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Abstract

The wide adoption of occupational shoulder exoskeletons in industrial settings remains limited. Passive exoskeletons
were proved effective in a limited amount of application scenarios, such as (quasi-)static overhead handling tasks.
Quasi-active devices, albeit representing an improved version of their passive predecessors, do not allow full
modulation of the amount of assistance delivered to the user, lacking versatility and adaptability in assisting various
dynamic tasks. Active occupational shoulder exoskeletons could overcome these limitations by controlling the shape
of the delivered torque profile according to the task they aim to assist. However, most existing active devices lack
compactness andwearability. This prevents their implementation inworking environments. In this work, we present a
new active shoulder exoskeleton, named Active Exo4Work (AE4W). It features a new flexible shaft-driven remote
actuation unit that allows the positioning of the motors close to the wearer’s center of mass while it maintains a
kinematic structure that is compatible with the biological motion of the shoulder joint. in vitro and in vivo experiments
have been conducted to investigate the performance of AE4W. Experimental results show that the exoskeleton is
kinematically compatible with the user’s workspace since it does not constrain the natural range of motion of the
shoulder joint. Moreover, this device can effectively provide different types of assistance while the user executes
various dynamic tasks, without altering perceived comfort.

1. Introduction

Work-related musculoskeletal disorders (WRMD) at the level of the shoulder affect more than 50% of the
Europeanworking population (Govaerts et al., 2021). The probability of suffering fromWRMD increases
with age, to such an extent that it affects almost 70% of workers above the age of 55 (EUOSHA, 2020).
Currently, production and productivity losses related toWRMD have been estimated to amount to almost
3% of the European GDP (Bevan, 2015). Given the projected aging of the workforce (Mullan et al., 2017;
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Rudnicka et al., 2020), managing WRMD is clearly one of the primary occupational, societal, and
economic challenges for the future (Menegon and Fischer, 2012).

Despite this emerging challenge, there is little evidence supporting the effectiveness of conservative
ergonomic interventions (e.g., job rotation) for preventing shoulder-related WRMD (Verhagen et al.,
2013). However, new wearable technologies, such as occupational exoskeletons can be a potential
preventive measure (De Looze et al., 2016; NIOSH, 2019), as they can relieve the humanmusculoskeletal
system from non-ergonomic workload-induced stresses (Moeller et al., 2022).

In the past few years, many companies and research institutions have been showing a growing interest
in occupational shoulder exoskeletons (De Bock et al., 2022a). However, large-scale implementation of
this technology remains limited, and often only tested in a constrained environment (Crea et al., 2021;
Howard et al., 2020).

The majority of the commercially available shoulder exoskeletons are passive devices (de Vries et al.,
2019; Hyun et al., 2019;Maurice et al., 2019; Pacifico et al., 2020; Van Engelhoven et al., 2019), conceived
to assist the workers during the executions of overhead handling tasks. They do not require an external
source of power to assist, as they use gravity compensationmechanisms to deliver support at the level of the
shoulder joint. The type of support is generally an assistive torque, whose magnitude and shape are fixed by
design, aimed at compensating for a portion of the user’s armweight during (quasi-)static overheadworking
postures. As a result, passive exoskeletons tend to perform very well in laboratory tests, where the ideal
application scenario they are designed for is reproduced (De Bock et al., 2023; Moeller et al., 2022; van der
Have et al., 2021). On the other hand, they underperform in real-life situations (De Bock et al., 2020; De
Vries and De Looze, 2019) where various highly dynamic tasks occur.

The effectiveness of an exoskeleton is correlated to the assistance it can deliver (de Vries et al., 2019).
The direction and magnitude of the assistive torque provided by passive exoskeletons are fixed by the
design of the exoskeleton structure and its spring-based actuation mechanism. As a result, only one
assistive strategy can be adopted, normally consisting of the delivery of torques that support arm
elevation, meaning that the exoskeleton assistance can also be perceived as resistance when the user
moves in the opposite direction (Ramella et al., 2024).

To find a trade-off between assistance and resistance, passive exoskeletons usually do not compensate
for more than about 50% of the gravitational load of the arm.

