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Abstract: Supernumerary robotic limbs are mainly designed to augment the physical capabilities of
able-bodied individuals, in a wide range of contexts from body support to surgery. When they are
worn as wearable devices, they naturally provide inherent feedback due to the mechanical coupling
with the human body. The user can, thus, perceive the interaction with the environment by relying
on a combination of visual and inherent feedback. However, these can be inefficient in accomplishing
complex tasks, particularly in the case of visual occlusion or variation in the environment stiffness.
Here, we investigated whether, in a force-regulation task using a wearable supernumerary robotic
arm (SRA), additional vibrotactile feedback can increase the control performance of participants
compared to the inherent feedback. Additionally, to make the scenario more realistic, we introduced
variations in the SRA’s kinematic posture and in the environment stiffness. Notably, our findings
revealed a statistically significant improvement in user performance over all the evaluated metrics
while receiving additional vibrotactile feedback. Compared to inherent feedback alone, the additional
vibrotactile feedback allowed participants to exert the required force faster (p < 0.01), to maintain it
for longer (p < 0.001), and with lower errors (p < 0.001). No discernible effects related to the SRA’s
posture or environment stiffness were observed. These results proved the benefits of providing the
user with additional vibrotactile feedback to convey the SRA’s force during interaction tasks.

Keywords: supernumerary robotic arm; haptic feedback; vibrotactile feedback; human augmentation

1. Introduction

Supernumerary robotic limbs (SRLs) are robotic manipulators, often wearable, de-
signed to achieve human motor augmentation, i.e., to enhance the motor abilities of able-
bodied individuals by including supernumerary robotic arms (SRAs), legs (SRLGs), or
fingers (SRFs) into their motor control. The engineering applications of SRLs are several
and range from compensation or function restoration in patients with physical limitations
to the actual augmentation of healthy individuals beyond human physical abilities.

The main application scenarios can be summarized into three categories [1]: holding
and manipulating objects, enhancing the workspace, and balancing and stabilizing the
user. For example, Davenport et al. [2] and Llorens-Bonilla et al. [3] realized an SRA to
assist the operator in aircraft assembly tasks such as holding objects, lifting weights, and
compensating for the disturbance caused by drilling. Enhancing the workspace implies
interacting with objects either outside of the human-reachable workspace or while the
hands are occupied, such as in overhead tasks (e.g., SRAs mounted on the user’s shoulders
for ceiling work scenarios [4–6]). Indeed, the use of SRAs helps avoid massive injuries
and long-term fatigue often caused by overhead tasks and could lead to increased overall
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workplace productivity, safety, and effectiveness. The latter application is to balance and
support the human body and reduce human fatigue, such as in [7,8], where Parietti et al.
designed a waist-mounted SRA to minimize the torque exerted on the human joints,
or in [9,10], where they realized two additional robotic legs, attached to a backpack-like
harness providing balancing assistance, a reduction of the joint load on human walking,
and human support in special postures.

In all these applications, particularly when concerning the SRAs, the operator does
not have direct information on the robot’s interaction with the environment, except visual
feedback. However, this might be insufficient to complete complex tasks, especially when
vision is occluded or during contact with environments that are not compliant, i.e., where
the force application does not produce a visible deformation.

In contrast, haptic feedback would allow the user to feel such interaction force, even-
tually conveyed through a different type of sensation.

When SRLs are worn as wearable devices, they naturally provide haptic feedback
on the user body, which perceives not only the presence of the robot, but also part of the
interaction forces that arise from the contact with the environment, through the mechanical
coupling between the SRL and the human body. This is called inherent feedback as
it provides the individual with intrinsic information naturally available when wearing
the device.

This type of feedback was recently investigated by Guggenheim and Asada [11],
who demonstrated that the inherent feedback provided by an SRA on the user’s lower
back would be sufficient for the user to control the output force at the SRA end-effector.
Nonetheless, this result was obtained with a rigid one-degree-of-freedom (DoF) robotic
arm and an optimized fixation to the operator’s body in a simplified task with the robot
end-effector being attached to the environment. The inherent feedback is sensitive to the
variability of several parameters though, such as the mechanical characteristics of the
environment (i.e., rigid versus soft contact interfaces) or the SRA itself, such as its kinematic
posture or its joint compliance.

