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Abstract—Work-related musculoskeletal disorders (WMDs) af-
fect a high percentage of operators performing repeated weight
lifting and load carrying in industrial scenarios. Since upper
limb muscles are affected in the process, the assistance provided
by upper body exoskeletons is increasingly needed to prevent
WMDs and their consequent cost to the health system. This
paper presents the evaluation of Flexos, a portable, bilateral,
shoulder exoskeleton prototype designed to assist logistic and
industrial operators in performing occupational tasks. An in-lab
assessment was conducted on twelve healthy subjects - 9 males,
3 females - to evaluate Flexos capability in assisting the user
during the execution of isometric, dynamic, and carrying-load
tasks. Different metrics were extracted from time-series signals
to assess the effort related to five targeted muscles surrounding
the shoulder complex. Despite the limited experimental size and
the prototypal level of the device, Flexos managed to cover almost
all the shoulders range of motion - 89.2% flexion/extension,
and 88.4% internal/external rotation - and to globally decrease
muscular activity in occupational activities, particularly when
isometric contractions are required for a prolonged time, with
average reductions of -27.2% for the static task, -18.6% for the
dynamic task and -23.4% for the carrying-load task.

Index Terms—work-related musculoskeletal disorders, occu-
pational exoskeletons, series-elastic actuators, assistive devices,
active wearable robots, human-robot interaction (HRI), shoulder,
muscular effort

I. INTRODUCTION

High productivity requirements demanded by industrial and
manufacturing scenarios force human operators to daily per-
form repetitive and exhausting actions with awkward body
postures exposing them to injuries. This process, if excessively
prolonged over time, may lead to medical conditions known
as work-related musculoskeletal disorders (WMSDs). WMSDs
are the first cause of occupational diseases in industrialized
countries: they account for 15% of total healthcare costs in the
EU-28, affecting the 60% workers and concurring in billions
of dollars of lost production for the industry sector [1]. Since
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Fig. 1. The proposed Flexos exoskeleton for the shoulder.

WMSDs mostly concern neck, shoulders, and back [2], the
demand for direct upper body assistance in the workplace has
been increasing in the past years.

A major asset for the prevention of WMSDs in such
complex environments is provided by occupational exoskele-
tons (OEs) designed for upper limbs. By means of actuation
systems, these exoskeletons are able to provide torque to the
user’s arms, thus sustaining the upper limbs and relieving
the local musculature during shoulder flexion/extension and
weight lifting movements [3]. Industrial and logistic compa-
nies have increasingly shown interest in deploying OEs inside
the workplace [4], with long-term expectations of reducing
the occurrence of WMSDs and hence improving the related
productivity of the human workforce by decreasing absence
rate [5]. Moreover, the use of OEs has been demonstrated to
reduce the required energy expenditure for completing a series
of tasks, concurring in an overall redistribution of the latter
among a reduced number of workers and thus resulting in a
general decrease in costs [6].

Depending on their design, OEs for the upper body parts
can be rigid [7] or soft [8]. A rigid device is characterized
by the presence of a kinematic chain made of rigid links
and linear/rotary joints, which act in parallel to the human
upper limbs. These devices often struggle with joint misalign-
ments, arising at the interfaces between human and robotic

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



This article has been accepted for publication in IEEE Transactions on Robotics. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TR0.2026.3666155

joints. These issues become challenging particularly when
dealing with the shoulder complex, consisting of a total of
5 Degrees Of Freedom (DOF). On the opposite side, a soft
exoskeleton only consists of wearable garments equipped with
soft actuation systems, such as cable tendons or pneumatic
muscles. These devices tend to be lightweight and capable of
preventing discomforts caused by joint misalignments since
they do not feature a kinematic chain [9]. However, employing
soft garments, which are characterized by specific structural
performances, prevents these devices from providing more
than a limited amount of torque [10]. So far, this issue has
strongly limited the use of soft exoskeletons in industrial
scenarios [11].

Another crucial factor involves the exoskeleton actuation
system, where predominant solutions to date mainly rely on
passive energy storage systems, such as springs [12]-[15].
Despite being extremely light and simple, these devices do
not provide real-time adjustable torque, as their estimates
only depend on the shoulder flexion/extension angle and fixed
design parameters, such as the selected spring stiffness. On
the contrary, active solutions can provide any desired amount
of torque at any time, since they are usually based on electric
motors whose limitations are only related to their structural
configuration and absorbed power [16]. A great design candi-
date for active systems is provided by Series Elastic Actuators
(SEAs), which offer an estimation of the interaction torque by
measuring the angular displacement of the series elastic joint.
This facilitates the retrieving of feedback torque data, enabling
real-time closed-loop torque control and thereby ensuring
safety in physical Human-Robot Interaction (pHRI) [17].

Additionally, active systems facilitate the integration of
assistance strategies driven by intelligent algorithms that draw
insights from data of various types, such as signals related
to inertial measurement units (IMUs) or muscular activi-
ties measured with electromyography (EMG) sensors [18].
However, these systems are frequently more complex and
bulkier if compared to their passive counterparts [19]. For this
reason, minimizing the number of active joints could provide a
good compromise between the higher controllability of active
exoskeletons and the device’s ergonomics.

Lastly, since the in-lab validation of an OE is the first step
in the path towards a larger adoption of the device, the design
of the experimental protocol becomes relevant. An efficient
protocol must be capable of representing both biomechanical
effects on the users’ physical effort as well as potentially
undesired effects [5]. To the authors’ knowledge, the majority
of portable upper-limb exoskeletons for workers underwent an
in-lab assessment mainly based on static tasks either over the
head [20]-[22] or under the head [23]. There are some minor
exceptions featuring the dynamic lifting [24] and carrying
of loads of various weights [25], [26]; nonetheless, passive
devices are mostly employed in these cases.

In light of the above-mentioned works, an interesting gap
has been noticed in the literature regarding both the design
of active OEs to support humans in lifting weights and their
in-lab assessment through static and dynamic tasks resembling
daily occupational activities. This paper presents the evaluation
of Flexos, a completely portable, lightweight - 8 kg, battery

included - and series-elastic actuated shoulder exoskeleton.
The main contribution consist in:

1) demonstrating how Flexos, despite having a very simple
design providing only one actuated degree of freedom,
is capable of reducing the muscular effort of shoulder
complex muscles to a comparable extent with respect to
similar prototypes;

2) assessing Flexos efficacy during complex occupational
tasks involving the lifting and carrying of objects.