Recently, quasi-active shoulder exoskeletons (“Fraco, Mawashi, Quebec, Canada,”, 2020; Grazi et al.,
2020, 2022; Otten et al., 2018) have been developed to overcome the limitations of a passive exoskeleton.
Similar to passive exoskeletons, they implement gravity compensation mechanisms with active modu-
lation of the amount of support delivered. By doing so, they decouple the amount of assistance delivered
from the amount of resistance opposed to the user. However, the shape, sign, and peak assistance of the
implemented torque profile are still dictated by the exoskeleton’s gravity compensation mechanism.
Therefore, in linewith their passive versions, these exoskeletons are still limited to the specific application
scenario they are designed for.

Overcoming the limitations of the passive and quasi-active devices requires active wearable robots.
Most active exoskeletons for the upper limb have been conceived as rehabilitation platforms (Gopura
et al., 2011). As a result, such devices are not suited for realistic, and thus dynamic, working environments
since they lack portability and high-bandwidth interaction control. To the best of our knowledge, four
active and portable devices have been currently developed to support the shoulder during the execution of
occupational tasks: the Stuttgart Exo-Jacket (Ebrahimi, 2017), the Shoulder-SideWINDER (Park et al.,
2021), the commercially available S700 exoskeleton (exoIQ, Hamburg, Germany) (Sänger et al., 2022),
and a customized version of the passive EVO shoulder exoskeleton (Ekso Bionics Holdings Inc, CA)
(Nasr et al., 2023a; Nasr et al., 2023b).

The Stuttgart Exo-Jacket is a robotic device equipped with 12 degrees of freedom (DOF), three of
which are actively actuated. Two motors, situated at the shoulder level, drive the flexion-extension and
ab-/adduction movements of the human joint, while a third motor is dedicated to the elbow joint. Despite
its capacity to generate up to 40 Nm of torque around the shoulder joint, this exoskeleton’s application
remains confined to research environments.
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The Shoulder-SideWINDER is an 8-DOF exoskeleton designed to actively support the shoulder joint.
Its self-aligning mechanismmitigates misalignment between the user’s shoulder joints of the user and the
exoskeleton. As it remains in the developmental phase, comprehensive data regarding the performance of
its cable-driven actuation system are currently unavailable.

The S700 exoskeleton provides active shoulder support for tasks, driven pneumatically by a battery-
powered compressor. The device features different assistive presets adjustable via a mobile application,
but the exact assistive characteristics of this commercially available device are not public. In addition,
pneumatic actuators are limited in motion control capabilities and have limited feedback mechanisms,
compromising the potential to precisely and accurately assist the user.

The active EVO exoskeleton comprises a motor at the exoskeleton’s shoulder joint and utilizes a
human-in-the-loop approach to control the exoskeleton (Nasr et al., 2023c), and experiments remain
limited to a seated lifting task in the sagittal plane (Nasr et al., 2023b; Nasr et al., 2023c).

Several technological barriers can prevent wide adoption of active exoskeletons (Babič et al., 2021).
First, the complexity of the upper limb, especially the shoulder complex, makes the design of a wearable
robot difficult (Gopura et al., 2016). There is no final solution to achieve kinematic compatibility between
the human structure and the exoskeleton structure (Näf et al., 2018. To solve this problem, complex/bulky
designs are usually proposed, albeit unfeasible to implement in portable structures (Blanco et al., 2022;
Sylla et al., 2014). Lighter designs usemisalignment compensationmechanisms (Näf et al., 2018 and self-
alignment mechanisms. An example of the latter typology has been recently implemented in (Park et al.,
2021) to reduce the misalignment between the actuated joint of the robot and the user’s shoulder joint.
However, this solution has proven efficacy only for specific users with specific anthropometric measures.

Kinematic incompatibility not only restricts the anatomical range of motion (ROM) in human joints
(Schiele, 2009), but also leads to user discomfort. Moreover, it can give rise to forces and torques at the
physical human–robot interface, potentially posing harm to the user (K. P. Langlois, 2022). Therefore, the
exoskeleton structure should not only retain the mobility of the shoulder joint but also preserve its natural
ROM. This is challenging to achievewhile keeping aminimalist exoskeleton structure with a small footprint.

