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A compact solution for vibrotactile D
proprioceptive feedback of wrist rotation
and hand aperture

Andrea Marinelli"", Nicol® Boccardo'?, Michele Canepa'?, Dario Di Domenico'?, Emanuele Gruppioni®,
Matteo Laffranchi’, Lorenzo De Michieli, Michela Chiappalone'®, Marianna Semprini' and Strahinja Dosen®

Abstract

Background Closing the control loop between users and their prostheses by providing artificial sensory feedback is
a fundamental step toward the full restoration of lost sensory-motor functions.

Methods \We propose a novel approach to provide artificial proprioceptive feedback about two degrees of freedom
using a single array of 8 vibration motors (compact solution). The performance afforded by the novel method during
an online closed-loop control task was compared to that achieved using the conventional approach, in which

the same information was conveyed using two arrays of 8 and 4 vibromotors (one array per degree of freedom),
respectively. The new method employed Gaussian interpolation to modulate the intensity profile across a single
array of vibration motors (compact feedback) to convey wrist rotation and hand aperture by adjusting the mean
and standard deviation of the Gaussian, respectively. Ten able-bodied participants and four transradial amputees
performed a target achievement control test by utilizing pattern recognition with compact and conventional
vibrotactile feedback to control the Hannes prosthetic hand (test conditions). A second group of ten able-bodied
participants performed the same experiment in control conditions with visual and auditory feedback as well as
no-feedback.

Results Conventional and compact approaches resulted in similar positioning accuracy, time and path efficiency,
and total trial time. The comparison with control condition revealed that vibrational feedback was intuitive and
useful, but also underlined the power of incidental feedback sources. Notably, amputee participants achieved similar
performance to that of able-bodied participants.

Conclusions The study therefore shows that the novel feedback strategy conveys useful information about
prosthesis movements while reducing the number of motors without compromising performance. This is an
important step toward the full integration of such an interface into a prosthesis socket for clinical use.

Keywords Closed-loop control, Proprioceptive feedback, Vibromotors, Gaussian interpolation, Spatial encoding,
Multichannel stimulation, Hannes hand
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Background

Amputation is a debilitating event with substantial physi-
cal, social, and psychological consequences [1], but lost
motor functions can be partially restored using myoelec-
tric prostheses [1-3]. Modern devices include advanced
robotic hands with several degrees of freedom capable of
performing multiple grasp types [3, 4], but they do not
provide somatosensory feedback; hence, the reconstruc-
tion of the lost limb is not complete. Only two com-
mercial hands provide simple feedback to the user (e.g.,
Ability hand [5] and Vincent hand [6]), but the feedback
conveys only the grasping force, while the natural feed-
back from biological hands includes both exteroception
and proprioception. Providing the artificial propriocep-
tive feedback to the prosthesis users is important, as it
would allow them to perceive the configuration of their
bionic limb without looking at it. The ability to “feel” the
prosthesis movements can also facilitate the embodi-
ment, thus promoting the acceptance and usability of the
system [2, 7].

The methods and technologies for restoring miss-
ing sensory information and consequently enriching the
prosthesis-user interaction have been the focus of recent
research efforts [1, 8—11]. Artificial feedback can be con-
veyed either invasively [12-15], by activating peripheral
nerves using electrical stimulation, or non-invasively [9,
16-19], by delivering mechanical or electrical stimula-
tion to the skin of the residual limb. Both methods can
provide different types of information (e.g., pressure [20],
texture [12], slippage [21], and pain [13]), but the grasp-
ing force is still the most common choice for the feed-
back variable [9, 18, 19, 22, 23]. Artificial proprioceptive
feedback, which conveys the position of the prosthesis
joints (e.g., wrist rotation and hand aperture), has been
rarely considered [17, 24—27] and is typically limited to
the hand aperture [9, 15] while fewer studies have investi-
gated wrist rotation feedback [24, 28].

Non-invasive methods for providing feedback typically
rely on sensory substitution. In this approach, prosthesis
variables are translated into stimulation profiles accord-
ing to a predefined encoding scheme, and the stimulation
is delivered to the participant. Most often, the hand aper-
ture and wrist rotation are conveyed using parameter
modulation, which means that the value of the feedback
variable is associated with the stimulation intensity or
frequency [29, 30]. An alternative approach is to employ
spatial encoding, in which the movement of the prosthe-
sis is intuitively represented as a tactile sensation moving
across the residual limb [31-35].

Modern prostheses integrate several active degrees of
freedom (DoFs) [1, 4], usually combining hand opening
and closing with active wrist rotation. Therefore, to con-
vey the full state of the prosthesis to the user, artificial
feedback needs to transmit two feedback variables: one
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encoding the hand aperture and the other encoding the
wrist rotation. However, only a few studies have proposed
feedback methods that can convey both variables [35]. In
addition, although the two DoFs can be controlled using
a simple 2-channel myoelectric interface, this approach
is slow and cognitively taxing because the user needs to
manually switch between the active functions [1]. In this
case, the preferred control method is pattern classifica-
tion because it eliminates tedious switching by directly
translating the user motion intention into prosthesis
movements [2, 4, 36—39]. However, only a few studies
have tested the integration of feedback on multiple DoFs
with pattern classification [17, 35, 40, 41]. For example,
Shehata, et al. [40] proposed augmented audio feedback
to provide 2-DoF movements of a cursor using different
sound frequencies. Audio feedback was then applied to
control a real prosthesis by adjusting the hand aperture
and thumb abduction/adduction during a virtual egg test
[42]. Patel, et al. [17] assessed the multichannel electro-
tactile feedback to provide individual finger positions
when controlling a dexterous robotic hand. Similarly,
Garenfeld, et al. [35] proposed discrete proprioceptive
feedback to encode 2-DoF movements of a cursor simu-
lating a prosthesis in a target-reaching task using multi-
pad electrodes.

In our recent study [43], a novel approach was pro-
posed to convey wrist rotation via an array of 8 vibration
motors placed around the forearm. The feedback variable
was transmitted through a combination of spatial encod-
ing and Gaussian interpolation of intensity to generate a
sensation that smoothly moved around the forearm con-
gruent with the rotation of the prosthesis. Importantly,
the tests showed that the smoothness of the tactile sen-
sation, determined by the standard deviation (o) of the
Gaussian, could be modulated without affecting the sub-
jects’ ability to localize the sensation, determined by the
mean (p) of the Gaussian [43]. Based on these results, we
assumed that the two parameters of Gaussian interpola-
tion can be used to provide two proprioceptive feedback
variables independently and simultaneously. Therefore,
in the present study, we propose a novel 2-DoF encod-
ing scheme in which the hand aperture and wrist rotation
are mapped to the parameters o and , respectively. This
mapping produces intuitive feedback because the param-
eter u moves the peak of sensation around the forearm
congruently with wrist rotation, while ¢ maps the hand
aperture to the spread of sensation (i.e., larger hand
opening, more spread sensation). The advantage of this
novel method is that it can lead to a compact feedback
interface that can convey the full kinematic state of the
prosthetic hand through a single array of eight vibromo-
tors (hereafter, the new method is referred to as Compact
feedback).
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To assess the validity and effectiveness of this approach,
we implemented the novel feedback method together
with pattern classification into an embedded platform
and used it for closed-loop control of the Hannes pros-
thesis [44, 45]. This novel strategy was compared to the
conventional approach, where the feedback was provided
using two vibromotor arrays (with eight and four motors,
respectively), each dedicated to conveying a single DoF
(Conventional feedback). Reducing the number of vibro-
motors in the feedback array is an important step in facil-
itating the integration of the feedback interface into the
prosthesis socket. The experimental assessment included
ten able-bodied participants and four transradial ampu-
tees, who performed a Target Achievement Control Test
(TAC) [46] using pattern classification to control rotation
and hand aperture, while the state of the prosthesis was
provided to the participant through vibrotactile feed-
back using either the Compact or Conventional interface.
In these tests, the prosthesis was hidden from view and
the motor sound was blocked, so that the participants
needed to rely only on vibrotactile sensations to control
the prosthesis. Moreover, a control group comprising
ten able-bodied participants underwent the same experi-
ment while receiving different levels of incidental feed-
back (visual, auditory and no feedback) with vibrotactile
stimulation deactivated. These additional tests were con-
sidered control conditions and they were conducted to
investigate how informative was vibrational feedback in
comparison to the incidental feedback sources. Depend-
ing on the specific context (e.g., prosthesis type, task),
these sources might be present or absent during the pros-
thesis use in real-life conditions [47].

