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Abstract—Synchrony is a cornerstone for the successful physical
interaction between humans while cooperating or competing to-
wards a goal and is achieved by correct and smooth information ex-
change between subjects. Recently, Human-Robot-Human (HRH)
interaction arose as an emerging paradigm for improving motor
control in collaborative and dyadic motor tasks. Among the robotic
solutions explored for agent coupling, exoskeletons are powerful
tools for exerting torque and force feedback at the joint level.
In this work, two identical torque-controlled elbow exoskeletons
were used in dyadic interaction, to provide haptic feedback and
improve synchrony between two individuals performing a tapping
task. Each exoskeleton is lightweight and compact, weighing 0.8 kg
on the arm. Bench tests to verify the performance of closed-loop
torque control showed a residual torque below 0.2 Nm when the
reference torque was set to zero, and a bandwidth higher than 6 Hz,
thus achieving adequate performance for applications in HRH
scenarios. In human subjects’ experiments, the root-mean-squared
error between the two users’ joint trajectories was 50 % lower when
users received haptic feedback compared to the condition without
feedback; the relative phase error was lower than 60 %. The results
of this study suggest that exoskeletons can enhance synchrony in
HRH interactions, being potentially useful in rehabilitation train-
ing, collaborative industrial tasks or sport and music learning.

Index Terms—Haptics and haptic interfaces, physical human-
robot interaction, wearable robotics.
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I. INTRODUCTION

HEN humans collaborate or compete task execution,
W spatial and temporal relations between the agents (i.e.,
humans) are relevant for successful task completion [1]. Espe-
cially for tasks like precise joint manipulation or goal-directed
pick and place, synchrony plays a fundamental role [2]. Syn-
chrony refers to the temporal alignment in period or phase
between individuals performing repetitive actions [3]. This re-
lation is assumed to be controlled by predictive models that
use information coming from different sensory channels, and
it and is essential for tasks ranging from simple tapping to
complex arm movements [2]. Information exchange during such
tasks typically relies on visual or auditory cues. Studies have
explored enhancing human performance by augmenting these
sensory channels with additional task-relevant information [4].
Recently, haptic feedback during human-human interaction has
been shown to improve the task performance and the indi-
vidual motor learning of the involved agents [5]. Vibrotactile
stimulation provided via eccentric motors embedded in bands
and belts has been shown to improve performance in sports
and dance, particularly during simple exercises, although it is
challenging to develop a meaningful yet informative stimulus
for complex tasks [6]. On the other hand, joint-torque feed-
back provides an intuitive, movement-related information that
can be exploited by the user in the motor task [7]. Despite
its neurophysiological advantages, such as a shorter sensory
pathway linking external input to perception, there is still a
lack of strong evidence supporting the prevalence of the hap-
tic interaction over visual feedback in joint coordination tasks
between users [8], [9]. Robotic devices can provide haptic feed-
back to paired individuals, enabling them to physically interact
despite being spatially distant or separated, a concept known
as Human-Robot-Human (HRH) interaction [10]. Two main
architectures of robots have been adopted depending on the
application scenarios, namely end-effector devices and wearable
robots. End-effector robots can integrate high-power actuation
units with high performance in closed-loop force/torque control
[11]. The haptic information can be rendered only at the endpoint
[12], posing some limitations when tested in tasks that simulate
daily-life activities. Conversely, wearable robots can render
forces and torques at joint level, supporting free 3D movements
and complex multi-joint tasks while delivering haptic feedback
enriched with kinematic information about the movement [13].
Some recent works attempted to investigate the role of haptic
feedback via lower-limb exoskeletons during HRH interaction,
both on single-joint movements and in more complex tasks
such as sit-to-stand transitions [14], [15]. However, applications
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Fig. 1. Overview of the system. (a) The exoskeleton module and electronic box. (b) Exploded view of the components of the series elastic actuator.