This work extends the preliminary research conducted on
Flexos [27] by including a bilateral design, which not only
enables full assistance on both arms at the same time but
also provides a more uniform redistribution of the exoskeleton
weight throughout the user’s body, thus favoring comfort
and general performances. Moreover, the torque controller
is updated for the user’s intention awareness by taking into
account the arm speed as a feedforward component inside
the controller itself. Additionally, the experiment protocol
is improved to be more closely inspired by occupational
scenarios: a set of static and dynamic experiments on twelve
healthy subjects, involving the lifting, carrying, and shelving
of two different weights - 3kg and 5kg - at different heights
is proposed to assess Flexos’ contribution in reducing the
user’s muscular effort. These new experiments provide a more
thorough analysis of the biomechanical benefits of employing
an active OE for daily occupational tasks.

The outline of this article is organized as follows: Section II
describes the mechanical design and the control system of the
proposed device; Section III explains the experiments con-
ducted for evaluating Flexos assistive efficacy; the outcomes
of the data analysis carried out for this latter validation are
provided and discussed in Section IV; ultimately, Section V
contains the drawn conclusions about the study and the ideas
for future works.

II. SYSTEM DESCRIPTION
A. Mechanical design

Flexos main subsystems are shown in Fig. 2 (a) and its
kinematics, together with the human one and their connection,
is shown in Fig. 2 (c). Since most of Flexos custom-made
rigid parts are produced using 3D printing technology, with
additional soft interfaces that are hand-sewn to the rigid
surfaces, the whole system is still considered a prototype.

The device interfaces with the human body through both a
primary rigid part located at the back - Fig. 2 (a), 2 - and
one arm interface - Fig. 2 (a), 4 - for each side, attachable
around the upper limbs using two Velcro strap bands. A
kinematic chain - Fig. 2 (a) - links the two primary human-
robot interfaces (back and arm) together. One extremity is
fixed to the back interface, while the other one is connected to
the SEA - Fig. 2 (a), 3 - hosting the motor (T-Motor AK80-
9). Employing the SEA for Flexos not only helps decouple
the motor side from the link side of the exoskeleton, thus
protecting both the human from any electrical instabilities
and the motor from possible impacts at the end-effector of
the device, but it provides the Flexos controller with the
torque information it needs to close the control loop. The
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Fig. 2. (a) Flexos design overview. (b) Exoskeleton torque control schematic diagram. The gray part of the schema refers to the SEA torque controller.

kinematic chain of the exoskeleton is not compatible with the
typical abduction/adduction motion performed with the arms
positioned alongside the body. This choice, although not ideal,
is task-oriented and finalized at improving the device weight
and robustness as much as limiting controller complexity: a
possible solution would be, in fact, the addition of a second
motor to properly perform the abduction/adduction motion,
resulting in an overall increasing of system complexity. To
bypass the issue, the user is now allowed to reach a comparable
posture by combining the other compatible movements of
flexion/extension and internal/external rotation.

B. Control & communication systems

All essential components for control and communication
are housed inside a box that is embedded in Flexos backpack,
making the device completely portable. The main control unit
of the system is represented by a Teensy 4.1 board which
communicates via UDP with an external host-PC that is used
to change internal settings.

The microcontroller is integrated into a printed circuit board
(PCB) that hosts all the connectors for power, sensors, and
actuators, it operates at a rate of 1KHz and handles the
communication with the motors (CAN), the IMUs (I2C) and
the encoders (SSI) embedded in SEA to measure the angular
displacement of the elastic joint. There are three BNO055 IMU
boards mounted on Flexos: the first one is placed on the back
interface and serves as the main reference for the other two
IMUs that are located on each arm interface and measure the
arms’ Euler angles and angular velocities.

The external host-PC operates at a 500 Hz and can dynami-
cally adjust control parameters (e.g., maximum desired torque,
control gains, and operating mode) while also retrieving all the
relevant data gathered by the Teensy board.

Lastly, the back interface also hosts the power storage
system - a 24V, 10 Ah LiFePO4 battery weighing 1.4kg.
The system is capable of being powered on continuously for
44h when the motors are powered off, for 11h when both
the motors exert a fixed 5 Nm torque, and for 16 h when the
motors exert 5 Nm of torque with a 50% duty cycle.

TABLE I
CONTROL PARAMETERS

Parameter Value
Joint stiffness k; 72.4Nm/rad
Motor torque constant K7 0.945Nm/A
Max. system output torque T ere™ 9Nm rated, 18 Nm max
Max. gravity contribution torque 7Z/*tY 5Nm
Proportional gain K 1.5
Derivative gain K, 0.015 s
Integral gain K 0.50 s—1

Velocity-dependent torque gain K., 0.002 Nm = s/rad

C. Torque controller

Fig. 2 (b) shows Flexos’ torque controller scheme, whose
goal is to partially compensate for the gravity torque that arises
from the arm weight - either alone or eventually with a lifted
object - during the shoulder flexion/extension. However, the
maximum torque due to gravity compensation 77204 pro-
vided by the exoskeleton is limited in the controller at 5 Nm,
since previous experimental evaluations revealed that higher
torque values could lead to localized deformations in the 3D-
printed parts the current Flexos version uses, particularly when
shoulder flexion is at 90° and flexion speed is almost zero.
Such deformations could compromise the structural integrity
of the device and, consequently, its performance in assisting
the user.