Considering more-realistic scenarios with heavy, multi-DoF, re-configurable robots
and intermittent interaction with the environment, the question of which benefits can be
obtained by providing the operator with additional haptic feedback compared to inherent
feedback alone remains open.

Several studies have already demonstrated the usefulness of additional haptic feedback
in the case of an SRF [12–16] provided by means of electro- or vibrotactile stimulation to
convey the force or position of the extra robotic limb, respectively.

However, while the use of haptic feedback interfaces is rather common in prostheses
and exoskeletons [17–23], as well as in supernumerary robotic fingers, it is still unexplored
in SRAs. Only M.H.D. Yamen Saraiji et al. [24] investigated feedback interfaces for SRAs,
providing two feet-controlled artificial arms with position and torque feedback to the sole of
the feet. The system worked reasonably well in pointing tasks and, in some cases, seemed
to succeed in temporarily eliciting the feeling of having two additional arms.

On the other side, a few studies have investigated the use of haptic feedback on
non-wearable SRAs. Refs. [25–27] provided vibrotactile feedback on the leg of the user
proportional to either the position of the end-effector or the joints’ angles or torques,
whereas [28] used pressure feedback on the user’s feet to convey the end-effector contact
force. However, these studies employed non-wearable robotic arms that, thus, do not
provide inherent feedback. A comprehensive review of the impact of feedback on control
of SRLs is out of the scope of the present work, but more information can be found in [29].

The goal of the present study was to investigate, for the first time, the effect on the
control performance of an additional vibrotactile feedback concerning the SRA interaction
force and test whether this feedback can lead to better performance compared to the
inherent feedback of the wearable SRA. In fact, we believe that relaying simple additional
artificial sensory feedback to provide users with the rich sensation of the force exerted by an
SRA is essential for bringing human sensorimotor augmentation to the next level, in which
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humans can effortlessly control SRAs as part of their own bodies. This work constitutes a
novelty in the field of human augmentation since, to the best of our knowledge, no other
work has directly compared the contributions of inherent and supplementary vibrotactile
feedback provided by a wearable SRA.

In particular, we assessed in a simplified, but realistic scenario of force regulation with
a wearable SRA the usefulness of relaying through supplementary vibrotactile feedback
information about the force applied by the SRA when interacting with the environment.
The objective of the task was to assess the ability of the user to exert a requested amount
of force with the SRA’s end-effector. In particular, we investigated how the additional
feedback affects performance compared to inherent feedback only, with different robot
postures and environment stiffness.

We decided to adopt as the feedback modality the vibrotactile one because it is non-
invasive and suitable for unobtrusive integration, allowing for comfortable wear without
impeding the concurrent use of the SRA. This choice was also supported by the demon-
strated effectiveness of vibrotactile feedback in various applications, including SRFs [13–16],
robotic arms [25–27], and prosthesis [17–19,23], further supporting its suitability for our
specific scientific investigation.

In the following section, the materials and methods used will be deepened, with spe-
cific attention on the experimental setup in Section 2.1, the vibrotactile feedback and data
processing in Section 2.2, the experimental protocol in Section 2.3, and the data analysis in
Section 2.4. Later on, in Section 3, the results will be presented, focusing on the effect of the
feedback, the effect of the variation of the environmental parameters, and the subjective
perception of the participants. To conclude, the discussions and conclusions are presented
in Section 4.

2. Materials and Methods
2.1. Experimental Setup

Based on the sample size of previous literature dealing with SRAs [11,24], thirteen participants
(eleven males, two females) aged over 18 years (mean age 23.8 ± 1.4 years) participated
in the experiment, after having provided written informed consent. The experiment was
approved by the Sorbonne Université Research Ethics Committee (CER-SU) and conducted
according to the Declaration of Helsinki.

During the experiment, the participant stands up in front of a vertical surface with
a display (placed at the head level) while wearing the SRA, which remains still, in a
predefined position (see Figure 1a). The participants can control the end-effector position
using their body movements in order to apply a force with the SRA end-effector against
the vertical surface (whose compliance can be changed from rigid to soft and vice versa).
Participants were asked to exert specific amounts of force, as displayed by the graphical
user interface (GUI).