(c) Communication scheme between the electronic box, two elbow exoskeletons and the monitoring station.

involving upper-limb exoskeletons remain limited. Some re-
search has explored visuomotor tasks in rehabilitation settings
[16]. Despite their potential to enhance HRH interactions in
everyday activities, sports, and music, designing upper-limb
exoskeletons that balance portability and torque tracking per-
formance remains challenging. Weight and bulkiness are major
factors affecting user acceptance and potentially hampering the
feedback effectiveness [17]. Additionally, haptic feedback must
be precisely modulated to be effectively incorporated into motor
patterns, requiring high torque resolution and bandwidth [18].
To address these requirements, Series-Elastic-Actuators (SEAS)
represent a viable solution to achieve (i) a closed-loop torque
control (ii) smooth and safe interaction and (iii) visco-elastic
behavior adaptable to different interaction paradigms [19].

This letter presents a compact, lightweight SEA-based elbow
exoskeleton designed to provide haptic feedback in HRH inter-
action between physically unimpaired individuals. The elbow
joint was chosen due to its key role in hand positioning and
controlling the timing of upper-limb gestures [20], which are
relevant for studying synchronization between agents, especially
in leisure activities such as music playing with drums or violins,
sports or dance [21]. The following sections discuss the device
requirements, mechatronic implementation, and characteriza-
tion. The experimental validation focuses on evaluating the
impact of haptic feedback to improve synchrony between users
in a dyadic task.

II. EXOSKELETON PROTOTYPE

A. Design Requirements

In unimpaired individuals performing daily activities, the
elbow joint has a range of motion (RoM) spanning from 0
to 130 deg, with a maximum speed of 330 deg/s. Movement
frequencies within this RoM can reach up to 3 Hz [22], with
an expected average of 1.2 Hz [23]. In addition, the minimum
perceivable torque at the elbow is 0.2 Nm in static conditions and
0.8-1 Nm during dynamic tasks [24]. The maximum biological

elbow torque is below 3 Nm in daily tasks that do not entail
the manipulation of external loads [25]. Based on the aforemen-
tioned data, the exoskeleton was designed to fit physiological
movement angles and speed, with a minimum output torque
resolution of 10 mNm and a peak torque of 4.5 Nm [23]. Partic-
ular attention was given to designing a system with an overall
weight below 1.2 kg and with limited encumbrance, considering
that these features are paramount for device acceptability [26].

The developed system is a Portable Elbow acTive Exoskeleton
(PETE) (Fig. 1). PETE comprises a wearable exoskeletal module
and an electronic box located remotely, as this configuration
reduces the weight on the user. The wearable module can be
adjusted to fit the right or left arm and is made of two main
components: (i) the actuation unit, and (ii) the physical human-
robot interface (pHRI). In this work, two exoskeletal modules
are used in a dyadic task.

B. Actuation Unit

The selection of the actuator’s components followed the pro-
cedure presented in [27]. The working cycle of the actuation unit
consisted of sinusoidal F/E movements within the physiological
RoM and speed, and an output torque of 6 Nm at the speed peak.
The motor, reducer and spring were selected to minimize the
overall encumbrance while ensuring that the current saturation
and maximum speed limits of the motor were not reached within
the working cycle. The designed actuation unitis a Force Sensing
Series Elastic Actuation (FSEA) [19]. The FSEA integrates
an electric motor, a reduction stage, and a custom torsional
spring [28]. A brushless DC-Flat motor (3216 024 BXT H,
Faulhaber, Schonaich, Germany) delivers 20 W of power at 24
V. The reduction stage is a Harmonic Drive (CSD14802AGR,
Harmonic Drive SE, Germany) with an 80:1 reduction ratio.
Spring stiffness was selected iteratively by FEM simulation to
achieve a peak torque higher than 4.5 Nm while ensuring at
least a resolution of 10 mNm for precise control, considering a
minimum encoder resolution of 16 bits. The final design of the
torsional spring has a stiffness of 138 Nm/rad and can reach a
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maximum torque peak of up to 7 Nm before damage. The spring
deflection is measured using a single magnetic encoder with a
double magnetic head configuration (MB039, RLS AksIM-2
redundant, Ljubljana, Slovenija), enabling torque measurement
with a resolution of 6.6 mNm. The encoder is also used to
measure the elbow joint angle. The resulting actuation unit has
compact dimensions (87x64x66 mm) and weighs 0.4 kg.