The SEA provides an estimate of the joint torque based
on Hook’s law and expresses the proportional relationship
between the elastic torque 7; exerted through the linear springs
of the SEA and the angular displacement of the joint -,
with the first-order joint stiffness k; experimentally evaluated
in [28] and reported in Tab. I. The join torque is equal to:

D

T = kj sm(

The SEA torque controller follows the method of [29],
adapted to the nonlinear joint under study. The dynamic
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Fig. 3. Comparison of the torques and speed profiles when using the interaction controller with the speed-dependent feed-forward term (a),(c), and (e), and
without the feed-forward term (b), (d), and (f). From a comparison between the SEA closed-loop interaction forces in the two conditions (a) and (b), it can
observed that the speed-dependent feed-forward term led to reduce the tracking delay, from around 100 ms to 45 ms. The time delay has been computed by

averaging the delays between the two times to peak.

equations of the SEA system in Fig. 2(b) are:

B? =Tm —Tj )
M q =T+ Text

where B and M represent the motor-side and link-side inertia,
respectively; 6 and ¢ represent motor and link angular position,
Tm 1is the torque applied to the elastic joint by the motor, 7;
is the torque applied by the joint to the link, and 7., is the
interaction torque applied to the link.

The magnetic encoder provides the elastic joint’s angular
displacement v, computed as:

3)

To determine the interaction between motor torque and
joint torque dynamics, the second time derivative of Eq. 1 is
computed and, using Eq. 3, the following equation is obtained:

3 (F-i)eos(5) - 3% (3)

y=0-q
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By substituting the first of the dynamic Eqns. 2, the motor
torque appears in the joint torque dynamics.
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Although the system dynamics are nonlinear, the motor
torque T, can be suitably selected to cancel these nonlinear
effects while incorporating a feedback control law w:
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Combining Eqns. 5 and 6 the joint torque dynamics reduces
to:

)

According to [29], a simple feedback control law for SEA
rejecting disturbances and leading to a stable error dynamics
is a PID controller that can be defined as:

Ti=1u

U= "Tges — (Kyp€r + Kper + Ki/eT) (8)

where 745 is desired torque and the error e, is defined as:

9

PID controller gains are tuned with the Ziegler-Nichols
method and reported in Tab. I. The resulting motor torque
command 7, iS converted into a current value and sent to the
motors.

The desired torque reference 745 for the closed-loop con-
troller is obtained by the Gravity Compensation Model plus
an additional velocity-dependent torque contribution as shown
in Eqn. 10:

€r =T5 — Tdes

__ gravity
= Tomax sin

Tdes (q - ¢) + Kimu w (10)
where 7972vity

gravity represents the maximum torque value for the
gravity contribution term, and ¢ is the flexion/extension angle
of the shoulder - the link side angle of the SEA - The
IMU located on the back interface measures the misalignment
between its vertical axis - parallel to the user’s back plane
and thus to the longitudinal axis - and Earth’s gravity vector.
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The resulting angle ¢ is subtracted to ¢ and the obtained
assistance becomes proportional to the difference between the
two antagonist angles, as reported in Eqn. 10. Additionally, the
desired torque reference 7,4.5 is proportional to the shoulder
flexion speed w, which is measured by the IMUs located
on each arm interface and then scaled by a constant value
Kimw. By taking into account the flexion/extensions angular
speed, the authors aim to provide an additional contribution to
the controller reference generation that takes into account the
user’s intentions.The K, value is tuned with the purpose of
keeping the velocity-dependent torque contribution peaks at
1 Nm maximum, since this was the value that was empirically
demonstrated to provide a perceived improved assistance for
the user.

Fig. 3 shows the results of some qualitative tests conducted
on 5 subjects to assess the benefits of this feed-forward,
velocity-dependent component. Subjects were instructed to
perform some weight lifting movements, involving shoulder
flexions from 0 ° to 90 ° and extension from 90 ° to 0 °, without
imposing any time or velocity limitations. A delay reduction
between the desired torque and the controlled interaction
torque from the SEA is evident in Figures 3 (a) and (b).
This delay passed from around 100 ms to 45 ms. The greater
delay of the controller without the compensation term led
to a more oscillatory behavior of the joint when the user
was going to stop his/her motion. This difference is more
perceivable at lower speeds - under 200°/s. In the case of
medium-high speed - from 300 °/s to 500 °/s - the beneficial
effect of a lower delay is partially masked from the additional
torque contribution, resulting in an overcompensation when
the subject suddenly tries to stop his/her movement - K.,
was tuned accordingly.

D. Biological and assistive torque considerations

The partial assistance of 5Nm can be expressed as a
percentage of relief from the human arm, or human arm plus
load weight. To frame the impact of the 5 Nm provided by
the exoskeleton to the human shoulder joint, we can use a
simplified planar schema of the human arm in the sagittal
plane that considers the shoulder, elbow, and wrist flexion joint
as rotoidal joint and the arm, forearm, and hand as link in
two configurations/scenarios (see Figure II-D). For the mass
distribution and lengths of the human arm parts, we referred
to [30], which evaluates the masses and lengths as a percentage
of the body weight and stature, respectively. This led to results
reported in Table II. For simplicity, we assume the center of
mass of each body segment is half its length, except for the
hand, which is set to a third of its total length. For the external
load, we use the equivalent of 5% of the body weight. In the
case of an isometric task, 5 Nm of assistance corresponds to a
45.01 % of arm weight relief, whereas it is equal to 14.15 % of
arm-+load weight relief. In another relevant use case scenario,
that is the overhead task - i.e. the external load is hold with
both shoulder and elbow flexion angles equal to 90° -, the
percentages of assistance are higher: 62.84 % of arm weight
relief, and 25.71 % of arm+load weight relief. Absolute and
relative values of the torques are reported in Table III.

Overhead Task Scenario

Worst Case Scenario

Fig. 4. Simplified schema of human body in the two selected scenarios to
evaluate the impact of the assistive torque on the shoulder flexion joint.