Materials and methods

Participants

Ten able-bodied participants (aged 27.3 £ 3.06 yrs., 6
males) were recruited as the control group and other ten
able-bodied participants (aged 27.3 + 2.97 yrs., 5 males)
plus four transradial amputees (aged 53.3+£14.7 yrs., all
males) comprised test group. All the participants had no
prior experience with proprioceptive tactile feedback.
The control group performed the experiment in control
conditions (visual, auditory and no feedback). The test
group performed the same experiment using the two

Table 1 Information about participants with amputation
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methods to provide vibrational feedback (compact and
conventional interface).

The amputees were expert users of hand prostheses
with a single active DoF (Table 1). Before starting the
experiment, the participants were informed of the pro-
tocol, and they signed an informed consent form. The
experimental protocol was approved by the local ethics
committee.

Experimental setup

The experimental setup (Fig. 1A) comprised the follow-
ing components: (1) a standard laptop (DELL XPS 15,
Intel Core 19 @2.60GHz, 32GB RAM) running Windows
10, a keyboard, and a 24” computer monitor, showing a
user interface to collect EMG data and train the pattern
recognition algorithm to decode the user movements
(E-DATS, EMG Data Acquisition & Training Software
[45, 48]); (2) a virtual reality (VR) environment simu-
lating the Hannes prosthetic hand (Hannes) [44, 45, 48,
49] with three active DoFs (hand open/close, wrist pro-
nation/supination, and wrist flexion/extension); (3) the
interface to select the type of feedback (Compact vs.
Conventional), configure the feedback parameters and
select the number of vibromotors used; (4) Hannes pros-
thetic hand [44] with three active DoFs (hand open/close,
wrist pronation/supination, and wrist flexion/extension);
(5) twelve eccentric rotating mass (ERM) vibromotors
(Vybronics, VC0625B001L) with a custom-made control
unit to provide tactile feedback; (6) six EMG electrodes
(Otto Bock, 13E200=50 AC) with a custom-made master
board to record the data, establish the communication
between a host PC, Hannes hand and the feedback con-
trol unit; and (7) headphones to cancel the noise of the
Hannes’s motors during movements.

The master board (Fig. 1C-1b) communicates with the
Hannes hand (Fig. 1C-4) and with the feedback control-
ler (Fig. 1C-1a) using a CAN Bus protocol; it collects data
from EMG sensors (Fig. 1C-3b) using an onboard ADC
unit and connects to the laptop via Bluetooth (Fig. 1C-
2). The master board implements nonlinear regression
(NLR) to decode the subject’s motion intention and gen-
erate control commands for Hannes and VR hands after
offline calibration [45, 48]. The algorithm was trained to
recognize wrist pronation/supination and hand opening/
closing, and activate the prosthesis motion accordingly.

Participant Age Time from Dominant Amputated Aetiology Level of amputation Type of prosthesis
amputation limb (before limb
amputation)
P1 32 7 years Right Right Work accident Unilateral Proximal BeBionic Hand
P2 68 53 years Right Right Work accident Unilateral Distal Michelangelo Hand
P3 54 22 years Right Right Work accident Unilateral Medial Variplus Hand
P4 58 37 years Right Right Work accident Unilateral Distal Michelangelo Hand
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Fig. 1 Experimental setup and the scheme of closed-loop control. A: Experimental equipment used; B: Testing session with an amputee; and C: Closed-
loop control of Hannes hand and its virtual representation. The subject (3) was seated in front of a monitor wearing the armband with EMG sensors (3b)
placed equidistantly around the right forearm, and vibromotors (3a) distributed equidistantly around the interior aspect of the right forearm. The virtual
reality interface (2) showed the orientation of the target (2b) and the controlled hand (2¢) to implement target achievement test. Importantly, during the
test, the subjects controlled a real prosthesis (4). The graphical controls (2a) allowed setting the paramenters of the feedback scheme (5). A PC applica-
tion (6) governed the training of the pattern recognition model and later controlled the real prosthesis, while the prosthesis state (wrist angle and hand
aperture) was conveyed to the subject through vibrotactile feedback. The subject wore headphones (7) to block the incidental noise coming from the
Hannes prosthesis (4). More details about the setup and the experimental protocol are provided in the text

The prosthesis velocity was proportional to the strength
of the muscle contraction, as estimated by averaging the
mean absolute value of the EMG recorded over the six
electrodes. The E-DATS software responsible for collect-
ing EMG data and calibrating the NLR algorithm was
developed using Labview and MATLAB 2020b (Math-
Works, Inc., Natick, MA, USA) [45, 48]. The VR frame-
work was developed using the Unity Development Suite
and C# language.

Another master board collected data from the Hannes
hand (joint angles, encoders, currents, and EMGs)
and sent that information to the VR framework. The
framework computed the control commands for the
vibromotors, depending on the selected encoding, and
transmitted the commands to the master board, which
activated the feedback controller to generate the desired
vibrotactile stimulation. Therefore, the real hand per-
formed the movements decoded by the master board
through the pattern recognition algorithm, while the vir-
tual hand replicated the position of the real hand.

Six EMG sensors were placed circumferentially and
equidistantly around the participant’s forearm, approxi-
mately 5 cm distal to the elbow (Fig. 1C-3a and 3b). Each
electrode was enclosed in a plastic block with conduc-
tive pads that were in contact with the skin. The blocks
were equidistantly fixed with Velcro to an elastic band,
which was strapped around the forearm by applying a
level of pressure that was sufficient to hold the electrodes
securely in place while avoiding discomfort during pro-
longed use. The EMG data was recorded at a sampling

frequency of 1 kHz with 16 bits of resolution, and the sig-
nals were hardware rectified.

Two vibromotor configurations were used for feed-
back delivery. In one condition (Conventional inter-
face), 12 vibromotors were arranged in two arrays (the
first array of eight vibromotors and the second array of
four vibromotors), whereas in the other condition (Com-
pact solution), only one array of eight vibromotors was
used. The arrays were placed semi-circumferentially and
equidistantly around the internal aspect of the partici-
pant’s forearm, approximately 15 cm distal to the elbow
(first array), and 20 cm distal to the elbow (second array)
(Fig. 1B). The diameter of each vibromotor was 6.3 mm
with a thickness of 2.5 mm. Each vibromotor was covered
with a soft silicon case (size 14.2x14.2X6.8 mm) to local-
ize and absorb the radiating stimulation and avoid heat-
ing the skin during prolonged continuous vibration. The
silicone case was fixed to the elastic band using Velcro
to prevent slippage. The case had housing to place the
vibromotor vertically, thereby bringing the side of the
coin motor in contact with the skin, as a pilot test showed
that this produced stronger and more focused sensations.
The motors were placed at a minimum distance of 20 mm
between them to facilitate the vibration localization. The
elastic band was strapped to the participant with Velcro
by applying pressure, which was sufficient to hold the
motors securely in place but without masking the vibra-
tion sensation and/or constricting the blood flow. To
check tightness, the participant was asked to rotate the
forearm, and if the elastic band moved accordingly with-
out slipping, the band was deemed tight enough. The first
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vibromotor in each array was placed on the volar side,
whereas the last was positioned on the dorsal side, cov-
ering only half of the forearm (its internal portion). This
placement was selected because the spatial extent of the
vibrotactile interface matched the range of motion of the
prosthesis wrist. For each vibromotor, the vibration fre-
quency was set to 200 Hz [50], which is within the range
of the maximum sensitivity of Pacinian corpuscles [52].
The gain of each vibromotor was adjusted individually for
each participant (see section Experimental protocol).

The participants sat comfortably in front of the monitor,
with their right arm (residual limb) relaxed and placed on
a desk, ensuring that the vibromotors did not contact the
table. The computer monitor was placed approximately
50 ¢cm from the participant, and the Hannes hand was
placed behind the screen so that the participant could
not see it while wearing noise-canceling headphones
to block the sound from the prosthesis motors. The VR
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environment displayed two virtual Hannes hands, where
one showed the target position (Fig. 1C-2b, transparent
Hannes), while the other was controlled by the partici-
pant (Fig. 1C-2c, solid Hannes). As explained above, the
participant controlled the movements of the real pros-
theses through pattern recognition by moving their hand
(able-bodied participants) or contracting their muscles to
“move” the phantom limb (amputee participants). There-
fore, the VR environment was employed to show the task
to the participants (target configuration), while the real
hand ensured that they controlled the real dynamics of a
physical prosthesis.

