.31; p>0.05). In addition, in 21 of the 25 
sessions (5 participants × 5 sessions) the participants 
performed better in the VTF-ON than in the VFT-OFF 
condition (Fig. 6(b); p<0.001). All participants thus performed 
better in the VTF-ON than in the VTF-OFF condition (Fig. 
6(a-b)). 

In all but one subject the number of transferred blocks 
increased significantly across the experimental sessions: rs was 
0.87 and 0.65 in the VTF-ON and VTF-OFF conditions, 
respectively (p<0.005 for both; Fig 6(c)). To determine if the 
additional feedback negatively affected the subjects’ speed in 
transferring the blocks, the median number of transferred 
blocks across all sessions was compared between conditions. 
There was, however, no sign of such a negative effect (p>0.5, 
one-tailed Wilcoxon signed rank test), i.e., the number of 
transferred blocks for all subjects was either the same or 
higher in the VTF-ON than in the VTF-OFF condition. 

There was no indication that the DESC-glove required 
extensive training to be effective. In fact, most participants 
seemed to take advantage of the DESC-glove signals within a 
week, if not during the very first session. 

B. Evaluation questionnaire 
All subjects used the DESC-glove daily and 3/5 (PI, MM, 

AL; cf. Table 1) reported that they used it for >8 hours every 
day of the 4 week study. They all agreed that the device was 
useful and specifically when grasping and manipulating fragile 
objects (4/5), and during housework (1/5; DP). 

Everyone reported that they would like to use the DESC-
glove also after the end of the study but they also shared 

concerns about the aesthetics of the device, two of them 
expressed that they would like to see the hardware embedded 
in the socket, and one (DP) was concerned that the thimbles 
were not waterproof. Interest in testing a sensory feedback 
system that would provide information about grasp strength 
was expressed by all but one subject (DP). 

Interestingly, all but one subject (AL) reported that they 
sometimes (3/4) or often (1/4; MC) expected vibrotactile 
stimuli when they used the prosthesis without the DESC-
glove. Moreover, all subjects except DP perceived their 
prostheses as “a part of their body” already before the study 
commenced and two of them (PI, MC) stated that this was 
even more salient while using the DESC-glove. 

VI. DISCUSSION 
To our knowledge, this is the first demonstration of a 

sensory feedback system that objectively and subjectively 
improves myoelectric prosthesis control beyond that observed 
with visual feedback alone in a realistic setup involving 
amputees. The DESC-glove can be used safely and reliably at 
home and at work and quickly be donned and doffed by the 
subjects themselves. Its main effect was a statistically highly 
significant decrease in the fraction of broken blocks implying 
improved sensorimotor control. Importantly, in contrast to 
some past paradigms [34][35], performance speed was not 
reduced when the feedback was turned on implying that 
providing DESC feedback minimally taxes subjects’ cognitive 
systems. In addition, to evaluate the manipulation performance 
of the subjects, we have introduced a new test of sensorimotor 
functions of the hand, i.e., the Virtual Eggs Test (VET). 
Although the limited number of subjects did not allow for 
statistical analyses of the questionnaires they all completed, 
their responses strengthened the notion that the DESC-glove is 
clinically viable. All subjects agreed, for instance, that the 
DESC-glove was useful in daily life activities performed with 
poor visual control (e.g. at night or when grasping hidden 
objects) and when grasping fragile objects. In fact, despite its 
lack of aesthetic appeal and its technological shortcomings, 
three out of five participants chose to keep the device after the 
testing period. 

Our main theoretical starting point was the converging 

 

 
Fig. 6.  Results from the virtual eggs test. Dashed lines represent VTF-OFF condition, solid lines represent VTF-ON condition. (a) Mean percentage of broken 
fuses from all experimental sessions across test weeks for all subjects. Only the VTF-ON condition showed a significant negative trend in the percentage of 
broken fuses across the 15 repetitions (3 repetitions × 5 sessions, rs=–0.76; p<0.001). (b) Scatter plot comparing the mean percentage of broken fuses in the two 
conditions. Each dot represents a single experimental session from one subject. In 21 out of the 25 experimental sessions, significantly more fuses were broken 
in VTF-OFF than in VTF-ON condition. (c) Block transfer rate for each experimental session (median ± Q1/3). Both conditions showed significantly positive 
trends (rs=0.65 and 0.87 for VFT-OFF and VT-ON respectively, p<0.005 in both cases. 
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evidence that supports the notion that human manipulation is 
guided by multimodal, temporally correlated sensory 
information that signifies the completion of sub-tasks and 
allows seamless transition from one phase to another 
[28][29][30][31]. Within this framework, one can expect any 
sensory input correlated with phase transitions to be integrated 
in the sensorimotor control in humans, whether the additional 
input is redundant or not. 