TABLE I
MASS AND LENGTH OF THE ARM, FOREARM, HAND, AND EXTERNAL
LOAD.
Body link % Body Weight % Stature Length (m)
Weight (Kg)
Body 100 75 100 1.80
Arm 2.64 1.98 17.35 0.31
Forearm 1.531 1.15 15.72 0.28
Hand 0.612 0.46 10.54 0.19
Ext. load 5 3.75 - -
TABLE III
BIOLOGICAL TORQUE IN THE WORST CASE AND OVERHEAD TASK
SCENARIOS.
Torques Worst Case  Overhead Task
Thio (NmM) 11.11 7.96
Tbio+load (NmM) 3533 20.38
Tassist/Tbio (%) 45.01 62.84
Tassist/Tbio+load (%) 14.15 25.71

III. EXPERIMENTS
A. Farticipants

A series of in-lab experiments were performed on twelve
healthy subjects (28.00 £ 2.08 years old, height 183.4 =+
3.1cm, BMI 23.14 4+ 1.82 kg/mz), with only one left-handed,
with neither previous history of neuromotor disorders nor a
former familiarity with occupational exoskeletons. The ex-
perimental protocol conformed to the ethical standards laid
down in the 1964 Declaration of Helsinki. Ethical approval
for the study was granted by the Scuola Superiore Sant’ Anna
Review Board, ID 152021, and the written informed consent
was obtained from each participant prior to the experiments.

B. Experimental Setup

The in-lab assessment of Flexos aims to evaluate how
effectively the exoskeleton supports the user during repeated
upper-limb elevation tasks by both measuring achievable
ROM, tracking arm movements within the workspace, and
assessing reductions in perceived exertion and muscular effort.

ROM is computed through the IMUs located on each arm
interface, which are also used for motion tracking together
with a virtual reality tracking system [31]. This latter consists
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Fig. 5. Experimental setup. The room for the experiments is shown in (a): the subject’s motion path includes a starting platform where the package is
lifted from and a final shelving unit where the package is shelved. Three different shelf heights, which are labeled as e, f, and g, are encompassed in this
experiment. The base stations are located at the four corners of the room such that there is no occlusion among them and each marker is always tracked by at
least two base stations. The base stations generate an absolute coordinates system (XY Z) 5 that serves as a reference for the individual coordinates system
(XY Z), of the three used trackers (b). One tracker is positioned at the top-center of the box, whereas the other two trackers are located at the user’s wrists.
(c) EMG Trigno sensor positioning. Each sensor is located along the longitudinal midline of each targeted muscle, thus the sensor midline is parallel to the

muscle fiber direction.

of four HTC SteamVR Base Station 2.0, located at the four
corners of the experiments room (Fig. 5 a), and three VIVE
Tracker 3.0, two of which are positioned on each subject’s
wrist and the third of which is located on the target box (Fig. 5
b). Trackers and base stations are managed by SteamVR which
acquires linear and angular positions and speeds at 250 Hz.

Muscular effort evaluation involves measuring the elec-
tromyography (EMG) activity of five specific muscles - bi-
ceps brachii (IBIC), anterior deltoid (aDEL), medial del-
toid (mDEL), pectoralis major (mPEC), and upper trapezius
(uTRA) - during the experiments tasks, each one repeated in
two different conditions: with (w. Exo) and without (w.o. Exo)
the exoskeleton worn and powered on. EMG signals have
been recorded using a Trigno Wireless Biofeedback System
(Delsys, Natick Massachusetts, USA), which comprises a
main base station and two types of wireless EMG sensors
- Trigno Avanti and Trigno Quattro EMG Sensors - as shown
in Fig. 5 (c). Each targeted muscle is monitored with one
EMG sensor unit carefully placed by following the SENIAM
recommendations [32]. A Delsys Trigger Module is used for
synchronizing the EMG data with the trackers and exoskele-
tons data, acquired by the main control unit. The recorded
data are then exported and processed using MATLAB. The
raw EMG data undergoes band-pass filtering (35-450 Hz), full-
wave rectification, and a low-pass filtering (6 Hz) via a zero-
phase second-order Butterworth filter. The EMG activity is
then normalized using the maximum voluntary contraction
(MVC) value of each different subject. Furthermore, EMG
signals have been segmented by taking the linear position of
the object as a visual reference.

C. Experimental Protocol

Flexos experimental protocol, inspired by occupational sce-

narios, is based on four main tasks, structured as follows:

« Range of Motion (ROM) task: the participant is in-
structed to perform free movements of shoulder flex-
ion/extension, internal/external rotation, and a combina-
tion of the two motions to obtain the abduction/adduction.
The participant is asked to perform each movement trying

TABLE IV
EXPERIMENTS - ROOM DIMENSIONS AND DISTANCES

Parameter Value [m]
Distance between base stations L path a 5.70
Distance between base stations // path b 8.60
Path length c 3.20
Starting table height d 0.82
Shelving unit, lower shelf height e 0.69
Shelving unit, middle shelf height f 1.20
Shelving unit, fop shelf height g 1.59

to reach the maximum limit of the shoulder range of
motion in his/her capabilities.

Isometric task: the participant is asked to hold a box with
both hands while keeping both arms elevated - horizontal,
at 90° elevation on the sagittal plane (with a tolerance
of +3°) - until either voluntary exhaustion [33] or for
a maximum of 2 minutes. Note that corrective feedback
has been provided by the experimenter when the subject’s
shoulder flexion angle became lower than 87 ° or higher
than 93 °.

Dynamic task: each participant is asked to stay at a
reference distance of 70 cm from a shelving unit that is
made up of three shelves in total. The task is divided
into two main motor actions, combined together to form
a whole trial.

1) Upwards motion: The participant is instructed to
grab with both hands a box located at the middle
shelf and shelve it onto the fop shelf; then, the
subject brings both arms back in the resting position
- parallel to the trunk.

2) Downwards motion: The participant grabs with both
hands the box, now located at the fop shelf, and
shelves it back onto the middle shelf. After that, the
subject brings both arms to the resting position.

Each transition - up, down, rest - is performed between
two consecutive beats of a metronome set at 20 bpm. The
task is performed for a maximum of 2 minutes.

o Carrying-Load task: This task is inspired by the ex-
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(b)

Fig. 6. The three phases of the Carrying-Load Task. (a)-(b) Pickup, (c) Carrying, (d) Release.

periments of Theurel et al. [25], and it mostly features
movements with shoulders flexed at 90°, where the
gravity torque is maximum, thus this posture is ideal to
test the maximum assistive effect of the exoskeleton in
the worst case. This task is divided into three main motor
actions as shown in Fig. 6.

1) Pickup: The participant is asked to stand in front of
the table where the box is located, then grab the box
with both hands and lift it, performing a shoulder
flexion movement until the arm reaches 90 © on the
sagittal plane.