Vibrotactile feedback encoding

A novel encoding scheme was implemented to provide
proprioceptive feedback (Fig. 2, Compact feedback, CM)
and was compared with standard spatial encoding (Fig. 2,
Conventional feedback, CN). When using the latter,

Conventional Feedback

wrist 90°
u 3.5

E->—

= |

P \: ;‘\‘ '
LB
Compact Feedback

#/

)i( wrist 180°
7

hand 35%

hand 100% wrist 120°
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= m

hand 50% )
o 1.0

C
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Fig. 2 lllustration of the two feedback encoding approaches. A1: Representation of hand aperture range of motion; A2: Representation of the wrist rota-
tion range of motion; B, C and D: Vibromotor activations determined by the two encoding approaches for three different hand configurations (top). The
Conventional feedback (middle) used two arrays of vibromotors to separately convey wrist rotation and hand aperture. The Compact feedback (bottom)
employs a single array of vibromotors and transmits the feedback information by modulating the Gaussian mean (u) for wrist orientation and standard

deviation (o) for hand aperture
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information regarding wrist rotation and hand aperture
was provided using two arrays of vibromotors. Eight
vibromotors were used to convey wrist rotation, while
a separate array of four vibromotors provided the hand
aperture, reflecting a larger range of motion in the wrist
than in the hand. The range of motion of each DoF was
divided into equisized intervals, which were then sequen-
tially associated with the vibromotors. Therefore, as the
wrist rotation changed from 180° to 0°, the vibromotors
were activated sequentially from the motor on the dor-
sal side to the motor on the volar side of the forearm and
similarly for the hand aperture. For instance, vibromotor
5 was activated when the wrist angle was 120° (Fig. 2B),
and then as the wrist continued rotating, motors 4 and
3 were activated in succession when the wrist angle
reached 100° and 80° (Fig. 2C), respectively, and analo-
gous for the hand aperture (Fig. 2B and D).

The novel encoding scheme (Compact) conveyed two
feedback variables using a single array of eight vibromo-
tors, and hence represented a more compact solution
(four vibromotors less). This approach was based on
our recent study [43], where we investigated the Gauss-
ian interpolation of vibrotactile stimulation and pro-
posed (but did not test) that the location and spread of
the Gaussian profile could be perceived independently
by the participants. Therefore, in the present study, the
rotation angle of the prosthesis wrist was conveyed to the
participant by modulating the vibration location (i.e., the
location of the peak intensity, u in Eq. 1), while the hand
aperture was transmitted by varying the spread of sen-
sations (i.e., the number of active motors, o in Eq. 1), as
shown in Fig. 2 (Compact feedback, see also below). The
feedback was, therefore, intuitively related to prosthesis
motion, as the rotation of the wrist produced a sensa-
tion that rotated around the forearm, while with the hand
opening, the elicited sensation spread spatially in both
directions from the current location.

The following equation was used to define the Gaussian
mapping between the wrist position and hand aperture:

_(=n)?
yp=e o’
w=pxN 1)

0 = (15 %(2.0-0.1)) +0.1

where v is the normalized vibration amplitude of the
motor k, p¢ is the mean of the Gaussian computed as the
normalized position (p) of the wrist multiplied by the
number of motors (N = 8) in the array, g is set to 2.25,
and ¢ is the standard deviation of the Gaussian ranging
from 0.1 for the fully closed hand (0%) to 2.0, for the fully
open hand (100%), calculated as the normalized posi-
tion of the hand (k) multiplied by the range of o ([0.1
2.0]). The values and ranges of these parameters were
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selected based on the outcomes of our recent study [43].
The parameter p, which was mapped to the wrist posi-
tion, determined the location of the peak intensity within
the array of vibration motors (increasing 1 means that
the prosthesis is supinating), while & was mapped to the
hand aperture and adjusted the spread of intensity across
the motors (increasing ¢ means that the prosthesis is
opening).

An example of Compact encoding is shown in Fig. 2.
The peak of intensity was centered at vibromotor 5 when
the wrist angle was 120° (Fig. 2B), and then gradually
moved across the vibromotors as the wrist continued
rotating to reach the third vibromotor when the wrist
angle was 80° (Fig. 2C). Regarding the hand aperture,
three vibromotors were simultaneously active (with dif-
ferent intensities) when the hand aperture was 35%
(Fig. 2B), and then more motors were added so that five
vibromotors were active when the hand aperture was
75% (Fig. 2D). Figure 2 also shows the feedback pattern
for the Conventional approach (middle row with two
arrays), which is based on the discrete activation of indi-
vidual motors, so that the two methods can be directly
compared.

Experimental protocol

Test conditions

The participants were comfortably seated in front of a
monitor placed at a distance of approximately 50 cm.
The band with EMG electrodes and vibromotors was
mounted on the forearm of the dominant hand (able-
bodied participants) and/or residual limb (amputee par-
ticipants). The minimum and maximum amplitudes for
each vibromotor were determined using the method of
limits [52] as described in our recent study [43]. Briefly,
the vibration intensity was increased in small steps (i.e.,
4-5% of maximum activation) until the participants
reported a sensation or discomfort. During the experi-
ment, the vibration intensity was modulated between
the sensation and discomfort thresholds to generate
clearly perceivable and localized sensations that were not
intrusive.

Subsequently, the gain of the EMG electrodes was
adjusted by visualizing the signals to ensure that maxi-
mum contraction did not saturate the recording. Subse-
quently, the EMG data used for classifier training were
collected. To this end, the participant was asked to per-
form four different movements (hand closing and open-
ing, wrist pronation, and supination) at three different
contraction levels (weak, medium, and strong). Each
movement was maintained for 2 s with a 5 s rest between
repetitions. After data collection, the NLR classifier was
trained, and its parameters were sent to the master con-
trol board for real-time decoding of participant move-
ments and prosthesis control. The detected movement
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class activated the corresponding DoF of the prosthe-
sis, whereas the average magnitude of the myoelectric
signal determined the movement speed. The latter was
additionally fine-tuned for each participant until they
were satisfied with how the prosthesis reacted to their
commands.

The participants then practiced prosthesis control, and
when confident, proceeded to the feedback familiariza-
tion phase. In this phase, they were trained to associate
prosthesis movements with vibromotor activation. The
order of the feedback schemes (Conventional and Com-
pact) was chosen pseudo-randomly so that half of the
participants started with the Conventional (CN) config-
uration and half with the Compact (CM) configuration.
The participants were asked to move the prosthesis one
joint at a time five times across the full range of motion
while they watched the prosthesis moving with hap-
tic feedback active. They then commanded sequential
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Fig. 3 Target positions and outcome measures. A: Error between target
and reached position (control accuracy) when adjusting the wrist; Band C:
Optimal and generated paths and end-point errors for hand and wrist, re-
spectively. Trial time as well as optimal times (t,;; and t ) to adjust each
DoF are annotated on the x-axes.
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movements around 2-DoFs to experience the vibration
patterns related to such combined activations.

After the control and feedback familiarization, the
participants performed the experiment. The experi-
ment was based on a target achievement control test
(TAC) in which the configuration of the controlled hand
was adjusted to match that of the visual target shown
on the computer screen. Importantly, the participants
controlled a real prosthesis while the incidental feed-
back from the device (sound and vision) was blocked,
as described previously. A sequence of 21 trials, hereaf-
ter named “block,” was generated by pairing 21 pseudo-
random wrist targets (3 repetitions X 7 orientations) with
21 pseudo-random hand targets (5 repetitions X 4 lev-
els of aperture+1). The seven target orientations of the
wrist and four target positions of the hand aperture were
equally distributed between 0°-180° and 0-100% exclud-
ing the extremities, respectively (see Fig. 3). Moreover,
to additionally challenge the participants and motivate
them to rely on the feedback, the prosthesis velocity was
changed across trials by multiplying the maximum speed
(1.26 rad/s) by a gain randomly selected from the inter-
val 0.4-1. The gains for the wrist and hand aperture were
independently generated. At the beginning of each trial,
the participant could see the starting configuration of
the controlled hand visualized on the computer screen.
Its position was selected to be at the end of the range of
motion furthest from the target configuration (Fig. 3A,
green dashed line), that is, if the target wrist orientation
was over 90°, the wrist of the controlled hand would start
at 0°. Similarly, if the target hand aperture was over 50%,
the controlled hand would start fully closed (hand aper-
ture of 0%).