In the absence of natural sensory inputs, humans take 
advantage of any information available to complete a task. 
Without vision, for instance, sound frequencies arbitrarily 
mapped to object sizes are used within a few trials for the 
control of grasp aperture [36], and a blindfolded subject with 
sound-masking headphones which receives grip-force-related 
sensory stimulation from a prosthesis takes advantage of such 
stimulation to modulate the grip forces [15][18]. Such 
demonstrations, however, do not necessarily imply that the 
added information will be useful also under normal conditions, 
i.e., activities of daily living. Indeed, as alluded to in the 
introduction, there are very few examples of sensory 
substitution schemas that have proven useful but notably they 
all rely on continuous feedback of seemingly critical task-
relevant parameters such as grasp force. On the contrary, 
subjects used the DESC-based feedback for improving their 
prosthesis closed-loop control during a manipulative task of 
light and fragile objects, even if it did not provide task-specific 
information (as grasp force is for manipulation). Notably, the 
subjects learned to use the DESC feedback during activities of 
daily living, and were able to transfer this ability to a specific 
task, viz., the VET. In contrast, such transfer of learning was 
not shown in previous studies when subjects were trained and 
tested with the same task [14][16][19][21][22]. However, it 
still remains to be demonstrated if similar results would be 
observed with heavier or more slippery objects, as these would 
require different minimum grip forces to be successfully 
grasped. 

Most of the studies which implemented a closed-loop 
prosthesis with artificial feedback used continuous and 
proportional stimulation but failed in showing any evident 
objective improvement [14][22]. In the two exceptional cases 
mentioned in the introduction [17][19], feedback was provided 
in a modality-matched fashion and through physiological 
channels. Our work corroborates their finding and general 
ideas: sensory feedback does improve closed-loop motor 
control but only if provided in certain ways. Among these 
ways, we demonstrated that the wearable DESC-glove 
exploiting the DESC-policy is an option, which, in contrast to 
methods that require surgical procedures, holds the potential to 
have an impact on a wide range of patients. Importantly, our 
results were achieved without explicit grip force information – 
only events were provided as feedback cues. 

The advantages of using time-discrete feedback over that of 
feedback provided in a continuous fashion are manifold. First, 
sensory feedback is provided in a physiological way, i.e. to 
confirm the completion of specific phases comprising the 
motor task [30]. Second, learning how to use the feedback is 
simplified because what has to be learned is simply to 

associate specific mechanical events with temporally 
synchronous discrete sensory stimuli. Thirdly, technically 
speaking, compared to solutions which provide continuous 
feedback, the battery life of DESC-glove is extended since the 
activation time of the vibrotactile units is drastically reduced. 
This allowed using smaller batteries, reduced the size and 
weight of the device and thus improved wearability. 

As suggested in [31], we showed that the time-discrete 
feedback is integrated also when delivered to arbitrary body 
sites (in this case, the arm), confirming that the stimulation 
sites may not be critical when providing vibrotactile sensory 
feedback. Even though the present study focused on hand 
prosthetics, the DESC-glove can be easily adapted to different 
scenarios. For instance, we intend to replace the thimbles with 
actual gloves to adapt the DESC-glove for use with 
participants having impaired sensory system, e.g., after 
peripheral nerve injuries to broaden the application field and 
further corroborate the usefulness of providing sensory 
feedback in line with the DESC hypothesis. 

To date there is no standardized method for assessing the 
effectiveness of sensory feedback in closed-loop prostheses. 
For example, the test of Tan and colleagues [17] involved 
cherries with variable and unpredictable mechanical 
properties. A more complex example that is closer in nature to 
the VET was presented by Meek et al. [37], who asked 
amputees to move a single “virtually breakable” object 
between two fixed positions on a desk; one of the object’s 
sides was held in position by a magnet and thereby allowing a 
certain maximum grip force before ‘breaking’. While the VET 
is conceptually similar to these tests, i.e., involves actions 
dependent on well-controlled surface normal grasp forces, it 
alone takes advantage of the well-known and standardized box 
and blocks test to measure the participants’ performance. 
Moreover, given its simple setup and use, the VET may 
complement functional tests already available in research 
laboratories and rehabilitation centers [32][38]. Calibrated, 
standardized mechanical fuses can be easily obtained using 3D 
printers or using pieces of industrially prepared spaghetti, as 
was done in the present study. 