The actuation system should be responsive and backdrivable (Toxiri et al., 2019); the exoskeleton’s
mass distribution should be as such to relocate some of the components as close as possible to the user
center of mass so as to minimize the inertia of the exoskeleton’s distal components, reduce power
consumption (Rodriguez-Cianca et al., 2019), improve comfort and balance.

Figure 1. AE4W prototype: (a) back plate; (b) shoulder and hip interfaces; (c) custom-made hinge;
(d) connection link; (e) torsional spring; (f) adjustable clamp; (g) actuators; (h) flexible shaft; (i) End-
Effector Module (EEM) of the RAS; and (j) EPOS4 controller. It is worth noting that the chosen design
features aim at minimizing the frontal footprint of the exoskeleton that does not protrude from the body of

the user. This might improve the usability of the device in an industrial scenario.
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In this work, a newpowered shoulder exoskeleton, Active Exo4Work (AE4W), is presented (Figure 1).
The AE4W structure is kinematically compatible with the shoulder joint resulting from a structural study
conducted in previous work (Rossini et al., 2021c) and further detailed in the next section. A new
backdrivable remote actuation system (RAS) has been integrated into the exoskeleton structure. Said
actuation system comprises a flexible shaft, as in (Rodriguez-Cianca et al., 2019), adapted to transmit and
measure a torque. A further custom-made torque sensor has been integrated distally into the RAS to allow
redundancy of force data acquisition, robustness, and safe human–robot interaction (Pedrocchi et al.,
2013). The off-joint actuation system has also enabled the redistribution of the exoskeleton components,
seeking a smaller exoskeleton frontal footprint. The RAS has been controlled in torque and its design has
been validated on a test bench. Finally, a preliminary pilot study including seven participants has been
conducted tomeasure the performance of AE4Win terms of compatibility of its kinematic structure and to
validate the efficacy of the torque controller with real-life human motions.

2. Materials and methods

2.1. AE4W kinematic synthesis and realization

The structural synthesis of a wearable robot is a problem with numerous potential solutions (Ye and Li,
2019). Therefore, identifying the right kinematically compatible structure poses a challenging task. In
reality, the eventual design decision is often driven by the engineer’s insight and expertise. Reducing the
dimension of the design space to a number of solutions that can be easily analyzed by the designer, can
lead to a better choice.

In our previous studies (van der Have et al., 2021; Rossini 2021; Rossini 2022; Rossini et al., 2021c), a
design support system was developed for the automatic enumeration of spatial exoskeleton kinematic
chains compatible with the anatomy of the human shoulder. The following requirements were considered
before the exoskeleton kinematic synthesis:

• The exoskeleton is considered a parallel kinematic chain connected to the human kinematic chain
through two anchor points positioned on the upper arm and the back;

• The mobility of the whole parallel structure constituted by the exoskeleton and the human arm
should allow the anatomical mobility of the shoulder complex.

• The presence of a misalignment compensation mechanism (MCM) constituted by a triplet of
rotational joints in series (the RRR-MCM (Näf et al., 2018), has been sought in a proximal position
in the exoskeleton kinematic structure;

• Non-redundant kinematic structures with isolated singularities are allowed (Gogu, 2002);
• The connections between the links of the exoskeleton have been realized with a combination of
prismatic joints, revolute joints, spherical joints, and universal joints.

Six kinematic chains with equal mobility and isolated singularities were found (van der Have et al., 2021;
Rossini et al., 2021c). Only one of them (Figure 2) presented some characteristics that are useful both for
the improvement of the ergonomics of the exoskeleton and the RAS implementation. First, it presents an
axial offset d3, that allows the designer to freely choose the position of the exoskeleton anchor point on the
back of the user. Moreover, parameter d3 releases the constraint for the exoskeleton joints q1,q2,q3, to be
co-planar, thus avoiding collision problems between their interconnecting links. In addition, offset d4 can
be implemented to control the relative distance between between joint q4 and joint q5. These two joints
represent respectively the last joint of the exoskeleton structure (after which the physical human–robot
interface with the arm takes place) and the shoulder joint of the exoskeleton. Consequently, d4 can be
chosen as such to keep link4 close to the arm of the user, thus limiting the lateral footprint of the
exoskeleton. Finally, the second kinematic structure has an orthogonal offset a3, needed for the realization
of the RAS, as described in the next section.

e12-4 Marco Rossini et al.

https://doi.org/10.1017/wtc.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/wtc.2024.19


The exoskeleton structure (Figure 1) is mounted onto a back plate (a – KIUI, Dixon, CA) made of
hi-modulus carbon fiber. The back plate is connected with the hip belt and the shoulder harnesses (b –KIUI,
Dixon, CA), which are equipped with adjustable clasps and buckles for size adjustment.