2) Carrying: The participant turns around and walks
towards the shelving unit on the opposite side.
While walking, the subject keeps carrying the box
with arms at 90 © elevation on the sagittal plane. The
participant is asked to synchronize each step with
the beat coming from a metronome set at 80 bpm.

3) Release: The participant reaches the shelving unit
and leaves the box on one of the three shelves.

The three actions are then repeated in the opposite
direction, with each subject lifting the box from the
shelving unit and carrying it back to the starting table,
thus completing a whole trial. At each subsequent cycle,
the subject is asked to shelve the box in a different
layer of the shelving unit (in order, middle, top, middle,
lower). The metronome also supports an additional paced
action: each phase is preceded by a brief pause where the
subject is requested to stand still while holding the box
for three consecutive beats. This will help identify motor
actions while inspecting signals in post-processing. The
whole task is executed until voluntary exhaustion or for
a maximum of 10 minutes.

Every task has been repeated both with Exo (w. Exo) -
torque controller powered on - and without (w.o. Exo). For
every subject, one condition (w. or w.o. Exo) is randomly
selected at first, and for each condition all the tasks are
executed in sequence. The order of execution of the tasks for
each condition has been randomized to be different for each
participant. Only the ROM task is not randomized and always
executed before both conditions, since it is only performed w.

Exo but with torque controller powered off.

The shelving unit used in the dynamic and carrying-load
tasks is the same for all subjects. Its characteristics are
depicted in Fig. 5 (a) and numerically reported in Table IV.
The authors are aware that such parameters should have been
tailored to the subject’s anthropometric characteristics (height,
arm length) for the sake of a fair comparison. However, it has
not been modified since the inter-subject variability in terms
of height - reported in Subsection III-A - is low.

Isometric and dynamic tasks are performed twice, each time
with a box of different masses - 3kg and 5kg -. The order
of masses is pseudo-randomized each time. The carrying load
task is only performed with the 3 kg box, in order to prevent
the subject from excessive fatigue since this task is the longest
one.

The participant is required to rest for a minimum of ten
minutes between two subsequent executions of each task,
to allow muscle relaxation before proceeding to the next
task, thus preventing fatigue from altering the results. The
maximum duration of dynamic and carrying-load tasks was
chosen to both optimize the global experimental time and
attempt to acquire a sufficient amount of data to assess the
influence of the exoskeleton [34].

After each task, to collect a qualitative assessment of the
task load, the participants filled the 20-point scale NASA
Task Load Index (NASA-TLX) questionnaire made up of 6
items, mental demand (MD), physical demand (PD), temporal
demand (TD), performance (P), effort (E), and frustration
(F) [35]. In addition, the Borg CR-10 [36] questionnaire has
been included to qualitatively evaluate the rate of perceived
exertion (RPE) as well.

D. Metrics and statistical analysis

Different metrics have been extracted from the processed
data in both w. and w.o. Exo conditions to quantitatively assess
Flexos’ assistance.

o Endurance time: the ET is the duration of the isometric
task, computed as the time elapsed from the first to the
last instant in which the subject kept the shoulder flexed
at 90°.
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o Muscular effort: the ME is computed as the root mean
squared (RMS) of each processed EMG signal. Since
subjects could reach fatigue at different times w. Exo

TABLE V

SHOULDER ROM. GROUND TRUTH DATA FOR HEALTHY SUBJECTS ARE
TAKEN FROM [37] AND COMPARED TO THE ROM COVERED WITH
FLEXO0S. VALUES ARE REPORTED IN MEAN £ STANDARD DEVIATION.

and w.o. Exo, the ME values may be biased from a
delay of the fatigue onset. Hence, for the sake of a fair
comparison, the minimum time between the w.o. Exo and
w. Exo conditions have been considered for each task.
Then, the RMS is computed for each targeted muscles

w.0. Exo [37] w. Exo
Flexion 166.7° £ 4.7° 149.2° +9.24°
Extension 62.3° +9.5° 55.1°4+9.0°
Internal Rot. 68.8° +4.6° 66.7° +4.9°
External Rot.  103.7° +8.5° 85.7°+3.4°

over the length of the whole signal for the isometric task,
and within all the phases or subphases of the dynamic
and carrying-load tasks, respectively. The intra-subject
mean of the ME has been computed for the dynamic and
carrying-load tasks.

Qualitative feedback: NASA-TLX and Rate of Per-
ceived Exertion (RPE) indexes are evaluated from ques-
tionnaires provided to each subject after completing all
the tasks related to a single condition (either w. Exo or
w.o0. Exo).

For all the metrics, an inter-subject median is computed
for every index. The percentage reductions are then computed
as the relative difference between the inter-subject medians
of the two main conditions (i.e., w.o. Exo and w. Exo).
The normality distribution of all the metrics is checked by
means of a Shapiro-Wilk test with a significance level of
a = 0.05. Consequently, the value of these metrics in the
w. Exo condition is statistically compared with the one in the
w.0. Exo condition through a non-parametric Wilcoxon signed-
rank test for non-normally distributed sets and with a paired
t-test (o« = 0.05) for normally distributed ones. In doing so,
the possible statistical significance of any variations between
the w. Exo and w.o. Exo conditions can be checked.

IV. RESULTS & DISCUSSION
A. ROM task

The outcome of the ROM task is determined by the Euler
angles measured with the IMUs located on each arm interface.
To assess the accuracy of IMU data, the inter-subject mean of
the shoulder flexion angle of the isometric task is computed
for both the 3kg and 5 kg weights. The results is an accurate

88.73 4+ 2.4° of shoulder flexion while isometrically holding
the weight.

The kinematic model for ROM measurements is compliant
with the Thorax coordinate system recommended by the Inter-
national Society of Biomechanics (ISB) [38]. Table V presents
the results for shoulder flexion/extension and internal/external
rotation. To ensure consistency with the literature, these results
are compared with the normal values of forward flexion,
backward extension, and inward/outward rotation stated by
Boone et al. (1979) [37]. The results show how Flexos allows
extensive coverage of human ROM, achieving an average
of 89.2% for flexion/extension motion and 88.4% for inter-
nal/external rotation.