After a sound notification indicated that the trial
started, the participants were asked to adjust the con-
trolled hand using pattern classification control, while
the state of the hand (wrist and hand position) was pro-
vided only by tactile feedback. The participants could
control different DoFs as they wished, and once they
judged that the desired target configuration was reached,
they pushed the spacebar. The reached position was then
revealed to them by showing the controlled hand on the
screen, and after a short break (5 s), the next trial was
started. After completing the block of 21 trials, a 5 min
resting phase was provided, followed by another block of
trials (three blocks in total). After ten minutes of rest, the
second feedback scheme was tested following the same
protocol.

At the conclusion of the experiment, the participants
were asked to choose their preferred vibrational feedback
scheme.
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Control conditions

The participants in the control group followed the same
training and feedback familiarization protocol described
in the previous section for the participants in the test
group, using the feedback defined by the respective con-
dition. Then, they underwent control experiments where
they did not receive any vibrotactile stimulation. The
band with vibromotors was thus not placed around their
forearms. The control group performed the experiment
in three control conditions:

+ Visual feedback (VF): in this condition, the prosthesis
was placed in front of the participants so that they
could see it during the control.

+ Auditory feedback (AF): here, the prosthesis was
hidden from view, but the participants were not
wearing the noise cancelling headphones, and hence,
they could hear the motor sound as the prosthesis
moved (closing and rotation).

+ No feedback (NF): in this case, the participants
could rely only on feedforward control and natural
feedback (e.g., sense of muscle contraction).

The order of the three control conditions was randomly
selected across participants. NF was included to assert
that vibrotactile feedback was indeed used by the partici-
pants. If there was no difference in performance between
NF vs. CN and CM, this would mean that vibrotactile
feedback was in fact redundant (and hence completely
unnecessary). VF was expected to lead to the best per-
formance due to the dominance of visual feedback, espe-
cially when controlling something that can be observed
(position vs. force control), and AF was included for
completeness as the audition is also an important and
highly sensitive feedback channel.

Data analysis

The primary outcome measure was the endpoint error
between the target configuration and controlled hand
(Fig. 3A). This measure was computed for each DoF as
the difference between the target position and the posi-
tion of the hand at the moment the participant pressed
the space bar to indicate the end of the trial (Fig. 3B and
C). The position errors were expressed as a percentage
of the range of motion. In addition, for the given motion
speed of the controlled hand in each trial, the path effi-
ciency was calculated for each DoF as the ratio between
the length of the optimal trajectory (Fig. 3B and C, yel-
low line) and the trajectory generated by the participant
(Fig. 3B and C, green line). The optimal trajectory is the
shortest path from the initial configuration to the target
configuration. Instead, the generated trajectory was cal-
culated as the sum of the lengths of the slope segments
(Fig. 3B and C, green full lines). The horizontal segments

(2024) 21:142

Page 8 of 16

(Fig. 3B and C, green dashed line) were not counted in
the trajectory length because they corresponded to
the phases in which the participant did not move the
prosthesis.

Another parameter used to assess performance was the
DoF time, that is, the amount of time that the DoF was
activated during the trial, expressed as the percentage of
the total trial time. Time efficiency was also calculated as
the ratio between the optimal time to perform the trial
for the given motion speed and the time taken by the par-
ticipant to perform the trial (Fig. 3B and C, trial time).
The optimal time was computed as the sum of the time
to adjust the two DoFs (t, + top) following the respec-
tive optimal paths, because the participant was able to
adjust them sequentially and not simultaneously. Note
that, contrary to path efficiency, which was computed for
each DoF separately, time efficiency was estimated per
trial (because the rest time could not be separated into
individual DoFs).

For able-bodied participants, the average of the out-
come measures (error, path efficiency, DoF time, and trial
time) was computed for each participant and condition
and statistically compared between the conditions for
each DoF. Data were tested for normality using the Shap-
iro-Wilk test. For each group of able-bodied participants
(both test and control), a one-way ANOVA or Friedman
test was conducted depending on the outcome of the
normality test to compare the conditions performed by
the specific group, namely, CM vs. CN for test and AF vs.
VEF vs. NF for control group. Then, in the latter case, post
hoc pairwise comparisons were performed using a paired
t-test or Wilcoxon signed rank test with Bonferroni cor-
rection. Additionally, a comparison between test condi-
tions and control conditions (CM and CN vs. VF, AF, and
NF) was performed using a two-sample t-test or Mann-
Whitney U test depending on the outcome of the nor-
mality assessment. OriginPro 2020 Graphic & Analysis
(OriginLab Corporation, Northampton, MA, USA) and
MATLAB 2020b (MathWorks, Inc., Natick, MA, USA)
were used for statistical analysis. The threshold for sta-
tistical significance was set at p<0.05, and outliers were
excluded from statistical comparisons. Data was consid-
ered an outlier if the value was more than 1.5 times the
interquartile range below or above the 25th and 75th per-
centiles of the sample, respectively.

For the transradial amputees, the average of the out-
come measures was computed for each DoF, feedback
scheme, and participant, and reported overall and sepa-
rately across the three blocks to assess potential learning.
Furthermore, for each DoF and condition, the means of
the three blocks were reported to assess and compare the
two feedback schemes. For consistency, the results in the
text are reported as the mean+standard deviation in all
cases.
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Fig.4 Summary results for the positioning error (A), path (B) and time ef-
ficiency (D), and time per DoF (C) in the form of boxplots for able-bodied
subjects and two feedback schemes (green — conventional [CN], purple
— compact [CM]). HA indicates the aperture and WR indicates the wrist
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Results

The overall results for error, path, and time efficiency
for able-bodied participants in test (CN and CM) and
control conditions (AF, VF, and NF) are summarized in
Fig. 4. Overall, the differences between the conditions
were mostly consistent for both DoFs and therefore the
two DoFs are not discussed separately (except where this
is explicitly mentioned).

Regarding the accuracy of control, the visual feed-
back condition showed the best performance in terms
of endpoint error (~5%), significantly outperforming all
other conditions (Fig. 4A). Notably, no statistically sig-
nificant differences emerged between the two vibrational
feedback schemes (CN and CM) in error rate (endpoint
error ~20%), although the performance appeared to be
more consistent across participants when using compact
configuration to adjust hand aperture (lower interquartile
range, Fig. 4A for HA). Regarding subjective preference,
6 out of 10 able-bodied participants chose CN as the pre-
ferred approach. Importantly, both vibrotactile feedback
approaches significantly outperformed the condition
with no-feedback. The latter condition was characterized
with the highest endpoint error (~30%) overall. Interest-
ingly, the performance with auditory feedback was simi-
lar to that of vibrotactile feedback and even slightly but
significantly better compared to CM when controlling
hand aperture (endpoint error of 18.2 £ 3.4% vs. 21.2 +
2.5%).

Regarding the path efficiency (Fig. 4B), there was no
significant difference between the two vibrotactile feed-
back conditions. However, there are statistical differences
between NF vs. VF and CM in both hand aperture and
wrist rotation, and between NF and AF for hand aper-
ture, and AF and VF for wrist rotation. Accordingly, the
participants were more efficient when performing the
task without any feedback (NF). This reflects the fact that
in this condition, the participants relied mostly on feed-
forward control generating “straight” trajectories with no
corrections, given the absence of any feedback informa-
tion regarding the prosthesis configuration. Specifically,
the path efficiency achieved in NF (~77%) was signifi-
cantly higher than AF (67.9 + 9.9%), VF (70.8 + 10.9%)
and CM (65.3 = 15.5%) for hand aperture, and VF (69.4 +
9.8%) and CM (60.8 + 19.7%) for wrist rotation.

Differently, the DoF time parameter (Fig. 4C) exhibited
statistically significant differences only for hand aperture,
where the DoF time was lower for VF (~16%) compared
to AF (~22%) and NF (~21%). It seems that, in general,
the participants spent somewhat more time adjusting the
wrist compared to the hand. Also, summing up the times
for the two DoFs indicates that the participants actively
controlled the prosthesis for only ~40% of the total trial
time, whereas the rest was used presumably to decide
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about the next action (e.g., which command to send to
the prosthesis).