The SRA was composed of the 7-DoF robotic arm Kinova Gen 3 Ultra lightweight
attached to a modified Pellenc comfort harness [30] developed by the AGATHE team of
ISIR-SU [31]. This robot’s form factor, light weight, and default hardware make it safe for
cobotic applications in close interaction with the human body. The robot was turned on
during the experiment, but it remained still in a given posture (achieved through joint
position control), behaving like a rigid tool attached to the body. The SRA end-effector was
equipped with a Robotiq FT 300-S 6-axis force sensor, characterized by a sampling rate of
100 Hz and a resolution of 0.0091 N, to measure the force applied by the end-effector to
the environment.

The vibrotactile feedback system was composed of an electronic board and a vibrating
system and was developed by improving a previous system [25–27]. The electronic board
included 3 motor drivers (L2293Q by STMicroelectronics) to independently control up
to 6 motors, a microcontroller unit (MCU) (STM32F446 by STMicroelectronics, Geneva,
Switzerland ), an FTDI module (FT232RL by FTDI Chip, Glasgow, UK), voltage regulators,



Machines 2023, 11, 1085 4 of 13

a battery charger, and a module for Bluetooth. The electronic schematic and board were
realized using the EAGLE 9.6.2 software (by Autodesk, Inc., San Francisco, CA, USA).

In the present work, only one motor was employed. The vibration motor (Model:
307-103 by Precision Microdrives Inc., London, U.K.) was placed in a 3D-printed case
equipped with an elastic band (see Figure 1b). The case had a parallelepiped shape to
maximize the contact surface with the body, a cylindrical hole that held the vibrator motor
tightly, avoiding any vibration waste inside the case, and a small hole to tighten the cable.
The vibrotactile stimulator was placed on the bicep of the preferred arm (see Figure 1c),
according to [32], which demonstrated a high tactile acuity in this region.

Figure 1. (a) Scheme of the experimental setup; (b) the vibrotactile feedback system; (c) how the
vibrotactile system is mounted on the participant’s arm: the case and the elastic band.

On the display placed in front of the user, a GUI, shown in Figure 2a–c, provided the
user with the task instructions (i.e., to exert with the SRA the amount of force highlighted
on the monitor), together with a bar displaying the norm of the forces measured at the
end-effector through the sensor. In particular, 3 different force levels were highlighted with
an arrow-shaped text and a different color of the bar: low force (in green), medium force
(in yellow), and high force (in red). Each level was a force interval that consisted of a fixed
mean threshold (7 N, 14 N, and 21 N, represented by a thick dashed line) and a standard
deviation of ±2 N (represented by two thin dashed lines). Additionally, we considered
a rest level with a threshold of 0 N and a deviation of +2 N only in the positive range,
to discard the non-contact case.

2.2. Vibrotactile Feedback and Data Processing

The interaction between the SRA end-effector and the vertical surface was measured
by the FT sensor. The output was a 6× 1 force and torque vector, which was serially
received by a computer and processed by a Python script. Specifically, it computed the
norm of the forces and the filter (Butterworth low-pass filter, 1st-order, 20 Hz), and both
were shown on the display through the colored bar and drove the vibrotactile system
through communication with the MCU.
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Figure 2. Graphic interface during the familiarization (a), training (b), and testing (c) session.
The level to reach is highlighted (training and testing sessions) with a darker color of the arrow.
(d) The experimental protocol is divided into two blocks presented in a randomized order: with the
inherent haptic feedback alone and with the addition of the vibrotactile haptic feedback. In both
blocks, the subject faces a familiarization, a training, and a testing session.

Using the STM32CubeMX and an IDE based on Eclipse called SW4STM32, the MCU
on the board was configured to receive the norm of the force value through serial commu-
nication. It then delivered to the motor drivers a pulse-width modulation (PWM) signal,
whose duty cycle, proportional to the force value, accordingly modified the velocity of the
rotating mass and, thus, the intensity of the vibration. In order to cover the entire span of
the duty cycle the motors can operate with, the following linear mapping was used:

δ(t) = δmin +

∣∣∣∣ F(δmax − δmin))

Fmax

∣∣∣∣ (1)

where δ is the duty cycle of the PWM, δmin = 0, δmax = 1, and they define the range of
possible values of the duty cycle, while F is the force measured, with Fmax = 30 N the
maximum value.