C. Physical Human-Robot Interface

The pHRI is composed of two main components, namely (i) an
elbow orthosis and (ii) a shoulder support vest. The elbow ortho-
sis is customized from a commercial elbow brace (Innovator X,
Ossur, Reykjavik, Iceland). Two couples of C-shaped cuffs are
used to attach the orthosis’ links to the upper arm and forearm,
respectively, through Velcro straps. These cuffs are padded with
soft material and can be easily adjusted to conform to the human
limbs. To accommodate different arm lengths, both distances
between the two upper-arm cuffs and the two forearm cuffs can
be adjusted. A rotational passive joint is integrated in the forearm
link, with its rotation axis perpendicular to the elbow rotation
axis and the forearm link, to leave the wrist pronation-supination
movement free. The shoulder support vest (ACT-100 DX, FGP
s.r.l, Verona, Italy) prevents the exoskeleton from slipping along
the user’s arm during operation. The overall weight of the pHRI
is 0.4 kg, hence the overall weight of the device is 0.8 kg.

D. Electronics

The remote electronic box comprises: (i) a custom control
board endowed with a commercial system on module (SbRIO-
9651, National Instruments, Austin, Texas, USA), embedding
a Zyng-7020 FPGA and a LinuxRT real-time processor, (ii) a
WiFi nano router for interfacing with an external laptop, and (iii)
a Lilon battery (Li-Ion, 8 cells, 28.8 V — 2250 mAh, Inspired
Energy, Kirkham, U.K.). The EtherCAT (ECAT) protocol is
used to connect the motor driver (Platinum Solo Twitter 15/100,
Elmo Motion Control Ltd., Petach-Tikva, Israel) to the control
electronics. The driver box includes alow noise fan for heat dissi-
pation. ECAT communication also enables real-time monitoring
of parameters like thermal output, providing an overheat safety
measure. The control electronics can drive one exoskeleton
module (E1) or both (E1 and E2) simultaneously. In this case,
an additional cable for ECAT communication connects the E1l
and E2 motor drivers, so that the two modules are operated
synchronously. The box acts as master of the communication,
while the two modules are slaves.

E. Control Architecture and Strategies

The control architecture is based on a three-layer hierarchical
structure, namely low-, middle-, and high-level control layers
(Fig. 2). The low-level control runs on the FPGA at 500 Hz.
It implements a closed-loop torque compensator, which sets
the reference current to the motor driver based on the differ-
ence between the desired and measured torques (Tges, Tmeas)-
The controller is a lead-lag compensator designed via a pole
placement method, based on the identification of the open-loop
transfer function [19]. The middle-level control runs on the RT
processor at 100 Hz and computes the 74, according to a virtual
impedance paradigm (1):

B’U emeas (1)

Tdes = K’u (gdes - gmeas) -
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Fig. 2. Control scheme for the human-robot-human interaction. E1 and E2
are the two exoskeleton modules. The high-level control layer sets the desired
interaction paradigm between the subjects. In the bidirectional interaction, the
middle-level control sets the desired angle of each module as the measured
angle of the opposite one. In the unidirectional interaction, the same control
scheme is applied, but one of the two exoskeletons is operating in transparent
mode (T ges = 0). In the no interaction paradigm, both exoskeletons are in
transparent mode.