Finally, in the time efficiency (Fig. 4D), there was no
significant difference between the feedback conditions,
except between NF vs. VF and AF. The vibrotactile
feedback conditions, however, seem to exhibit higher
variability across participants (i.e. by comparing the
interquartile ranges between CN and CM vs. AF, VF and
NF). Likewise, the time efficiency in NF (42.8 + 11.2%)
was significantly higher compared to VF (23.9 £ 5.9%)
and AF (31.6 + 6.3%). Importantly, taken together, the
results indicate that no statistically significant difference
was found between the two vibrotactile feedback types
(CN vs. CM) in any of the considered measures.

Figure 5 shows the representative trajectories (green
line) generated by an amputee participant when adjust-
ing the configuration of the prosthesis using the two
vibrotactile feedback encoding schemes (Fig. 5A for the
Conventional and Fig. 5B for the Compact feedback). The
target positions for wrist rotation and hand aperture are
indicated by dark magenta lines. In both cases, the par-
ticipant first adjusted one DoF fully and then proceeded
to the next one, namely, wrist rotation and then hand
aperture. However, in the trial with the Conventional
feedback (Fig. 5A), the participant returned to readjust
the wrist because he did not consider it to be completely
correct. The control of wrist rotation took a longer time
and included more feedback-driven corrections (flat
segments) than the hand aperture, which was adjusted
in one (Fig. 5A) and two (Fig. 5B) continuous motions.
This observation was the same for both feedback condi-
tions. In two cases (wrist in Fig. 5A and hand in Fig. 5B),
the participant reached the end of the range of motion
and used this as a well-defined and easy-to-recognize
“anchor” point, from which they then moved the pros-
thesis to the target position. Finally, with both feedback
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schemes, the end positions achieved in both DoFs closely
matched the target values. Figure 5 also shows the out-
come measures for these specific trials to illustrate their
range and meaning.

The results for the amputees are shown individually for
each participant and block of trials in Fig. 6. In general,
the amputee performance (Fig. 6) was comparable to that
obtained in the able-bodied participants, except for P1,
who obtained better accuracy (Fig. 6A and B) but worse
results in all efficiency (Fig. 6C, D, G and H) param-
eters. Again, there is a trend for DoF time, where a lon-
ger time was invested to adjust the wrist compared to
the hand, regardless of the feedback scheme (Fig. 6E and
F). When comparing Conventional and Compact feed-
back schemes, neither showed a clear advantage, thereby
reflecting the overall results obtained for able-bodied
participants. Overall, the difference in performance
([min, max]) between the encoding schemes across par-
ticipants was not large in any case; specifically, [0.2%,
9.7%] for error (Fig. 6A and B), [0.5%, 18.6%] for path effi-
ciency (Fig. 6C and D), [0.6%, 17.0%] for DoF time (Fig.
6E and F), and [2%, 9.3%] for time efficiency (Fig. 6G and
H). The scheme that led to a lower error depended on the
participant and even on the degree of freedom.

There seems to be a slight trend for better efficiency
of the Compact solution, as it is higher in most cases.
Among participants individually, P1 was the least effi-
cient, but also made the smallest errors in most cases,
whereas P3 was the most efficient while maintaining
good accuracy. Across blocks, there is no consistent
learning across participants and conditions but only
sporadic tendencies. For instance, P2 and P3 decreased,
whereas P4 somewhat increased the error from the first
to the third block.

Finally, P1 and P3 preferred the Compact configura-
tion, whereas P2 and P4 preferred the Conventional
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Fig. 5 Two example trials performed by an amputee participant using the two feedback methods compared in the manuscript, namely, Conventional
(A), and Compact Feedback (B). The plots show the trajectories generated by the participant when adjusting the wrist rotation and hand aperture. Err,
PathEff, TimeEff and DoFTime denote positioning error, path and time efficiency, and time per DoF, while the subscripts HA and WR denote hand and

wrist, respectively
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configuration; therefore, the participants generally pre-
ferred the interface with which they achieved better
accuracy.

Discussion

The compact feedback solution allows intuitive mapping
of multiple sensory information

The present study proposes a novel approach to convey
proprioceptive information simultaneously for two feed-
back variables, namely, hand aperture and wrist rotation,
by using a single array of vibration motors. The approach
employs spatial encoding with Gaussian interpolation, in
which the location of the peak intensity is modulated to
convey wrist orientation (4 in Eq. 1), while the spread of
sensation (g in Eq. 1) is associated with the hand aper-
ture. Most methods in the literature use multiple arrays
of stimulators to provide information from different DoFs
[53, 54], whereas the encoding proposed in the present
study enables conveying multiple information streams
through a single array. The latter is an important strategy
as it makes the feedback interfaces more compact and
therefore easier to integrate into the prosthetic socket.
Approaches to establish parallel feedback channels
through the same interface have been investigated in the
literature using multimodal (hybrid vibro- and electro-
tactile stimulation) [31-34] and multiparameter (ampli-
tude and frequency) [8, 9, 29, 30] modulations. Our
approach is based on spatial encoding, which enables us
to superimpose two feedback variables using intuitive
mapping, that is, a rotating sensation to convey rotation
and a spreading sensation to indicate hand opening.

Importantly, the novel approach based on Compact
encoding was compared to Conventional mapping that
used two independent arrays, and the results demon-
strated that the two approaches were similarly effec-
tive in conveying two-DoF proprioceptive information.
There was no significant difference in either accuracy or
efficiency when the two encoding schemes were used for
closed-loop prosthesis control.

The present study has therefore proven the hypothesis
inspired by a recent study from our group that the two
parameters defining the Gaussian interpolation strategy
can be independently modulated and recognized by par-
ticipants [43]. In that study, the participants controlled
only the wrist rotation of a virtual prosthesis, whereas
the parameter o was imposed externally as “noise”” In the
present experiment, however, they actively adjusted the
configuration (both wrist and hand) of a real prosthesis.
Note that feedback encoding in the Compact interface is
intrinsically coupled. For instance, the same target hand
aperture leads to different sensations, depending on the
target wrist rotation. This effect does not exist in the
Conventional approach, and coupling, therefore, does
not negatively affect control.
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Importantly, the amputee participants achieved a per-
formance that was subject-specific but coherent with that
of the able-bodied population (Fig. 6). This is an impor-
tant outcome for the prospective clinical application of
the proposed closed-loop control, especially considering
that the amputee participants employed pattern clas-
sification control and a feedback interface, which were
mounted on the same forearm. This setup can be used in
clinical applications.

Overall, the novel method allowed for effective closed-
loop control (average error~20%) in both able-bodied
and amputee participants. However, the average error
was higher than that obtained in a recent study in which
Gaussian interpolation was used to adjust the wrist ori-
entation [43]. Nevertheless, in that study, the participants
controlled a virtual prosthesis using a keyboard; hence,
both the system and the control interface were ideal. We
also assume that in clinical applications, precise control
of wrist orientation and hand aperture will not be critical.
Both wrist rotation and hand opening can be adjusted
with a margin of error without jeopardizing success-
ful grasp. In addition, closed-loop control is expected to
improve with prolonged training because of better use of
pattern classification and more reliable interpretation of
the feedback. Similarly, prolonged use could also change
subjective preferences, but this remains to be tested.

In general, the participants spent more time adjusting
the wrist than the hand. This is not unexpected, as the
wrist has a larger range of motion, more target and feed-
back levels, and adjusting the wrist is, therefore, a more
complicated task. However, it is still an encouraging
result that despite this difference, both DoFs can be con-
trolled with similar relative accuracy. In general, the time
efficiency was not high, which is likely due to the cogni-
tive demands related to interpreting the feedback but
also generating commands using pattern classification.
Nevertheless, it is promising that the participant could
successfully exploit the closed-loop control of multiple
DoFs after only brief training. Prolonged training is likely
to have a strong effect, particularly on time efficiency.
Finally, although the participants controlled the DoFs
sequentially via pattern classification, the same feedback
scheme can be used in combination with regression to
allow simultaneous control. In this case, the elicited tac-
tile sensation changes both in the location and extent of
spreading concomitantly. How well and how fast the par-
ticipants can accommodate such dynamically changing
feedback remains to be tested.

Compact and conventional feedback lead to same level of
performance and user acceptance

Our initial assumption was that the participants would
perform better with the Conventional vibrotactile feed-
back scheme with respect to Compact vibrotactile
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feedback scheme, as the interpretation was simple in
this case (identifying a single active motor). The results
demonstrated that the two schemes performed similarly
and that the vibrational feedback is a good strategy to
provide proprioceptive information. It guaranteed sta-
tistically better performance with respect to no-feedback
condition.