Three parallel custom-made rotational joints (RRR-MCM) in aluminum (c), originate from the back
plate of the exoskeleton. The way they are implemented does not limit their ROM, so they can assume a
folded configuration without the risk of collision between their connecting links (d). Additionally, joints
q1,q2,q3 are spring-loaded. The equilibrium position of the spring (SPF-0912,Durovis, Switzerland; e) is
set through a set screw in a way that the torque increases approaching the singular configuration of the
exoskeleton, thus passively implementing an escapement strategy.

The anchor point of the RRR-MCM is realized through an adjustable clamp (f) that allows the whole
exoskeleton structure to be translated up and down relatively to the torso of the user to fit different body
types.

The actuators (g), mounted on the exoskeleton back plate, are decoupled from the driven joints thanks
to a pair of flexible shafts (h). The latter ones transfer torque to the End-Effector Module (EEM) (i) so
forming the RAS, further detailed in the next section.

The length of the links has been optimized with a heuristic approach tomaximize the user’s freedom of
motion (Huysamen et al., 2020) whilst being as short as possible. The complete list of the exoskeleton
parameters can be found in Table 1. The final weight of the prototype is ~10 kg comprising 3.7 kg for the
back plate and the actuators mounted on it and 3.2 kg for each arm of the exoskeleton.

2.2. Remote actuation system implementation

The power requirements listed by (Huysamen et al., 2020), have been considered before the drive unit
selection. The off-the-shelf flexible shafts have been chosen for their bending compliance; they have been

Figure 2. Denavit-Hartemberg parameters and determinant of the Jacobian det Jð Þ are reported for the
AE4W kinematic structure. The arbitrary choice for the origin reference frames is highlighted in red.

Table 1. Denavit–Hartenberg parameters of the AE4W

a [mm] α d [mm] Joint variable, ROM

a1 = 82 α1=0 d1=0 q1, (0 ° ,360 ° ), passive
a2 = 82 α2=0 d2=0 q2, (0 ° ,360 ° ), passive
a3 = 106 α3 = π=2 d3= � 19 q3, (0 ° ,360 ° ), passive
a4 = 150 α4 = π=2 d4= � 19 q4, (�30°, +180°), active
a5 = 0 α5 = π=2 d5=0 q5, (0 ° ,360 ° ), passive
a6 = 0 α6=0 d6=0 q6, (0 ° ,90 ° ), passive
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cut to the right length before the execution of the tests. Finally, the EEM has been designed to fulfill a
threefold function. First, it implements a parallel-elastic torque generation mechanism (PEM, Figure 3),
conceived as an add-on module of the RAS to boost its performance (Verstraten et al., 2016) and increase
its safety, assuring a passive functioning of the RAS even in case of a power outage. Then, a second stage
of reduction (Figure 3, e), implemented with a custom-made backdrivable hypoid gearbox (gear ratio
15:1), shifts the axis actuated by the flexible shaft of 90°, making it coincide with the shoulder joint of the
exoskeleton. Finally, a custom-made Output Torque Sensor (OTS) has been integrated into the EEM
design to allow redundancy of force data acquisition for a safer human–robot interaction (Pedrocchi et al.,
2013).

The RAS (Figure 1) is composed of three different modules: the drive unit constituted by a DC motor
(EC-4pole, 200 W, maxon Group, Switzerland) equipped with a backdrivable 3.5:1 planetary gearbox
(GP42, maxon Group, Switzerland) and a magnetic encoder (HEDL 5540, 500 counts per revolution,
maxon Group, Switzerland); a flexible shaft (Dremel ϕ4mm, USA); the EEM.