Since the presence of the exoskeleton does not prevent the
wearer from covering most of the shoulder ROM, participants
did not complain about the impossibility of performing a direct
shoulder abduction/adduction motion when the arm is placed
along the body, as they easily used the other available DOFs.

B. Isometric task

Fig. 7 shows the outcomes of the isometric task. Although
not statistically significant, the endurance time (Fig. 7b) in
the w. Exo condition is higher than in the w.o. Exo condition
for both masses. This suggests that the exoskeleton effectively
increased the subject’s endurance during the isometric task.

The distributions of the muscular effort during the isometric
task for all the subjects are reported in Fig. 7 (a). The median
of the ME during the isometric task in the w. Exo condition
is lower than the one in the w.o. Exo condition in almost
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Fig. 7. (a) RMS during isometric task. Percentage differences in RMS between w. Exo and w.o. Exo conditions are reported, with * representing statistically
significant comparisons with p < .05. (b) Endurance time during isometric task.
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differences in RMS between w. Exo and w.o. Exo conditions are reported. The = marks no reduction nor increase in the related index.

all cases, with statistical significance for the right aDEL (-
26.5%, p=0.013). No muscle targeted by the robotic assistance
was penalized by the introduction of Flexos. Therefore, the
ME values assess the benefits of employing an occupational
exoskeleton for shoulder assistance in isometric tasks.

C. Dynamic task

Fig. 8 and Fig. 9 show the outcomes of the dynamic task.
Considering a representative subject of the collected dataset
performing the task with the 3kg box, Fig. 8 (a) shows the
temporal evolution of the vertical position of the object that
is moved upwards (i.e., from the middle to the upper shelf)
and downwards (i.e., from the upper to the middle shelf) in
the dynamic task, using the reference system that is shown
in Fig. 5 (a). Moreover, the processed EMG signal of the
right aDEL is shown, reflecting the corresponding muscular
activation. For both signals, the inter-trial mean has been
included, and the time axis has been normalized. Both phases
(upwards and downwards motions) can be divided into three
subphases, which are: a) a reaching subphase that lasts 25% of
the whole time cycle on average, b) a moving phase that lasts

from the 25% to the 70% of the whole time cycle on average,
and c) a release phase that lasts for the remaining 30% of the
time cycle on average.

Moreover, the distribution of the inter-trial mean velocity
(ITMV) was computed to demonstrate how each group of tasks
was executed as much as possible at the same speed, to exclude
the effect of movement speed on the effort evaluation. As
shown in Fig. 8 (b), there is no substantial difference between
the w. Exo and w.o. Exo conditions, highlighting how the
velocity has not evidently changed during the dynamic task.

Concerning the ME, its distributions during the dynamic
task for all the subjects are reported in Fig. 9. The median of
ME during the dynamic task in the w. Exo condition is higher
than that of the w.o. Exo condition only for the left aDEL,
even though slightly and not statistically significant (+8.3%,
p=0.395). Although this is a muscle directly involved in the
task and primarily assisted by the exoskeleton, this increase
could be the result of how the weight of the exoskeleton
is left to be naturally managed by the user, who could
have performed muscle contractions in an asymmetrical way.
Statistically significant results concern the left uTRA (-3.5%,
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Fig. 10. (a) Position of the target box and muscular activation of the right anterior deltoid during the carrying-load task executed with the 3 kg box. The
thicker colored lines represent the inter-trial mean among corresponding signals, for both Exo and No Exo conditions; the other, shaded lines are related to
single trials. Data refer to one representative subject. (b) Inter-trial mean velocity during the carrying-load task.

p=0.0032), mDEL (-25.7%, p=0.006), and mPEC (-17.9%,
p=0.034), as well as a consistent decrease for the right mDEL
(-46.6%, p=0.023). Nonetheless, if compared to the isomet-
ric task, the percentage reductions in the dynamic task are
overall slightly lower, particularly for the mDEL and aDEL,
hinting at a limited assistive contribution of the exoskeleton
in tasks involving short and rapid movements. The results are
consistent with a controller optimized for gravitational, rather
than dynamic, compensation, which explains the exoskeleton’s
reduced effectiveness during dynamic tasks.

D. Carrying-load task

The outcomes of the carrying-load task are shown in Fig. 10
and Fig. 11. Fig. 10 (a) considers a representative subject
to show both the right aDEL EMG signal and the temporal
evolution of the vertical position of the lifted object during
the subphases of the carrying-load task (see Subsection III-C)
for each shelf height, as well as the trajectory of the object
(i.e., position on the z-x plane) moved from the platform to
the shelving unit during the carrying subphase of the same
task. These trajectories are expressed in the reference system
that is shown in Fig. 5 (a). For all the signals, the inter-
subject mean has been included, and the time axis has been
normalized. The release subphase may be further divided into
a reaching stage lasting the first 20% of the whole time cycle
on average, a releasing stage lasting from the 20% to the 60%
of the whole time cycle on average, and a resting stage for
the remaining 40% of the time cycle on average. Similarly, the
pickup subphase can be divided into a reaching stage lasting
the first 25% of the whole time cycle on average, a picking
stage lasting from the 25% to the 70% of the whole time
cycle on average, and a holding stage for the remaining 30%
of the time cycle on average. Moreover, muscular activation
increases on average as the height of the shelf on/from which
to release/pick the object is greater. On the other hand, during
the carrying subphase, the EMG signals oscillate around a
mean value as the subjects move the object from the platform
to the shelving while walking.

Fig. 10 (b) shows the distribution of the ITMV during the
carrying-load task. When comparing the w. Exo and w.o. Exo
conditions, for all three subphases of the task, no notable
differences in the velocity suggest a uniform speed trend
adopted among all participants while executing the task.

The distributions of ME during the carrying-load task for
all subjects, divided by each subphase (i.e., pickup, carrying,
release), are reported in Fig. 11. These results may be consid-
ered as intermediate between the isometric and the dynamic
tasks in terms of the amount of both statistical significance
and actual percentage reductions between the w. Exo and w.o.
Exo conditions. Fig. 11 also shows some electromyographic
imbalance between the left and the right sides of the aDEL
in the release and the uTRA in the carrying subphases, due
to a possible asymmetrical use of the exoskeleton, left to be
naturally adjusted by each subject.