In addition to similar accuracy, the subjective prefer-
ence was similarly distributed between the two vibra-
tional encoding schemes (6 vs. 4 in able-bodied and 2 vs.
2 in amputee participants). For able-bodied participants,
the preference was slightly in favor of the Conventional
feedback scheme. Nevertheless, our results demonstrate
that the Compact solution can still be used in cases
where there is not enough space to fit all vibromotors.
In some participants, this could decrease the user expe-
rience (lower preference) but will not significantly jeop-
ardize the performance. However, such preferences were
expressed after a single session of training and it is pos-
sible that longer training change participants’ choice.

The results for the efficiency complement those for the
accuracy. Without feedback, the control was challeng-
ing and so the participants were most efficient (straight
and quick) but least accurate. In all feedback conditions
(except for one case), the efficiency was not signifi-
cantly different. Visual feedback was again superior as it
resulted in the highest accuracy without prolonging the
generated trajectory or trial time (even showing a trend
towards slightly more efficient performance).

Implications for prosthetic development

The results obtained in the present study are important
because they show that the number of vibromotors can
be safely decreased from twelve to eight, without loss
of performance. Therefore, excess vibromotors can be
removed to make the interface easier to integrate, or they
can be used to encode additional information, such as
wrist flexion/extension or grasping force. Such an inter-
face could be used to provide simultaneous feedback of
three different DoFs: hand aperture, wrist rotation, and
wrist flexion and extension, and hence, the full kinematic
state of a prosthetic hand, to get complete proprioceptive
feedback.

Apart from the primary objective of comparing the
two vibrotactile approaches, the study also evaluated the
novel method in comparison to the incidental feedback,
and the results obtained were similarly promising. The
improved performance in comparison to the absence of
feedback indicates that the participants effectively uti-
lized vibrotactile stimulation during the task. This sug-
gests that the stimulation was advantageous, as relying
solely on feedforward control and muscle propriocep-
tion did not enable them to perform the task equally
well. When compared to incidental feedback, vibrotactile
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stimulation did not provide additional benefits. In fact,
visual feedback was the most effective overall and this
was an expected outcome because the participants could
clearly see the prosthesis on the screen and align it pre-
cisely into the target configuration. Otherwise, the simi-
lar performance of vibrotactile and auditory feedback was
somewhat unexpected since the latter did not convey the
prosthesis position explicitly. Nevertheless, the partici-
pants could hear when the prosthesis started moving and
estimate the movement speed [55], then use this infor-
mation to predict the position. This outcome underlines
the power of incidental feedback that has been shown in
other studies to be valuable for expert users [56].

While this very effectively demonstrates the chal-
lenges of sensory substitution, it does not invalidate the
potential clinical utility of the vibrotactile feedback, as
explained below. Visual feedback might be very effective,
but it requires constant visual focus on the prosthesis,
and such overreliance on vision is indeed a well-known
behavior of prosthesis users [57]. The provision of vibro-
tactile feedback might motivate the users to explore
other strategies, as it would allow adjusting the pros-
thesis configuration without necessarily looking into it
(as demonstrated in the present experiment). This can
be additionally facilitated by the fact that the interpre-
tation of such feedback is likely to become automatized
over time. Of course, this is highly speculative, and needs
to be tested in future work. Similarly, the auditory feed-
back facilitated the understanding of the prosthetic
motion, however, the noise from the prosthesis motors
is an undesirable feature and the quality of this feedback
source is likely to be prosthesis dependent (i.e., a more or
less noisy prosthesis). Future prosthesis development will
focus on noiseless motors, which will eventually elimi-
nate this source of feedback.

The setup for closed-loop control used in the present
study was realized using an embedded platform that is
ready to be integrated into a prosthesis for rapid clinical
use. The embedded platform includes recording of EMG
signals, pattern classification, and control of vibromo-
tors, as well as bidirectional communication with the real
prosthesis. In general, tactile feedback has rarely been
demonstrated in combination with pattern classification
and multiple-DoF control [35], especially when using an
embedded setup [58].

Recently, multichannel electrotactile stimulation was
used to convey two degrees of freedom [35]. The authors
exploited the compactness of electrotactile stimulation to
provide feedback through a flexible electrode integrating
an array of 16 pads. Nevertheless, the encoding scheme
utilized a Conventional approach in which the array was
segmented into non-overlapping sectors allocated to dif-
ferent DoFs, which is equivalent to the multiarray feed-
back of the present study. An additional advantage of the
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vibrotactile interface is that it does not interfere with the
recording of EMG, and hence does not require special-
ized hardware and software.

Limitations

Testing all conditions in the same pool of subjects would
be the best approach. However, doing this in a single ses-
sion would be excessively long, and mental fatigue could
have affected the results. Due to this and logistics rea-
sons, the test and control conditions were performed by
two separate groups of participants. Importantly, this was
considered when statistically comparing the conditions,
as explained in the Data analysis section.

Future work

Following the encouraging results of the present study,
especially regarding amputee participants, the next step
in our research will be to integrate the system into a pros-
thesis socket and test closed-loop control during func-
tional prosthesis use. A direct mechanical connection
between the body and the prosthesis will provide other
sources of incidental feedback that could not be explored
in the present study, for instance, motor vibration which
could be especially prominent when using osseointe-
grated prosthetics. This would be the ultimate test assess-
ing the benefits of vibrotactile stimulation when all the
other feedback cues are simultaneously available. Addi-
tionally, we expect that the proposed vibration feedback
scheme, in a chronic or daily usage, could be integrated
in the mental scheme, giving the possibility of uncon-
scious automatization. This aspect will be investigated in
future work during longer at home experiment.

The final aim of our work is to accommodate all DoFs
of the Hannes prosthesis for both control (pattern clas-
sification) and feedback (full proprioceptive and extero-
ceptive substitution). Importantly, the proposed compact
approach is general and can be used to convey differ-
ent information, e.g., not only position, as in the pres-
ent study, but also grip stability [59], EMG biofeedback
[60] or prosthesis actuation speed [61], individually or in
combination.

Conclusion

The present study proposes a novel compact approach to
provide artificial vibrotactile feedback for two DoFs using
a single array of vibromotors. In the proposed approach,
wrist rotation was conveyed by moving the peak of sen-
sation around the forearm, while the hand aperture was
transmitted by increasing the spread of sensations from
the peak location as the hand was opening. Hence, the
two variables were conveyed using intuitive mapping.
The tests demonstrated that the novel approach per-
forms similarly to the conventional feedback scheme,
in which separate arrays are used to convey individual
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DoFs. The present study therefore shows that the number
of vibration motors required to provide feedback can be
decreased without any significant performance loss. Fur-
thermore, the novel interface was compared to visual and
auditory feedback, as well as no-feedback condition and
the results confirmed that the vibrotactile stimulation
was indeed useful for control. This, in combination with
the fact that feedback was integrated with pattern recog-
nition, represents an important step towards the devel-
opment of clinical applications that embed both feedback
and control into a single prosthesis socket.

Abbreviations

U Mean

AF Audio feedback

(@Y Compact feedback

CN Conventional feedback

DoF Degree of freedom

E-DATS  EMG data acquisition and training software
EMG Electromyography

ERM Eccentric rotating mass

HA Hand aperture

NF No-feedback

NLR Non-linear logistic regression
TAC Target achievement control test
VF Visual feedback

VR Virtual reality

WR Wrist rotation

o] Standard deviation

Acknowledgements

The authors thank Astrid Florio, Chiara Storchi, and Paolo Rossi for their
contribution to the development and assembly of the systems used in this
study. We also thank the Hannes project team for their cooperation during the
development of this system. The Open University Affiliated Research Centre at
Istituto Italiano di Tecnologia (ARC@IIT) is part of the Open University, Milton
Keynes MK7 6AA, United Kingdom.

Author contributions

AM., NB., and S.D. conceived the study. M.C. designed all the electronic
boards necessary for the setup. A.M. and D.D.D. performed experiments

on healthy subjects. AM. and E.G. performed experiments on amputees.

AM., MS., M.Ch, and S.D. completed the data analysis and interpretation,

and designed the figures. AM,, N.B, D.D.D, M.S,, M.Ch., and S.D. wrote the
manuscript. All the authors contributed to the writing, read and approved the
final version of the manuscript.