The drive unit is placed in a metabolically advantageous position, that is, close to the center of mass of
the user, to reduce the inertia of the system at the level of the actuated distal joint (Rodriguez-Cianca et al.,
2019). The flexible shaft connects the motor with the driven joint. Although the spatial configuration of
the latter varies with the kinematic configuration of the user’s arm, the flexible shaft allows a continuous
power transmission thanks to its bending flexibility. Moreover, the compliance properties of the shaft can
enable the RAS to have characteristics proper of series elastic actuators, improving the safety of the
interaction with humans and paving the way to the implementation of indirect torque control strategies.

2.2.1. Parallel-elastic torque generation mechanism
The PEM has a twofold function: (i) boost the RAS performance in terms of the amount of delivered
torque to the user; (ii) assure a passive functioning of the AE4W. The latter aspect is important for safety
reasons, preventing an abrupt fall in torque in case of a power outage or interruption of the motor
operation. The PEM function is to generate a torque profile that fulfills the following list of requirements:

Figure 3.PEM: (a) cam profile; (b) exoskeleton link; (c) Dyneema cable (blue); (d) pretension screw; and
(e) hypoid gearbox. For angle α< β the cable straight path is deviated by the edge highlighted in pink.
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• Maximum delivered torque τ = 5Nm; This amount of torque equals the peak of assistance of the
majority of the passive shoulder exoskeleton on the market and it has been proven to effectively
reduce shoulder muscle activity (de Vries et al., 2019; Hyun et al., 2019; Maurice et al., 2019;
Pacifico et al., 2020; Van Engelhoven et al., 2019);

• Peak of assistance occurring between 90° and 130°;
• Low support for shoulder elevation angles α< 30 ° , which do not require assistance (van der Have
et al., 2021).

The PEM design (Figure 3) is based on a previously developed mechanism (van der Have et al., 2021) that
makes use of a wrapping cam (a) to convert the spring (Sodemann 13400, Denmark) elastic force into a
torque. The cam rotates with the exoskeleton link (b) and it is attached to a cable (Dyneema ϕ3mm, The
Netherlands, c). The latter connects point P (on the cam) with the free end of the spring so that a rotationΔα
of the exoskeleton link corresponds to a compressionΔx of the spring and a value of tensionT on the cable. It
is worth noting that for angles α< β, the cablewraps around the cam’s edge, located in the coincidence of the
center of rotation of the cam (origin of the reference frame xOd y). In this configuration, the moment arm of
the cable tension T is nearly zero, as well as the magnitude of the resulting torque generated by the PEM.

Theposition of the cable attachment pointP in the xOry reference frame can be described as a functionofα:

POr =R αð ÞOr
Od
POd +O

Or
d (2.1)

where R αð ÞOr
Od

represents the rotational matrix describing the orientation of the reference frame xOd y
relative to the reference frame xOry and OOr

d is the vector that describes the position of Od within the
reference frame xOry.

Consequently, the compression of the spring Δx, can be computed as:

Δx=
0 forα≤ β

l0�Δ0�L0 + ∣POr ∣ forα > β

�
(2.2)

where l0 is the unloaded length of the spring, Δ0 is the pre-compression of the spring adjusted with the
pretension screw and L0 is the length of the portion of the cable running between Or and P for α = 0.

Finally, the moment of the cable tensionT, calculated with respect to the pointOd can be expressed as:

τ = POr �OOr
d

� �
×T= POr �OOr

d

� �
× kΔxp̂ (2.3)

where k represents the stiffness coefficient of the employed spring and p̂ is the versor indicating the
directional components of the tension T.

Given the model, the values of the described parameters are chosen to meet the requirements reported
above for the assistive profile the PEM should provide. The complete list of parameters is reported in Table 2.

The choice of the PEM parameters results in the torque profile shown in Figure 4.

2.2.2. Output torque sensor design
The OTS (Figure 4) is embedded in the RAS and constitutes the anchor point for the exoskeleton link (i).