2.3. Experimental Protocol

The task consisted of reaching, as fast as possible, the force level highlighted in
the GUI (Figure 2a–c) by pushing with the robot end-effector against the vertical surface
and maintaining the required force level until the end of the trial, which lasted 5 s. After that,
participants had 3 s to return to the rest level, in order to start each trial from the same
starting condition. Each level of force (three levels in total) was repeated the same number
of times in a random order.

Additionally, to evaluate the participants’ ability to control the interaction force in dif-
ferent environmental situations, we used foam to change the stiffness of the vertical surface
from rigid to compliant (Figure 3c,d), and we modified, through the KINOVA® KORTEX™
Web App, the robot posture from acentered(end-effector placed in front of the participant
at the sternum level) to a lateral (Figure 3a,b) configuration.

Those postures were chosen because they would provide different inherent feedback.
Additionally, they avoided any unforeseen contact between the SRA segments and the
participant’s body during the experiment, taking into account different body sizes.
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Figure 3. (a) The centered and (b) the lateral kinematic configurations of the SRA from a front view.
The vertical surface (c) without the foam (rigid) and (d) with the foam (compliant).

Hence, for each parameter (i.e.,SRA kinematic configuration and stiffness of the
environment), we tested two different conditions (i.e., centered/lateral and rigid/compliant,
respectively), resulting in four possible combinations that each participant faced in random
order during each experimental session.

The experimental protocol was repeated twice, one for each feedback condition in
random order: with vibrotactile and inherent feedback and with inherent feedback only.

As depicted in Figure 2d, each experimental block unfolded in the following way:

• Familiarization session:
Participants experienced 1 min in each of the 4 combinations while controlling the
SRA with their body to exert a force against the vertical surface and observe on the
graphical interface the amount of force exerted (Figure 2a).

• Training session:
Then, participants were asked to execute the task 18 times, 6 for each force level,
for each of the 4 combinations of conditions. Thanks to the visual feedback provided
through the GUI (Figure 2b), they were able to check the level of force exerted.

• Testing session:
Finally, participants performed the task 12 times, 4 for each force level, repeated for
each of the 4 combinations, without any visual feedback of the level of force exerted
(Figure 2c).

At the end of the two blocks (with and without the vibration feedback), the participant
filled in a questionnaire based on a 5-point Likert scale (1 = a very little, 5 = a lot). The
four most-relevant questions to evaluate the participants’ perception about the usefulness
of the feedback were the following:

• How much did you find the vibration helpful?
• How much did you find the inherent sensation helpful?
• How much was the vibrotactile feedback useful to adapt to the different conditions?
• How much was the inherent sensation useful to adapt to the different conditions?

2.4. Data Analysis

The force data collected were analyzed with Python scripts, while the statistical
analysis was performed on JASP (Version 0.13.1—Amsterdam—Netherlands). All the force
data were preliminarily filtered using a 1st-order Butterworth low-pass filter with a cut
frequency equal to 45 Hz.

Four metrics were extracted from the force data (always considering the norm of the
force on the three axes) of the testing sessions:
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• The average error (e): the difference between the requested and the actual force,
computed and averaged for each trial from the moment the participant reached for
the first time the requested force interval to the end of the trial;

• The normalized error (||e||): the average error divided by the requested force level;
• The maintaining time (t): the sum of all the time intervals in which the participant

maintained the exerted force within a band of ±2 N around the requested one;
• The settling time (ts): the time from the instant in which the participant overcame 10%

of the requested force level until the moment when he/she maintained the requested
level for at least 0.15 s.

The normality of the data distribution was assessed using a Shapiro–Wilk test
(p−value > 0.05). If the data distribution resulted in being not normal, the log10 transfor-
mation was applied. Statistical differences among conditions were tested using a three-way
repeated-measures ANOVA with the feedback (vibrotactile + inherent and inherent), the en-
vironment stiffness (rigid and compliant), and the robot posture (centered and lateral)
as factors.