Funding

This work was supported in part by the Istituto Nazionale Assicurazione
Infortuni sul Lavoro, under the project iHannes (PR19-PAS-P1) and the project
Dexter Hand (PR23-PAS-P1).

Data availability
The data used in this study may be made available by the corresponding
author upon a reasonable request.

Declarations

Ethics approval and consent to participate

The healthy participants performed the experiment at the Center for Sensory-
Motor Interaction in Aalborg (Denmark) following the experimental protocol
approved by the Research Ethics Committee of the Nordjylland Region
(approval number N-20 190 036). The amputees performed the experiment at
Istituto Italiano di Tecnologia (IIT) in Genova (ltaly) following the experimental
protocol approved by the Ethical Committee of Liguria Region (approval
number 363/2022 - DB id 12494).



Marinelli et al. Journal of NeuroEngineering and Rehabilitation

Consent for publication
Not applicable.

Competing interests
SD is an Associate Editor of the Journal of NeuroEngineering and
Rehabilitation.

Author details

'RehabTechnology Lab, Italian Institute of Technology, Via Morego, 30,
Genova, GE 16163, Italy

The Open University Affiliated Research Centre at Istituto Italiano di
Tecnologia (ARC@IIT), via Morego 30, Genova 16163, Italy
*Department of Electronics and Telecommunications, Politecnico di
Torino, Turin 10124, Italy

“Centro Protesi INAIL, Istituto Nazionale per I'Assicurazione contro gli
Infortuni sul Lavoro, Vigorso di Budrio, Italy

®Bioengineering Lab, University of Genova, DIBRIS, Genova, Italy
5Neurorehabilitation Systems, Department of Health Science and
Technology, Aalborg University, Aalborg, Denmark

Received: 8 February 2024 / Accepted: 10 July 2024
Published online: 13 August 2024

References

1.

20.

Marinelli A et al. Active upper limb prostheses: a review on current state and
upcoming breakthroughs. Progress Biomedical Eng. 2022.

Shahsavari H, et al. Upper limb amputation; Care needs for reintegration to
life: an integrative review. Int J Orthop Trauma Nurs. 2020;38:100773.

Brack R, Amalu EH. A review of technology, materials and R&D challenges

of upper limb prosthesis for improved user suitability. J Orthop. Jan-Feb
2021;23:88-96. https://doi.org/10.1016/}j0r.2020.12.009.

Bates TJ, Fergason JR, Pierrie SN. Technological advances in Prosthesis Design
and Rehabilitation following Upper Extremity Limb loss. Curr Rev Musculo-
skelet Med. 2020;13:485-93.

Psyonic. Ability Hand. https://www.psyonic.io/ability-hand (accessed).
Systems V. Vincent hand. https://www.vincentsystems.de/ (accessed).

Scaliti E, Gruppioni E, Becchio C. And yet it moves: what we currently know
about Phantom Arm movements. Neuroscientist. 2020;26(4):328-42.
Antfolk C, D'alonzo M, Rosén B, Lundborg G, Sebelius F, Cipriani C. Sensory
feedback in upper limb prosthetics. Expert Rev Med Dev. 2013;10(1):45-54.
Sensinger JW, Dosen S. A review of sensory feedback in upper-limb prosthe-
ses from the perspective of human motor control. Front NeuroSci. 2020;14.
Yildiz KA, Shin AY, Kaufman KR. Interfaces with the peripheral nervous system
for the control of a neuroprosthetic limb: a review. J Neuroeng Rehabil.
2020;17(1):1-19.

Bensmaia SJ, Tyler DJ, Micera S. Restoration of sensory information via bionic
hands. Nat Biomedical Eng. 2023;7(4):443-55.

Oddo CM et al. Intraneural stimulation elicits discrimination of textural
features by artificial fingertip in intact and amputee humans. elife.
2016;5:09148.

Iskarous MM, Thakor NV. E-skins: biomimetic sensing and encoding for upper
limb prostheses. Proc IEEE. 2019;107(10):2052-64.

D'Anna E, et al. A closed-loop hand prosthesis with simultaneous intraneural
tactile and position feedback. Sci Rob. 2019;4(27):eaau8892.

Raspopovic S, Valle G, Petrini FM. Sensory feedback for limb prostheses in
amputees. Nat Mater. 2021;20(7):925-39.

Schofield JS, Dawson MR, Carey JP, Hebert JS. Characterizing the effects of
amplitude, frequency and limb position on vibration induced movement
illusions: implications in sensory-motor rehabilitation. Technol Health Care.
2015,23(2):129-41.

Patel GK, Dosen S, Castellini C, Farina D. Multichannel electrotactile feedback
for simultaneous and proportional myoelectric control. J Neural Eng.
2016;13(5):056015.

Strbac M, et al. Integrated and flexible multichannel interface for electrotac-
tile stimulation. J Neural Eng. 2016;13(4):046014.

Dosen S, et al. Multichannel electrotactile feedback with spatial and mixed
coding for closed-loop control of grasping force in hand prostheses. IEEE
Trans Neural Syst Rehabil Eng. 2016;25(3):183-95.

Osborn LE et al. Prosthesis with neuromorphic multilayered e-dermis per-
ceives touch and pain. Sci Rob. 2018:19(3).

(2024) 21:142

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 15 of 16

Horch K, Meek S, Taylor TG, Hutchinson DT. Object discrimination with an arti-
ficial hand using electrical stimulation of peripheral tactile and propriocep-
tive pathways with intrafascicular electrodes. IEEE Trans Neural Syst Rehabil
Eng. 2011;19(5):483-9.

Nemah MN, Aldulaymi OH, Low CY, Zakaria NAC, Mohamaddan S. A hybrid
haptic feedback stimulation device to recover the missing sensation of

the upper limb amputees, in IOP Conference Series: Materials Science and
Engineering, 2020;834(1): IOP Publishing, p. 012013.

Mamidanna P, Dideriksen JL, Dosen S. The impact of objective functions on
control policies in closed-loop control of grasping force with a myoelectric
prosthesis. J Neural Eng. 2021;18(5):056036.

Kayhan O, Nennioglu AK, Samur E. A skin stretch tactor for sensory substitu-
tion of wrist proprioception. In: 2018 IEEE haptics symposium (HAPTICS). IEEE;
2018.p. 26-31.

Battaglia E, Clark JP, Bianchi M, Catalano MG, Bicchi A, O'Malley MK. Skin
stretch haptic feedback to convey closure information in anthropomor-
phic, under-actuated upper limb soft prostheses. IEEE Trans Haptics.
2019;12(4):508-20.

Vargas L, Huang H, Zhu Y, Hu X. Object recognition via evoked sensory
feedback during control of a prosthetic hand. IEEE Rob Autom Lett.
2021;7(1):207-14.

ChaH,An'S,Choi S, Yang S, Park S, Park S. Study on Intention Recognition and
sensory feedback: Control of Robotic Prosthetic Hand through EMG classifica-
tion and proprioceptive feedback using rule-based Haptic device. IEEE Trans
Haptics. 2022.

Luces JVS, Okabe K, Murao Y, Hirata Y. A phantom-sensation based paradigm
for continuous vibrotactile wrist guidance in two-dimensional space. IEEE
Rob Autom Lett. 2017;3(1):163-70.

Chaubey P, Rosenbaum-Chou T, Daly W, Boone D. Closed-loop vibratory
haptic feedback in upper-limb prosthetic users. JPO: J Prosthetics Orthot.
2014;26(3):120-7.

Shi P, Shen X. Sensation feedback and muscle response of electrical stimula-
tion on the upper limb skin: a case study. In: 2015 Seventh international
conference on measuring technology and mechatronics automation. IEEE;
2015.p. 969-72.

D'Alonzo M, Dosen S, Cipriani C, Farina D. HyVE—hybrid vibro-electrotactile
stimulation—is an efficient approach to multi-channel sensory feedback.
IEEE Trans Haptics. 2013;7(2):181-90.

Clemente F, Cipriani C. A novel device for multi-modal sensory feedback in
hand prosthetics: Design and preliminary prototype. In: 2014 IEEE haptics
symposium (HAPTICS). IEEE; 2014. p. 569-73.

Lee J, Choi MH, Jung JH, Hammond FL. Multimodal sensory feedback for
virtual proprioception in powered upper-limb prostheses. In: 2017 26th IEEE
international symposium on robot and human interactive communication
(RO-MAN). IEEE; 2017. p. 277-83.