where K, and B, are set as virtual stiffness and damping
coefficients, respectively, and 04,5 and 6, are the desired and
measured elbow angles, respectively, and 6,5 is the measured
velocity (estimated from angle differentiation). In the presented
application, the virtual stiffness K, was set to 2.7 Nm/rad while
the damping term B, was set to 0.23 Nms/rad, resulting in a
maximum output torque of 5.65 Nm at the joint level in case
of deviation from an equilibrium point (assuming a range of
motion 0 -120 deg). The damping term B, was included to
ensure stability of the control law, which does not consider the
difference between users’ speed, as accounted in other studies
[71, [14]. The high-level control runs on the RT processor, and
it is used to manually set the HRH interaction paradigm among
the following:
1) No interaction (NI): the E1 and E2 exoskeletons are con-
trolled in the so-called transparent mode (TM), in which
T(’fels = TdEfs = 0 Nm; in this condition, the users can
move freely without receiving any haptic feedback.
2) Unidirectional interaction (UI): the E1 (or E2) exoskeleton
operates in TM, while the E2 (or E1) provides a de-
sired torque according to (1), where Oges = and

Oeas = foeas (or vice versa). In this way, the user of
E1 (or E2) acts as the leader, moving freely and driving the
user of E2 (or El), the follower, toward his/her kinematic
trajectory.

3) Bidirectional interaction (BI): both modules are controlled

to create a virtual coupling between the users, as in (2) and

3):

TdEe%s = (957,(23(18 - enEféas) B efzéas (2)
Taee = Ko (Oprtas = Onmeas) = Bubpeas — (3)
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control following the trajectory imposed on E2 by a user.

III. BENCH-TOP CHARACTERIZATION

Step and chirp response characterization was conducted to
evaluate the system responsiveness and the torque bandwidth,
respectively. In these tests, the output link of the actuation unit
was locked mechanically against the mechanical end-stop. In
addition, the system output impedance was assessed with the
output link of the actuation unit free to move.

Step response: Twenty step signals of four different torque
amplitudes (= 0.5 Nm and £ 1 Nm) were commanded to the
actuation unit, with a preload of = 1.5 Nm for ensuring no
detachment form the end-stop. For the stimulation at & 0.5 Nm,
the rise time was 0.02 4= 0.01 s, the settling time was 0.51 £ 0.20
s, and the overshoot was 21.9 4= 23.20%. For the step at & 1 Nm
amplitude, the rise time was 0.02 4= 0.01 s, the settling time was
0.32 £ 0.08 s, and the overshoot was 25.65 £ 5.02%. The mean
responses over the twenty repetitions are shown in Fig. 3(a).

Chirp response: Three chirp signals were commanded to the
actuation unit, spanning from 0.1 Hz to 6 Hz, with amplitudes
of 0.5, 1, and 1.5 Nm with a with a preload of 2 Nm for
ensuring no detachment from the end-stop. The transfer func-
tion H(s) = 75E4(s) /7754 (s) was estimated from the data.
Within the tested frequency range, the —3 dB cut-off frequency
was not reached. The root-mean-squared error (RMSE) between
the desired and the measured torque profiles was 0.29 + 0.10 Nm
over the three repetitions, with a phase lag of —18.25 deg at
1 Hz, —49.26 deg at 3 Hz, and —88.50 deg at 6 Hz. Results are
presented in Fig. 3(a).

Output impedance: To compute the output mechanical
impedance (Z (s) T5EA (5) /Opmeas(s)), the actuation unit
was set in TM ( 7724 = 0) and the output link was manually
elicited by an experimenter trying to follow a chirp signal in
a frequency range between 0.1 and 3.5 Hz. The mean ampli-
tude of the Bode plot of Z(s) ranged from 0.1 Nms/rad up to
0.25 Nms/rad over the explored frequency range (Fig. 3(b)).