3. Results
3.1. Overview of Force Profiles

Figure 4 shows the norm of the force collected during the training and testing sessions
in both the inherent and inherent + vibrotactile conditions, for one repetition of a represen-
tative participant. In the training sessions, in which the visual feedback of the exerted force
was provided (Figure 4a,b), the measured forces (blue) seemed to follow the requested
levels (green) regardless of the conveyed haptic feedback. It was evident how, in the testing
sessions, where the visual feedback was absent, the removal of the vibrotactile feedback
(Figure 4d) led instead to an increase in the error, with the exerted force regularly reaching
values over 50 N while the maximum requested level was 21 N ± 2 N (see Figure 4c,d).

Figure 4. Example of the force profiles of one participant during a training session (a,b) and a testing
session (c,d) obtained in the two feedback conditions (inherent and inherent + vibrotactile), with the
same combination of conditions (compliant vertical surface and centered kinematic posture). On the
right is highlighted with the green tick the feedback available, while with the red cross, the feedback
is unavailable. The threshold of the requested level of force is represented by the green line and the
measured (and filtered) level of force, respectively, by the blue lines, for the training sessions, while
the pink ones are for the testing sessions.
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3.2. Effect of the Variation of Environmental Parameters

Considering the results averaged over the group of 13 participants, no significant effect
of the surface stiffness (rigid and compliant), nor the robot kinematic posture (centered and
lateral), nor the interaction between factors were observed on the overall performance. In
Figure 5, we can observe that the performance with the compliant environment was slightly
better (albeit not significantly) compared to the rigid one, in terms of lower average errors
and higher maintaining times. A more-detailed explanation can be found in Section 4.

Figure 5. Performance comparison between the two feedback conditions and for different envi-
ronmental conditions (i.e., stiffness level and SRA posture) in terms of (a,b) average error and
(c,d) maintaining time. The mean and the standard deviation of the metric over all the trials and
participants with the same conditions are shown.

3.3. Effect of the Feedback

We found an effect of the feedback condition on the performance. Specifically, a statisti-
cally significant difference between feedback conditions (inherent and inherent + vibrotactile)
was observed on all metrics, as shown in Figure 6. The presence of the vibrotactile feedback,
indeed, improved performances in terms of:

• Lower average errors (F = 38, p < 0.001, einherent = 9.271 N, einherent+vib. = 3.81 N);
• Lower normalized errors (F = 42, p < 0.001, ||e||inherent = 0.72, ||e||inherent+vib. = 0.311);
• Higher maintaining times (F = 26, p < 0.001, tinherent = 0.627 s, tinherent+vib. = 1.227 s);
• Lower settling times (F = 16, p = 0.002, tsinherent = 2.96 s, tsinherent+vib. = 2.34 s).
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Figure 6. Performance comparison between the two feedback conditions in terms of (a) average error,
(b) normalized error, (c) maintaining time, and (d) settling time. Each dot represents the mean of
the metric over the trials with the same combination of conditions of one participant. These results
are relative to all the participants, including both the stiffness and posture conditions. The asterisks
(*) represent the p−value of the statistical test: * p ≤ 0.1, *** p ≤ 0.001.

3.4. Subjective Perception of Participants

The answers from the questionnaire are summarized in the pie charts presented in
Figure 7. For the question,“How much was the vibration helpful?”, 100% answered either
4/5 or 5/5, while for the same question with “inherent sensation”, 77% answered with
3/5 or less. For the question, “How much was the vibrotactile feedback useful to adapt to
the different conditions?”, 100% answered 4/5 or 5/5, while for the same question with
“inherent sensation”, 85% answered 3/5 or less.

Figure 7. The pie charts realized using Microsoft Excel relative to the questionnaire answers of all
13 participants. The colours from red to dark green represent the answers based on a 5-point Likert
scale (1 = a very little, 5 = a lot) given by each participant to the four questions: (a) How much was
the vibrotactile feedback useful to adapt to the different conditions?, (b) How much was the inherent
sensation useful to adapt to the different conditions?, (c) How much did you find the vibration
helpful?, (d) How much did you find the inherent sensation helpful?
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4. Discussion

In this study, we assessed the impact of a supplementary vibrotactile feedback on
the control performance of 13 participants wearing an SRA during a force-regulation task,
compared to the condition in which only the inherent feedback (due to the contact between
the body and the robot) was present.