Table 2. PEM parameters

Parameter Value

OOr
d [42–82 0] mm

POd [20 0 0] mm
K 8.2 N/mm
l0 94.2 mm
Δxmax 20 mm
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Its sensitive element is constituted by a carbon fibre beam (h), which transfers the power in output from
the hypoid gearbox to the exoskeleton link. The rigid connection between the gearbox output axis (d) and
the beam, is realized through a steel insert (k), and a key (l). The relative rotation between the gearbox axis
and the radial components (m) is allowed thanks to two bearings (e). Clamping the beam’s free ends (j) to
the radial components (m) enables the power transfer toward the exoskeleton link. The angular position of
the hypoid gearbox shaft and the exoskeleton link are respectively gauged by two incremental magnetic
encoders (LM10, RLS, Ljubljana, Slovenia – a, c), whose differential measurement represents the carbon
fiber beam deflection. The latter parameter can be related to the applied load on the beam, giving an
estimation of the output torque generated at the output of the RAS. It is worth noting that the angular
resolution of the encoders (7808 counts per revolution, that is, 0.05°) determines the lower bound for the
resolution of the torque estimation. Therefore, the establishment of the requirements for the torque sensor
can guide the selection of the aspect ratio of the beam.

Torque sensors for human–robot interaction do not have stringent requirements in terms of stiffness
and resolution, unlike commercial sensors usually used in robotics (Lorenz et al., 1999). Consequently,
we aim to realize a sensor with a theoretical resolution, whose order of magnitude is 10�1 Nm. Given the
encoders we employed, the smallest displacement we can measure is δ= 0:05 ° . Once the required
resolution for the torque sensor has been set, the moment of inertia I of the beam section can be chosen by
assuming that its deflection follows a cantilever beam model:

I ≈
res � l2B

lB � sin δð Þ �2Ec
;

I = bh3=12;

0
B@ (2.4)

where res represents the target resolution; lB and Ec are, respectively, the free length of the beam and the
carbon fiber beam Young’s modulus. Since lB results defined by the design shown in Figure 4 and Ec is a

Figure 4. Left: Torque profile generated by the PEM for Δx= 10mm. The corresponding cable tension is
reported on the right y-axis. Despite the high tension on the cable in the low-assistance area (shaded in
light blue), the PEM output torque is zero. Right: OTS components: (a) encoder of the hypoid axis –
reader; (b) encoder of the hypoid axis – magnetic ring; (c) encoder of the exoskeleton link – reader;
(d) output shaft of the hypoid gearbox; (e) ball bearing; (f) encoder of the exoskeleton link – magnetic
ring; (g) fasteners for the carbon fiber beam’s clamping pins; (h) carbon fiber beam; (i) exoskeleton link;
(j) clamping cylindrical pins; (k) clamping insert; (l) feather key; and (m) radial component for the

anchoring of the exoskeleton link.
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property of the material which the beam is made of, Eqn. 2.4 results verified for the beam
cross-section b× h= 9:4 × 3:3 mm2 (Goodwinds Composites, USA).

2.2.3. Remote actuation system control architecture
The RAS control scheme (Figure 5) is composed of an inner velocity control loop run at 1 KHz by the
motor controller EPOS4 (maxonGroup, Switzerland) in cascade to an outer PID torque control loop run at
the same frequency and implemented in Twincat (BeckhoffAutomation Technologies, Germany). A
parallel safety block is implemented to disable themotor in case of dangerous interaction torques resulting
from an unexpected event, for example, a shock resulting from a fall of the user. Moreover, safety
thresholds are created to prevent the OTS and the flexible shaft from breaking in case of an unexpected
peak of torque.

The encoders’ data θ# are used to estimate the output torque τout at the level of the physical human–
robot interface. The motor position θm and the hypoid gear position θhg are used to estimate τ1, given the
model of the flexible shaft and hypoid gearbox. Then, τ1 is added to τ2, in output from the PEM block, to
obtain τout. The latter parameter is controlled by means of a PID to make the output torque converge with
the preset value of desired torque τd .

The safety and torque control loop are implemented on a computer (CORE i7, 8th generation) with two
dedicated cores for real-time communication, running TwinCAT (Beckhoff Automation Technologies) as
a communication interface and using EtherCAT (1 kHz sampling frequency) as a communication protocol
(K. Langlois et al., 2018). Beckhoff components are used for data acquisition and analog-to-digital
conversion.