Haptic rendering performance: The impedance control per-
formance was evaluated in terms of the tracking error in follow-
ing a reference angle trajectory. The two actuation units, E1 and
E2, were put on the bench and configured in the unidirectional
interaction control modality. Module E2 was set in TM and was
manually moved by one experimenter to generate manually a
chirp reference trajectory in a frequency range between 0.5 and

1 Hz. Module E1 was set in impedance control with a reference
angle set on the measured joint angle of E2. The movement of
El spanned a range of (0—112) deg. The angular RMSE between

0E2 and 0E!  was3.85+ 1 49 deg, while the torque RMSE,
computed between Tfl and 77! - was 0.10 & 0.06 Nm. The

results are presented in (Fig. 3(c)).

IV. HUMAN-IN-THE-LOOP EXPERIMENTS

The system performance was tested in a dyadic experiment, to
assess whether the haptic feedback provided by the exoskeletons
could be used to improve synchronization between the users
in a rhythmic task. A hand-tapping task was chosen, in which
subjects moved their elbow up and down while the visual and
acoustic stimuli were suppressed.

A. Participants

Eight dyads (16 subjects, 10 males and 6 females, age 27.8 +
2.7 years) were enrolled to participate in the experimental activ-
ity, which took place at The BioRobotics Institute of Scuola Su-
periore Sant’ Anna (Pontedera, Pisa, Italy). Dyads were formed
by pairing subjects with comparable height and weight, to ensure
matching between the elbow kinematics and to minimize dis-
crepancies in the perceived feedback caused by anthropometric
differences. The experimental activities followed the principles
stated in the declaration of Helsinki and all participants signed
written informed consent before participating. The Institutional
Review Board approved the experimental procedures (approval
n. 39/2023).

B. Experimental Protocol

The experimental task consisted of performing a rhythmic
hand-tapping gesture on a table surface through elbow F/E
movements at a pace of 60 bpm (1 Hz). Upon arrival, the two
subjects wore exoskeleton modules, and they were requested
to sit on a chair with their elbows at around 90 deg and the
upper arm lying along the body. The subjects were visually and
acoustically isolated from each other using a panel obstructing
the line of view and noise-reducing headphones (Fig. 4(a)).
Additionally, they wore Bluetooth earphones (one single pair
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shared by the two subjects) to listen to a metronome setting the
pace of the movements. The experiment was composed of five
blocks (Fig. 4(b)), each lasting 90 s. During the first 30 s, the
subjects listened to the metronome to set a common reference
rhythm; then the metronome was turned off and the participants
were asked to maintain the pace for 60 s. After each block,
a 10-minute wash-out period was added, similar to [29]. The
first and the last block were performed in no interaction mode
(called NI Start and NI End). The remaining three blocks were
randomized to set the modules in unidirectional mode (UI, with
El set as the leader and E2 as the follower, and vice versa) and
bidirectional mode (BI). The NI blocks were not randomized
to allow for investigation of potential retention effects from
the exposure to the feedback. The subjects were blinded to the
different experimental conditions to reduce bias effects.

C. Data Analysis and Statistics

Collected data were analyzed using MATLAB 2022b (The
MathWorks, Natick, MA, USA). All metrics were extracted
from the data collected in the last 60 s of each block and then
aggregated between subjects. For each dyad and condition, the
RMSE between the measured elbow angle trajectories collected
from the two exoskeletons was computed. Limit cycle analysis
was conducted to estimate the movement phase (¢, , ,) using
the state-space method. The phase was computed in the phase
plane as a function of the rotating vectors:

(o)

where 0, and 6 &, are respectively the angle trajectory and the
speed trajectory of E1 or E2. The phase difference between the
two signals was computed in absolute value:

|A¢| = |95, — b, | ©)

Additionally, the Euclidian distance (d.) was estimated be-
tween the two centroids of the limit cycles, computed as mean
values of angle and speed profiles in the phase plane for the
different haptic conditions:

“

¢En\1,2 = tan

Where (0, ,0, ) represents the mean values (centroids) of
the trajectories in the angle vs speed phase plane. The two vari-
ables were normalized using min-max normalization across con-
ditions, resulting in a value between 0 and 1. The maximum and
minimum values for angles and speeds for each condition were
observed to assess variations between the different haptic condi-
tions. Statistical analysis was conducted to evaluate differences

in the five different blocks for all metrics. The normality of the
computed metrics’ distribution was assessed using the Shapiro-
Wilks test. Since data were found not normally distributed, a
non-parametric one-way analysis of variance (Friedman test)
was applied to check for differences across the five blocks.
Then, when appropriate, post-hoc comparisons were carried out
through the Tukey-Kramer correction. All statistical analyses
were conducted in MATLAB 2022b using a significance level
o = 5%. Moreover, two metrics were computed, namely the
median of the absolute peak torque recorded during the trial (Me
(|7pks])) [19] and the RMSE between the desired and measured
torque profiles. The RMSE was analyzed to determine whether
the overall controller error during operation conditions exceeded
the threshold for perceived torque, potentially introducing a bias
in the perceived interaction if it overcome the just noticeable
difference (JND) of 0.2 Nm for the haptic feedback at the elbow
level [24]. Both metrics were computed in the UI and BI blocks,
while RMSE was also computed in the NI blocks.

D. Results

Experimental results are shown in Fig. 5. The RMSE between
the two elbow trajectories (Fig. 5(a)) in the BI block was sig-
nificantly lower than in the initial NI of around 52.10% (p =
1.4e-3) and the final NI block of around 57.21% (p = 1.9e-4).
On average, the UI blocks resulted in lower error compared
to the initial and final NI blocks (reductions were 36.84% and
43.60%, respectively), with a significance of the UI-El block
(p = 0.014) and a trend towards significance in UI-E2 block (p
= 0.084). No significant differences were observed between the
BI and the two UI blocks (p = 0.712 and p = 0.408), between
the two Ul blocks (p = 0.989), or between the two NI ones (p =
0.987). Similarly, the |A¢| (Fig. 5(b)) computed in the BI block
exhibited significantly smaller values compared to both the first
and last NI blocks, with a reduction of approximately 61.37% (p
= 0.022). Likewise, in the UI blocks, median values decreased
by 53.55% for E1 and 42.01% for E2 relative to the NI blocks.
The reduction was statistically significant for E1 (p = 0.014)
and showed a trend toward significance for E2 (p = 0.056). No
significant differences were observed between either UI blocks
(p = 0.989) or the two NI ones (p = 0.803). Concerning the
d. values (Fig. 5(c)), the Friedman test showed no significant
difference among the conditions (p = 0.240). The maximum
and minimum elbow’s angles were 111.5 (104.3—115.0) deg and
66.4 (62.5-67.5) deg, with a median variation < 1 deg across
conditions. The maximum speed values were recorded during
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Fig. 5.

Experimental results. (a) Time series of the elbow angle and speed of a representative dyad. (b) Elbow angles of a representative dyad in the angle-angle

plot. (c) Boxplots of the RMSE between E1 and E2 trajectories for the different conditions and the phase difference between E1 and E2 in the different conditions
across subjects. (d) Representative results of a dyad for the limit cycle analysis in the phase plane (speed/angle relation). (e) Aggregated results for the Euclidian
distance of the centroids in each condition. Statistically significant differences (p<0.05) are indicated with horizontal bars.

TABLE I
MEDIAN OF THE PEAK TORQUE (ME(|~rka|)),) AND RMSE REPORTED FOR
EACH FEEDBACK CONDITIONS

Me (Tprs]) (Nm) RMSE (Nm)

El E2 El E2

NI 023 022
Start - - (02025)  (0.20-0.25)

0.88 0.22 0.24
UIE2 (0.57-132) | (020-023)  (0.22:0.31)

1.06 0.26 021
ULEL | 0 96.1.13) - (022-028)  (0.20-0.28)