Huang H, et al. Multi-modal sensory feedback system for upper limb ampu-
tees. 2017 New Generation of CAS (NGCAS). [EEE; 2017. p. 193-6.

Garenfeld MA, et al. A compact system for simultaneous stimulation

and recording for closed-loop myoelectric control. J Neuroeng Rehabil.
2021;18(1):1-17.

Merletti R, Aventaggiato M, Botter A, Holobar A, Marateb H, Vieira TM.
Advances in surface EMG: recent progress in detection and processing
techniques. Crit Rev Biomed Eng. 2010;38(4).

Mereu F, Leone F, Gentile C, Cordella F, Gruppioni E, Zollo L. Control strategies
and performance assessment of upper-limb TMR prostheses: a review. Sen-
sors. 2021:21(6):1953.

Zheng M, Crouch MS, Eggleston MS. Surface Electromyography as a Natural
Human-Machine Interface: A Review, arXiv preprint arXiv:2101.04658. 2021.
Basu T. Facebook is making a bracelet that lets you control computers with
your brain. https://www.technologyreview.com/2021/03/18/1021021/
facebook-augmented-reality-wristband/?truid=6d1563793eef118b9007
59ed00bfef6f&utm_source=the_download&utm_medium=email&utm_
campaign=the_download.unpaid.engagement&utm_term==&utm_
content=03-19-2021&mc_cid=f1e3644b4e&mc_eid=de470f7d14 (accessed
March 18, 2021).

Shehata AW, Scheme EJ, Sensinger JW. Audible feedback improves internal
model strength and performance of myoelectric prosthesis control. Sci Rep.
2018:8(1):1-10.

Shehata AW, Engels LF, Controzzi M, Cipriani C, Scheme EJ, Sensinger JW.
Improving internal model strength and performance of prosthetic hands
using augmented feedback. J Neuroeng Rehabil. 2018;15(1):1-12.


https://doi.org/10.1016/j.jor.2020.12.009
https://www.psyonic.io/ability-hand
https://www.vincentsystems.de/
https://www.technologyreview.com/2021/03/18/1021021/facebook-augmented-reality-wristband/?truid=6d1563793eef118b900759ed00bfef6f&utm_source=the_download&utm_medium=email&utm_campaign=the_download.unpaid.engagement&utm_term=&utm_content=03-19-2021&mc_cid=f1e3644b4e&mc_eid=de470f7d14
https://www.technologyreview.com/2021/03/18/1021021/facebook-augmented-reality-wristband/?truid=6d1563793eef118b900759ed00bfef6f&utm_source=the_download&utm_medium=email&utm_campaign=the_download.unpaid.engagement&utm_term=&utm_content=03-19-2021&mc_cid=f1e3644b4e&mc_eid=de470f7d14
https://www.technologyreview.com/2021/03/18/1021021/facebook-augmented-reality-wristband/?truid=6d1563793eef118b900759ed00bfef6f&utm_source=the_download&utm_medium=email&utm_campaign=the_download.unpaid.engagement&utm_term=&utm_content=03-19-2021&mc_cid=f1e3644b4e&mc_eid=de470f7d14
https://www.technologyreview.com/2021/03/18/1021021/facebook-augmented-reality-wristband/?truid=6d1563793eef118b900759ed00bfef6f&utm_source=the_download&utm_medium=email&utm_campaign=the_download.unpaid.engagement&utm_term=&utm_content=03-19-2021&mc_cid=f1e3644b4e&mc_eid=de470f7d14
https://www.technologyreview.com/2021/03/18/1021021/facebook-augmented-reality-wristband/?truid=6d1563793eef118b900759ed00bfef6f&utm_source=the_download&utm_medium=email&utm_campaign=the_download.unpaid.engagement&utm_term=&utm_content=03-19-2021&mc_cid=f1e3644b4e&mc_eid=de470f7d14

Marinelli et al. Journal of NeuroEngineering and Rehabilitation

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.
53.

Controzzi M, Clemente F, Pierotti N, Bacchereti M, Cipriani C, Superiore S.
Evaluation of hand function trasporting fragile objects: the virtual eggs test.
In Myoelectric control symposium. New Brunswick, CA: University of Salford;
2017.

Marinelli A, et al. A Novel Method for Vibrotactile proprioceptive feedback
using spatial encoding and Gaussian Interpolation. IEEE Trans Biomed Eng.
Dec 2023;70:3354-65. https://doi.org/10.1109/TBME.2023.3285850.
Laffranchi M et al. The Hannes hand prosthesis replicates the key biological
properties of the human hand. Sci Rob. 2020.

Marinelli A et al. Performance evaluation of pattern recognition algorithms
for upper limb prosthetic applications. In: 8th IEEE RAS/EMBS international
conference for biomedical robotics and biomechatronics (BioRob). IEEE; 2020.
Ortiz-Catalan M, Hakansson B, Branemark R. Real-time and simultaneous
control of artificial limbs based on pattern recognition algorithms. IEEE Trans
Neural Syst Rehabil Eng. 2014,22(4):756-64.

Koelewijn T, Bronkhorst A, Theeuwes J. Attention and the multiple stages

of multisensory integration: a review of audiovisual studies. Acta Psychol.
2010;134(3):372-84.

Di Domenico D et al. Hannes Prosthesis Control Based on Regression
Machine Learning Algorithms, presented at the 2021 IEEE/RSJ International
Conference on Intelligent Robots and Systems (IROS 2021), 2021.

Marinelli A et al. Miniature EMG sensors for prosthetic applications. In: 2021
10th International IEEE/EMBS conference on neural engineering (NER). [EEE;
2021. p. 1022-5.

Vybronics . VC0625B001L. https://www.vybronics.com/wp-content/uploads/
datasheet-files/Vybronics-VC0625B001-datasheet.pdf (accessed).

Gilman S. Joint position sense and vibration sense: Anatomical organisa-
tion and assessment, Journal of neurology, neurosurgery, and psychiatry.
2002;73:473-7. https://doi.org/10.1136/jnnp.73.5.473.

Prins N. Psychophysics: a practical introduction. Academic; 2016.

Smith A, Ward-Cherrier B, Etoundi A, Pearson MJ. Evaluating multi-

channel vibrational feedback arrays in a digit discrimination task. In: 2022

(2024) 21

54.

55.

56.

57.

58.

59.

60.

61.

1142

Page 16 of 16

International symposium on electrical, electronics and information engineer-
ing (ISEEIE). IEEE; 2022. p. 202-7.

Boljani¢ T et al. Design of multi-pad electrotactile system envisioned as a
feedback channel for supernumerary robotic limbs. Artif Organs. 2022.

Wilke MA, Niethammer C, Meyer B, Farina D, Dosen S. Psychometric char-
acterization of incidental feedback sources during grasping with a hand
prosthesis. J Neuroeng Rehabil. 2019;16(1):1-13.

Wilke MA, Hartmann C, Schimpf F, Farina D, Dosen S. The interaction between
feedback type and learning in routine grasping with myoelectric prostheses.
IEEE Trans Haptics. 2019;13(3):645-54.

Hebert JS et al. Quantitative eye gaze and movement differences in visuomo-
tor adaptations to varying task demands among upper-extremity prosthesis
users. JAMA Netw open. 2019;2(9).e1911197.

Nguyen AT et al. A Portable, Self-Contained Neuroprosthetic Hand with Deep
Learning-Based Finger Control, arXiv preprint arXiv:2103.13452, 2021.
Aboseria M, Clemente F, Engels LF, Cipriani C. Discrete vibro-tactile feedback
prevents object slippage in hand prostheses more intuitively than other
modalities. IEEE Trans Neural Syst Rehabil Eng. 2018,26(8):1577-84.

Gasparic F et al. A novel sensory feedback approach to facilitate both predic-
tive and corrective control of grasping force in myoelectric prostheses. IEEE
Trans Neural Syst Rehabil Eng. 2023.

Earley EJ, Johnson RE, Sensinger JW, Hargrove LJ. Wrist speed feedback
improves elbow compensation and reaching accuracy for myoelectric tran-
sradial prosthesis users in hybrid virtual reaching task. J Neuroeng Rehabil.
2023;20(1):9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1109/TBME.2023.3285850
https://www.vybronics.com/wp-content/uploads/datasheet-files/Vybronics-VC0625B001L-datasheet.pdf
https://www.vybronics.com/wp-content/uploads/datasheet-files/Vybronics-VC0625B001L-datasheet.pdf
https://doi.org/10.1136/jnnp.73.5.473