The DESC-glove can be improved in several respects. For 
example, as it showed to be less effective [31], the first 
version of the DESC-glove did not convey feedback 
information related to lift-off and replace events. However, 
those are known to be important phase transitions during 
dexterous manipulation. To address this, additional sensors, 
e.g., accelerometers, could be embedded in future versions of 
the device. While FSR sensors represent a very competitive 
trade-off between performance and cost, the sensibility of 
these sensors is still lower than the one of the human fingertip 
(0.14 vs. <0.01N, [11]). This limits the responsiveness of the 
device in situations in which the grip force increases slowly 
(e.g. when grasping highly compliant objects), hence more 
advanced tactile sensors may be required to support such 
tasks. However, we believe that the limits of FSR sensors 
minimally, if at all, affected our results (cf. Fig. 3). We 
developed and tested our device with conventional one degree 
of freedom hands, but there is no reason to believe that the 
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results could not be generalized to advanced articulated hands 
that are becoming available. It remains, however, to be 
determined how many vibrotactile channels humans can 
integrate for sensorimotor control. Notably, the main concerns 
about the device expressed by the users were not related to its 
technical performance but related to its cosmetic appearance, 
to the cables connecting the arm cuff to the thimbles, and to its 
lack of waterproofing. To address these shortcomings, the 
DESC-glove was redesigned after the study by an industrial 
designer (Fig. 2(c)), and the cables will be replaced by a 
wireless link. 

APPENDIX - QUESTIONNAIRE 
Prosthesis use and satisfaction evaluation. 

1. How long have you been using a myoelectric 
prosthesis? 

2. How many days per week do you use your prosthesis? 
(0 – 7 days) 

3. In the day you use the prosthesis, how long do you use 
it? (1 – 16 hours) 

4. Before using the DESC-glove, what did you think 
about your prosthesis? 

• The prosthesis is a part of me 
• The prosthesis is a useful tool 
• The prosthesis is a useless tool 

DESC-glove use and satisfaction evaluation. 
5. When you used your prosthesis, how much did you use 

the DESC-glove as well? 
• Always 
• More than 50% of the times 
• Less than 50% of the times 
• I rarely used the DESC-glove 

6. Do you think that the DESC-glove is useful? 
• Absolutely yes 
• I find it useful during certain tasks 
• I don’t think it is useful 
• It is useless and annoying 

7. If yes, in which tasks do you think the device is more 
useful? (open question)  

8. While using the DESC-glove, do you feel the 
prosthesis to be more as part of yourself? 

• Yes  
• No 
• I don’t know 

9. When you use the prosthesis without the DESC-glove, 
did ever happen that, when touching an object, you 
expected a stimulation (vibration) that did not arrive? 

• No, never 
• Sometimes 
• Often 
• Always 

10. If so, did this sensation increased with time during 
the testing period? 

• No, it decreased 

• It did not change 
• Yes, it increased 

11. Would you like to use the DESC-glove after the end 
of the testing period too? 

• Yes, sure 
• Yes, if it was more aesthetically pleasing 
• Yes, if I could wear it under my clothes 
• Yes, if it was embedded in the prosthetic socket 
• No 

12. Would you like to try other types of feedback? 
• Yes, but I don’t know which one 
• Yes, but not with the vibration 
• Yes, a feedback proportional to the grip force 
• Yes, a feedback that remains active for the 

whole duration of the grasp 
• No, I like this one 

13. After using the DESC-glove, what do you think about 
your prosthesis? 

• The prosthesis is a part of me 
• The prosthesis is a useful tool 
• The prosthesis is a useless tool 

14. What are the mayor weaknesses of the device? (you 
can chose more than one answer) 

• Donning and doffing procedure 
• Weight 
• Aesthetics 
• Noisiness 
• Type of feedback 
• Other: ___________________________ 

15. How would you improve the DESC-glove? (open 
question) 
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