- 0.92 0.73 0.26 0.26
(0.84-1.09)  (0.61-0.90) | (0.22:029)  (0.20-0.29)

NI 021 0.20
End - - (0.180.23)  (0.18:0.22)

All the values are reported as median (IQR).

the NI condition, with a median of 195.2 (177.5-201.2) deg/s.
The median value decreased to 185.10 (176.4—195.6) deg/s with
the haptic bidirectional and unidirectional feedback. The median
torque RMSE across all conditions was 0.23 (0.18-0.31) Nm,
with no major deviation between the NI mode and the haptic
feedback conditions. The median absolute peak torques reached
a median value of 0.88 and 1.06 Nm during the UI condition,
while in the BI these values were reduced by 17% and 13%
respectively for E2 and E1. The Me (|7x5|) and RMSE torque
values for each condition are reported Table I.

V. DISCUSSIONS

A. Mechatronics Design Performance

This work presented the development of an elbow exoskeleton
based on SEA architecture, exploited as a tool for studying haptic

interaction between two human agents. The resulting system
features a compact and lightweight structure, with a weight in
line with other state-of-the-art devices [23], [30], while preserv-
ing the advantages of a rigid-structure-based exoskeleton and
maintaining an advantageous weight-to-power ratio. The control
system showed adequate performance for rendering haptic feed-
back in terms of closed-loop torque bandwidth (6 Hz compared
to the functional requirement of 1.2 Hz) [18] and transparency
(residual torque in TM in the range of the JND of 0.2 Nm).
The mechanical output impedance in TM was 0.25 Nms/rad at
a frequency of 3.5 Hz, and below 0.1 Nms/rad for the frequency
requested during the tapping movement (1 Hz). This finding
demonstrates the device’s suitability for applications involving
movement kinematics that accommodate physiological motions
[22]. The torque tracking RMSEs with haptic feedback were
close to the JND and comparable to values reported for similar
platforms [31]. Thus, the exoskeleton demonstrated its ability to
provide feedback with an error range negligible for the intended
application scenario. Overall, the system demonstrates a feasible
high-quality haptic interface for the targeted application.

B. Dyadic Synchronization Scenario

Several studies have examined the application of visual,
auditory and haptic vibrotactile feedback for improving the
relative phase synchronization between users [6]. However, this
exteroceptive information are limited in scenarios where the
user is performing an attention-demanding and structured task
[32]. In this study, haptic feedback provided through a wearable
device was used to actively modify the user behavior in a
rhythmic task, improving the overall synchronization between
two participants. Indeed, the results suggest that the information
provided by the exoskeleton was successfully integrated into the

Authorized licensed use limited to: Scuola Superio Sant'/Anna di Pisa. Downloaded on August 27,2025 at 06:59:11 UTC from IEEE Xplore. Restrictions apply.