Figure 5.RAS control architecture. Three control loops are implemented to control the interaction torque
with the user safely. An indirect torque controller exploits the shaft, hypoid gearbox, and PEMmodels to
estimate the output torque τout applied on the user. In cascade, a velocity control loop regulates the motor
position θm. A safety loop running in parallel to the torque control loop estimates τout on the base of the

differential measurement between the output link θl and the hypoid gear θhg.
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2.3. Experimental evaluation

Experiments were conducted to test the different components of the exoskeleton structure. In an early
phase, in vitro tests were performed on the single elements of the RAS for the:

• Flexible shaft characterization;
• OTS static characterization;
• Hypoid gearbox characterization;
• PEM model validation.

A purposely designed setup was realized (Figure 6). Torque sensors (a and b) were connected to the EEM
(h) input and output axes. The latter one was rigidly constrained to the ground through an aluminum plate
(c). The drive unit (g) was directly connected to the torque sensor (b) via the Dremel flexible shaft. The 3D
printed supports (d) were realized to constrain the flexible shaft path to follow an arc-like trajectory over
the hinge (e), whose angular displacement was measured through an additional optical encoder (f).

After the characterization of the different components, a second batch of tests was carried out to
evaluate the performance of the whole RAS and to tune the indirect torque controller.

Finally, experiments with participants were performed to evaluate the torque controller in a real-life
scenario (De Bock et al., 2020) and to assess the exoskeleton comfort and usability.

2.3.1. Flexible shaft characterization
Flexible shafts are realized by winding multiple layers of harmonic steel wire around a mandrel that
constitutes the core of the flexible shaft. The number of layers, the grade and size of the wire, the length of
the shaft and, its diameter are all manufacturing parameters that determine the shaft’s mechanical
properties. Among those, it is worth noting two interesting ones: (i) a direction-dependent torsional
stiffness and (ii) a bending-dependent torsional stiffness. The latter is especially observed for low bending
radius: when a torque is applied onto the shaft, the latter tends to deform in a helix-like shape. This effect
results in frictional losses and lower efficiency of the torque transfer.

Figure 6. Test bench: (a) 20 Nm torque sensor (ETHMesstechnik, DRBK); (b) 2 Nm torque sensor (ETH
Messtechnik, DRBK); (c) grounding plate; (d) 3D printed parts for flexible shaft routing; (e) hinge

equipped with encoder; (f) optical encoder (US Digital E6); (g) drive unit; and (h) EEM.
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However, since in our design the shaft assumes curved paths and is intended as an element whose
elastic properties are exploited for indirect torque control, its torque-deflection/bending characteristic
becomes of primary importance (Rodriguez-Cianca et al., 2019).

The test bench in Figure 6 was used to characterize the flexible shaft. The drive unit was controlled in
position through the EPOS4, to produce a quasi-static sinusoidal displacement at 0.05Hz of one end of the
shaft. The other end was connected to the EEM via a torque sensor (b). As a result of an angular
displacement, a torque on the shaft was measured. To distinguish between the direction-dependant
stiffness and the bending-dependent stiffness two testing conditions were designed.

First, the amplitude of the sinusoidal input displacement was varied from 40° to 200° to validate the
system characteristics throughout different relevant torque amplitudes. During this test, the shaft was kept
straight (bending angle equal to zero). Each sinusoidal displacement was repeated five times.

Then, the stiffness of the flexible shaft was characterized across different bending angles (0°, 20°, and
40°) while keeping the amplitude of the sinusoidal input displacement constant to 200°. Knowing the arc
length of the shaft laying between the 3D-printed supports (d), a bending radius R was associated with
each bending angle. For each bending radius (R∞,R500,R250), the input sinusoidal displacement was
repeated five times.

After testing, data points were fitted with a 4th-degree polynomial to derive a model from the torque-
deflection data of the shaft.