Statistically significant results concern the left (-45%,
p=0.004) and right (-34.7%, p=0.035) mDEL and the right
mPEC (-28.1%, p=0.004) in the Pickup phase, the left (-45.9%,
p=0.026) and right (-45.8%, p=0.017) mDEL and the right
mPEC (-45.8%, p=0.007) in the Carrying phase, the left aDEL
(-15.1%, p=0.040) and the right mPEC (-20.3%, p=0.006)
in the Release phase. These results confirm how the most
relevant reductions in the ME are obtained when the subject
is supported by the exoskeleton while performing isometric
contractions for a longer time, in this case during the carrying
subphase.

E. Qualitative feedback

Fig. 12 reports the scores of the NASA-TLX and RPE
questionnaires related to both w. Exo and w.o. Exo conditions
by means of a radar plot and a box plot, respectively. Since one
questionnaire was provided to the subjects after completing
all the tasks related to one condition (w. Exo or w.o. Exo)
in series, the results refer to the median across all subjects,
for all tasks of a single condition. More in detail, the scores
related to the w. Exo condition are lower than those of the
w.o0. Exo condition for all the considered indexes; particularly,
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Fig. 11. RMS during the three main phases of the carrying-load task, with
* and ** representing statistically significant comparisons with p < .05 and
p < .01, respectively. Percentage differences in RMS between w. Exo and
w.o. Exo conditions are reported.
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Fig. 12. Results of NASA-TLX and RPE questionnaires, with ** and ***
representing statistically significant comparisons with p < .01 and p < .001,
respectively. (a) The score distributions are depicted with a different polygon
for each condition (i.e., w. Exo and w.o. Exo0), as well as with the median
highlighted through a thick line. The considered factors are mental demand
(MD), physical demand (PD), temporal demand (TD), performance (P), effort
(E), and frustration (F). (b) RPE scores. Moreover, the percentage differences
in questionnaire scores between w. Exo and w.o. Exo conditions are reported.
The = marks no reduction nor increase in the related index.

this difference is statistically significant for PD (-38.8%,
p=0.0003) and E (-38.5%, p=0.0012). Additionally, the RPE

score distribution to the w. Exo condition is significantly and
consistently lower (-41.4%, p=0.00001) than that of the w.o.
Exo condition. All these scores hint at a general trend of a
subjective reduction of the perceived effort among subjects
when assisted by Flexos. Although not statistically significant,
the reduction in the F index (-27.8%, p=0.146) may suggest
how subjects found the device comfortable to wear and easy
to use, since extra care was taken in employing soft garments
at the interfaces between the human body and Flexos’ rigid
parts. These results are mostly in line with other works from
the literature [26], [39], confirming the crucial importance
of an agreement between the subjectively perceived and the
objectively assessed reduction in the user’s physical effort.

F. Comparison in muscular activity

Results obtained from the experiments highlighted how
the current Flexos system provides average muscular activity
reductions - from 8% to 33%, from 7% to 32%, and from
22% to 32% for the isometric, dynamic, and carrying-load
tasks, respectively - that are comparable with the ones of
similar prototypes from the literature. This can be observed
in Fig. 13, which reports the percentage variations in RMS
for the presented study and related works through circles,
whose center is the mean RMS reduction. These muscular
reductions have been computed by averaging across body sides
the percentage variations in RMS between the w.o. Exo and
w. Exo conditions for each activity, load mass, and muscle.

The current system obtained muscular activity reductions
that are comparable to passive devices. In fact, the majority
of exoskeletons with similar assistive purposes, i.e., upper
limbs for assisting shoulder flexion/extension, reached average
reductions ranging from 3% to 40% [25], [26], [41]-[45].
The comparison with the studies of Pacifico et al. [42] and
Grazi et al. [41] is appropriate when considering the respective
levels of assistance. In this context, our findings indicate that
the magnitudes of muscular effort reduction are comparable
to those reported in their works. While greater reductions
could reasonably be expected from a more powerful and
fully active device, it is noteworthy that — despite Flexos
being heavier than the passive device employed by Pacifico
and Grazi — we achieved similar reductions in muscular
activation at comparable assistive torque levels. This result
can be attributed to the effective weight distribution of the
proposed exoskeleton. Moreover, due to their passive actuation
system, such exoskeletons do not allow for modifying in real-
time the delivered torque, thus lacking versatility towards
many adaptability, comfort, and safety features that active
devices could implement. The results showed how the current
system obtained reductions in muscular activity comparable to
those of passive devices, with the additional feature of being
an active device.

For comparison with active devices, in [40] an active ex-
oskeleton was realized, obtaining reductions by 32% (aDEL),
57% (mDEL), and 45% (IBIC) for the static task and by 25%
(aDEL), 50% (mDEL) - with IBIC showing a non-significant
reduction - for the dynamic task. However, the exoskeleton had
Bowden cable actuation, thus being still not portable - as the
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TABLE VI
RELEVANT FEATURES FROM RELATED WORKS, REPORTED FOR COMPARISONS AMONG PROTOTYPES.

Theurel et al. Tiseni et al.  Grazi et al. Pacifico et al.  Pinto et al.  Missiroli et al. De Bock et al. Rinaldi et al. Lee et al. Current System
[25] [40] [41] [42] [43] [44] [26] [27] [45] ¥
Mass (kg) 9 245 5 35 3 6.4 38 4.8 1.9 8
?clualion Passive Active Passive Passive Passive Hybrid Passive Active Passive Active
ype
Max Torque assistance at EE
Absolute up to 135° (flex.) 20 6 55 ND ND ? > ’
(Nm)
assistance at EE
4.58 (Low)
Max. Torque 9kg (Males) "
Experiments 5kg (Females) > ggg Egie(:ll)um) ! w " ’ » ’
(N'm) up to 90° ' 8
Target Load 15 (Males) 0 0 0 0 15 5 (static tasks) 1.2 (drilling task) :;’ g Ezlaxl]frl:;]:l;lsks)
Mass (kg) 8 (Females) - 10 (dynamic tasks) 5 (lifting task) 3"(ca.rr))//ing—load task)
Body Side Both Right Both Both Both Both Both Right Both Both
Sample Size 8 5 10 15 12 6 22 5 12

current system - which is a relevant feature for occupational
devices. Additionally, the preliminary study conducted with
the previous version of Flexos [27] led to reductions ranging
from 11% to 42% and from 2% to 37% for the static and
the dynamic task, respectively. These results differ from the
current ones, mainly due to the bilaterality of the current
Flexos instead of the unilaterality of the old one, a feature
that necessarily contributed to a limited increase in the device’s
weight; besides, the previous experiments were characterized
by both a lower sample size and thoroughly different (and
simpler) tasks.