10232

IEEE Robotics and Automation Letters (RA-L) paper, presented at ICR

user’s sensorimotor scheme, even if the subjects were unaware
of the exposed feedback condition. The low RMSE between the
two joint trajectories (median value always below 15 deg) and the
low relative phase delay between the taps (median value always
below 30 deg) suggest an alignment of the users’ movements
when the haptic feedback was active, especially in the BI condi-
tion. Notably, these results were similar to the ones observed in
previous studies in which exteroceptive feedback modalities,
e.g., audio-visual stimuli, were tested in similar tasks [33],
[34]. These findings suggest that exoskeletons could be used to
synchronize the users’ actions using a direct proprioceptive feed-
back, which could be also useful in reducing the cognitive load
compared to exteroceptive modalities [35]. Indeed, exoskeletons
bypass the need for the cognitive interpretation of the feedback
by providing a direct haptic sensation to the motor system [36].
Notably, a statistically significant increasing trend in the median
RMSE and phase error values was observed comparing the
final NI block to the tested haptic conditions. Although the
experimental protocol was designed to minimize fatigue and
habituation, this might suggest some motor learning outcomes
thanks to dyad interaction rendered via the exoskeletons. Addi-
tionally, while all haptic conditions were successful in enhancing
the synchronization between partners, the BI condition was far
more effective in conveying the relative motion information,
as reflected by the overall increased synchrony compared to
both the initial and final NI blocks. Therefore, a collaborative
paradigm may be more beneficial in achieving the task goal
compared to a cooperative (leader-follower) one, as previously
investigated in [37]. Moreover, in terms of the overall shape
of the movement in the phase plane, the centroids’ positions
showed a substantial tendency towards alignment in BI condition
compared to the NI and UI ones, albeit not significant. This
could suggest an increased relative coordination between the
two subjects in BI condition. Overall, the shape of the limit
cycle plot in terms of angle and speed amplitude was preserved
during haptic conditions, thus demonstrating that the feedback
was effective and did not alter the kinematic features of the
gesture, showing only a limited reduction in the average speed
(<10 deg/s). This reduction can be explained by neuroscientific
principles, as users could have initially perceived the haptic
feedback as a disturbance to their internal thythm introduced
by an external one, i.e., the one of the paired subjects [38].
The resulting emergent rhythm is therefore a tradeoff between
the cognitive effort in interpreting the feedback, translating the
perceived stimuli in a coherent motor outcome, and the goal of
maintaining a pace consistent with the metronome [37].

Some limitations can be pointed out in the current version of
the study. First, despite the encouraging results obtained regard-
ing technical performance, a larger participant pool is essential
to reinforce the preliminary findings and draw more conclusive
evidence on feedback interpretability. Increasing the sample size
is critical to distinguish more clearly the relative effectiveness
of unidirectional versus bidirectional feedback in conveying
timing information. In addition, this preliminary study did not
include a questionnaire to capture subjective feedback. Future
assessments of the feedback strategy and overall device per-
formance would significantly benefit from integrating subjec-
tive measures of task dominance, such as the Self-Assessment
Manikin (SAM), to yield deeper insights into user experience
and perceived effectiveness. When looking for possible short-
term adaptation effects, no significant differences were found
between the initial and final NI conditions. This outcome reflects
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the limited feedback exposure, adequate washout duration, and
low complexity of the task, which was not expected to yield
significant learning gains [39]. Increasing task complexity, e.g.,
by adding more degrees of freedom, would be a logical next step.
However, validating the results on a single joint was essential be-
fore extending the approach to multi-joint tasks such as musical
performance, sports, or other collaborative activities. In addition,
the study was designed without a control group nor a control
condition, such as audio or visual feedback. Although the results
are in line with other state-of-the-art works, a general conclusion
compared to other feedback modalities falls beyond the scope
of this work. Lastly, this study did not explore the impact of ex-
oskeleton feedback on muscle co-contraction. Investigating this
aspect could provide valuable insights for developing targeted
feedback strategies aimed at enhancing movement smoothness
and task accuracy [40], by accelerating the formation of the
internal model of the gesture even when the overall kinematics
and dynamics are rather fast [41]. Nevertheless, the findings of
this study suggest that the device can be effectively used in HRH
interaction scenarios, such as playing musical instruments like
drums or violin, where individuals are learning new gestures or
professionals are refining their skills, particularly to overcome
the ceiling effect described in [42]. In such scenarios, pairing
experienced individuals (teachers) with novices (learners) may
enhance motor learning by engaging an alternative sensory chan-
nel enabled by this technology. Extensions of the present work
would tackle the mentioned limitations, especially focusing on
investigating learning effects and increasing the complexity of
the motor task, assessing the retention after exposure to the
stimuli. In addition, the use of biological signals and adaptive
control strategies to tune and improve communication between
the two users should be considered, aiming to enhance the tuning
of the stimulus to the subject’s performance. Finally, future
validation will be conducted in realistic, unstructured scenarios,
such as violin playing, to demonstrate the practical effectiveness
of the technology.
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