Examining the force profiles illustrated in Figure 4, it is evident that, during the
training sessions, with the visual feedback, the user effectively reached and maintained
the desired force levels regardless of the feedback condition. On the contrary, during the
testing session without the visual feedback, participants performed worse when relying
solely on the inherent feedback. In instances with inherent feedback alone, the participants
struggled to consistently reach the requested force interval. However, the addition of the
vibrotactile feedback mitigated this deficiency, enabling them to successfully attain and
sustain the desired force levels.

From the statistical analysis, we obtained for all the analyzed metrics a significant
improvement in the users’ performance due to the addition of the vibrotactile feedback.
This result was supported by participants’ perception, given that 100% of the users found
the vibration useful during the experiment.

As regards the effect of the environmental conditions and their interaction with the
feedback, we did not find any statistically significant result, as shown in Figure 5. However,
this could be due to the small dimension of the population, combined with the high
number of conditions. Indeed, when receiving the vibrotactile feedback, participants not
only performed better, but they seemed to improve their performance even more when
dealing with a compliant environment (Figure 5). The questionnaire showed that 100% of
the users felt a better ability to adapt to the different surface stiffness and robot postures
with the addition of the vibrotactile feedback. One possible explanation is that relying
solely on inherent feedback consistently yielded high error rates regardless of the object’s
properties, such as the stiffness. This could have masked the difference between the
different types of surfaces.

The presented outcomes aligned with the expectations, considering the existent literature,
where various studies [13,14,16–19,23,25–27] have consistently demonstrated the benefits of
incorporating additional force-driven vibrotactile feedback across diverse applications.

Although specific contexts, such as the one exemplified by Guggenheim et al. [11],
may find inherent feedback satisfactory, our investigation showed that vibrotactile feedback
allowed enhanced performance in tasks involving force regulation.

Yet, these results validated our hypothesis that the inherent feedback might not be
robust enough to be used alone and that the vibrotactile feedback could provide information
on the interaction in an intuitive way. We, thus, believe that the additional vibrotactile
feedback could be the key point to lead the sensorimotor augmentation of the SRA to the
next level, where humans can effortlessly control the SRA and perceive it as part of their
own body.

5. Conclusions

The goal of our experiment was to assess the effect of a vibrotactile feedback carrying
information on the force exerted through the SRA end-effector during a force regulation task
performed by users who were wearing the SRA on their back. As expected, the additional
vibrotactile feedback led to a statistically significant improvement in performance in terms
of lower errors, higher maintaining time, and lower settling time, compared to a condition
in which the users received only the inherent feedback provided by the contact between
the user’s body and the wearable SRA.

It is noteworthy that the simplicity characterizing the implemented vibrotactile feed-
back system could potentially result in diminishing performance improvements when
juxtaposed with more-advanced feedback modalities conveying richer information. This
consideration gains significance when addressing complex scenarios where SRL control is not
only contingent on bodily movements, but also factors in intricate environmental conditions.
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While we reckon that the numerosity of the participants may have impacted the results
concerning the effect on the environmental parameters (i.e., posture and stiffness), thus
constituting a possible limitation of the study, the main effect of the general improvement in
performance due to the addition of vibrotactile feedback compared to the inherent feedback
alone was undoubtedly robust.

In future research, similar experiments could be conducted testing more variables and
parameters: the ability of the users to adapt to the different environmental conditions using
the vibrotactile feedback could be deepened, as well as the influence of the environmental
stiffness and robot postures on the control of the application force. Also, the ability to per-
form a force regulation task actively controlling the SRA movements not only through body
motion could be tested. Finally, the force information relayed by the vibrotactile feedback
could be related to a more-realistic task, such as a virtual egg task (i.e., grasping a fragile
object by exerting the minimum amount of force possible to grasp it, without damaging it).

We speculate that, thanks to the presented vibrotactile feedback, a patient suffering
from upper limb paralysis could be able to exploit the SRA to open a door in front of
him/her and regulate the force needed to open it without slamming it or to keep a glass
of water without breaking it, nor dropping it. On the other side, a surgeon could use the
SRA as a third arm controlled to manipulate surgical instruments; in this scenario, the need
to discriminate the level of force applied is fundamental. In neither of these cases would
inherent feedback be sufficient to regulate the right amount of force.
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