Other relevant features from related works are reported in
Table VI for further comparisons.

The mechanical design has made Flexos a valid and ad-

vantageous alternative to other prototypes for several reasons:
the wearability is increased by the soft garments between the
human body and Flexos’ rigid parts; the human shoulder ROM
is extensively covered in the DOFs of both flexion/extension
and internal/external rotation; the adaptability to the different
wearer’s width sizes has been enhanced through the modularity
of the flexible link (see Figure 2(a)); a similar assistance
level compared to passive exoskeletons, together with a higher
perceived comfort thanks to Flexos active nature; an intrinsic
safety ensured by the SEA and a high interaction transparency
thanks to the torque controller; and an effective weight distri-
bution attenuating the higher heaviness of the proposed active
exoskeleton, thus allowing for comparable reductions of the
objectively and subjectively assessed muscular efforts with
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respect to passive devices.

G. Limitations

Despite the promising results, this study highlighted some
issues, starting from the design of the exoskeleton that is
mostly indicated for wearers of 1.68 m of minimum height.
The modularity of the flexible link connecting the back side
of the exoskeleton with the arms allows the device to fit
different width sizes; however, the user’s height still provides
an exclusion criteria to better exploit the advantages of this
device.

Moreover, all the SEA torque could not be used due to
the insufficient stiffness in the flexible link, which is 3D-
printed, resulting in torsional displacements under load. Ad-
ditionally, the SEAs weight could impact the effectiveness of
the device itself: Flexos torque-to-weight ratio now stands at
0.66 Nm/kg, which might be underwhelming if compared to
the most commonly employed passive solutions. Nonetheless,
the device’s active features manage to compensate for the
low torque-to-weight ratio by including, for example, Flexos’
capability of inhibiting its assistance when the user is bending
to collect an object from the ground. In this study, this
feature was used during the experiments only to promote the
user’s comfort, and a future study will investigate the impact
of the two assistance modes (i.e., with and without torque
modulation). Although a more versatile implementation of an
active system would be the estimation of different payloads
to modulate the exoskeleton assistance accordingly, Flexos
still offers a significant advantage by modulating its support
based on the user’s movements (i.e., the bending). On the other
hand, the introduction of a feedforward term has allowed the
reduction of delay from 100ms to 45ms, but the possible
impact of this improvement on the system performance in
terms of tracking accuracy, transparency, and EMG reductions
needs to be proved by further future experiments.

Regarding possible side-effects of Flexos usage, the elec-
tromyographic activity of the left bicep, which is not directly
assisted by the exoskeleton but still involved in the shoul-
der flexion/extension, proved to undergo no particular side
effects, since reductions were provided in the w. Exo condi-
tion. However, as previously highlighted in Subsections IV-C
and I'V-D, some imbalances in the ME results hint at a possible
asymmetrical usage of the device, as the wearer is left with
freedom of adjustment once Flexos is worn. Additionally,
Flexos is designed to discharge the load towards the lumbar
area: possible side effects on the legs were not investigated in
this work, since the focus was kept on the upper body.

Moreover, we want to note that the accuracy of the shoulder
flexion angle estimation is directly related to the BNO055 IMU
sensor. As reported by Shenoy et al. [46]; in the worst case,
the RMSE error of the angle estimation is of 7.5°. Thus, it
may have led to the execution of an isometric task at 80° in
the worst case, at some moments of the experiment.

Lastly, we acknowledge that the experimental protocol
includes occupational tasks that are not fully representative
of those found in typical workplace scenarios. Given that
this study is an in-lab assessment, with limitations regarding

the usage of common spaces, the duration of tasks was
kept reduced compared to the 8hours of a standard work
shift. Moreover, the designed tasks feature several isometric
motions, with the shoulders flexed at 90 ° in correspondence
of the maximum gravity effect. Although not fully reflecting
real use cases, they provide an ideal test for the maximum
assistive effect of the exoskeleton in the worst case. However,
it should be noted how a real-job activity features a set of
complex gestures and motions, which would require a more
sophisticated investigation on the device and its ability to
reduce the user’s effort [41]. In this work, the primary intention
was to create boundary cases in which shoulder assistance is
critically needed to demonstrate the concept behind the Flexos
exoskeleton.

V. CONCLUSION

In conclusion, this work demonstrated how the Flexos
exoskeleton provided an assistive benefit during the execution
of repetitive shoulder flexion/extension movements to lift,
carry, and shelve objects that are non-excessively heavy. This
evaluation framework was designed to feature occupational
tasks that took place inside a research laboratory, with a device
that is still a prototype, and on a limited number of healthy
subjects. We acknowledge all the limitations of this extended
study and we intend to address them in future works.

Nonetheless, the results are promising: despite its simple,
under-actuated design, Flexos helps the user relieve the effort
related to the shoulder complex muscles in almost all cases.
If the reduction of an index is not supported by statistical
significance, the device does not worsen the subject’s perfor-
mance. On the other hand, in the few cases where Flexos
usage provides worsening results, the increasing of an index is
minimal and never statistically significant, even though further
studies to exclude any possible side effects on the lower
body are needed. Particularly, Flexos enhances the subject’s
performance, especially in the motor actions that involved
to perform isometric contractions for a longer time, such as
carrying a load with shoulder flexed at 90° on the sagittal
plane.

The exposed concept represents another step towards a
larger adoption of occupational exoskeletons in the daily work
routine of industrial operators, concurring in the prevention
of work-related musculoskeletal disorders for a healthier and
safer workplace where humans are assisted but not replaced
by robots.
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