2.3.2. Output torque sensor static calibration
The test setup in Figure 6 was also used to calibrate the OTS described in Section 2.2.2. The calibration
reference instrument was a commercial torque sensor a) (20 Nm torque sensor, ETHMesstechnik, DRBK
torque transducers, Figure 6), connected on one side, to the output axis of the RAS and grounded on the
other side. Twelve loading/unloading torque cycles were applied on the OTS. Static torques ranging from
�10 to 10 Nmwere produced to stress the OTS-sensitive element, that is the carbon fiber beam. The RAS
magnetic encoders (Figure 4a–c) were exploited to measure the beam deflection.

After testing, data were fitted with a linear function to derive the OTS calibration curve.

2.3.3. Hypoid gearbox characterization
Hypoid transmission efficiency is a parameter that has shown high sensitivity to a multitude of factors
such as the manufacturing accuracy of the gear and pinion, the assembly tolerances, and the operation
conditions (Kolivand et al., 2010). An a priori estimation of the input–output torque relationship of the
hypoid transmission is challenging without the knowledge of the aforementioned factors. Therefore, a
characterization is deemed necessary.

Thanks to the test setup in Figure 6, it was possible to measure the torque τin in input to the hypoid
pinion and, at the same time, the torque τout in output from the hypoid gear. The transmission efficiency

was calculated as τout=τin
gearratio

.

The setup shown in Figure 6 did not allow tomeasure back-driving torques, since the output of the gear
was rigidly connected to ground. The torque necessary to back-drive the whole RAS will be computed in
the context of the in vivo experiments.

The PEM mechanism was disconnected from the EEM so to avoid potential interfering input to the
measurement system. A quasi-static sinusoidal torque at 0.05 Hz with amplitude ranging from 0.1 to
0.6 Nm, was generated with the drive unit and transferred to the input axis (pinion) of the hypoid
transmission, where it was measured by the torque sensor (b). Concurrently, sensor (a) gauged the output
torque. For each torque amplitude, two sinusoidal waves were generated.

2.3.4. PEM model validation
The test setup shown in Figure 6, was adapted to make the rotation of the EEM output axis possible. For
this reason, the grounding plate was substituted with a lever arm (Figure 7). To validate the theoretical

Wearable Technologies e12-11

https://doi.org/10.1017/wtc.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/wtc.2024.19


model for the PEM, the lever-arm (c) was manually rotated in a quasi-static fashion, making the angle α
vary slowly. In the meantime, the torque necessary to rotate the exoskeleton link was recorded with the
torque sensor (a). The encoder (d) embedded in the EEMwas used to gauge the angle α. It is worth noting
that the pinion of the hypoid transmission was dismounted from its housing (b), so to remove one
interfering source of friction affecting the torque generated by the PEM and thus the validation. Five
loading and unloading cycles were done.

2.3.5. In vitro assessment of the RAS performance
The test bench setup shown in Figure 6 was used for all the experiments conducted to tune the control
architecture introduced in Section 2.2.3 and to assess the performance of the RAS. The flexible shaft
torque-deflection characteristic and the hypoid gearbox input–output relationship were used to estimate
the RAS output torque. Simultaneously the output torque was measured with the commercial torque
sensor (a) (Figure 6), mounted between the RAS output axis and ground.

A first experiment was conducted to tune the PID parameters of the main torque loop of the controller.
The Ziegler–Nichols approachwas used tominimize the rise time of the system in following a desired step
in torque of 5 Nm amplitude.

Then, the RAS bandwidth was studied using the approach presented in (Rodriguez-Cianca et al.,
2019). A multi-sine signal with a flat spectrum from 0.1 to 10 Hz and variable amplitude (0–5 Nm) was
selected as a desired output torque τd for the RAS. The actual output torque τout and the desired set-point
torque τd , were used to estimate the transfer function of the RAS, G sð Þ= τout sð Þ=τd sð Þ. The system
identification toolbox implemented in MATLAB (MathWorks, USA) was used to obtain G sð Þ.

2.4. In vivo assessment of the AE4W performance

Seven healthy male participants (age: 29 ± 3 years, height: 1.80 ± 0.03 m, weight: 78.0 ± 5 kg) were
included in an experiment to assess the real-life performance of theAE4W. The aim of the experiment was
twofold: (i) verify the exoskeleton’s kinematic compatibility and comfort; (ii) verify the suitability of the
RAS for assisting real-life human tasks. Before the start of the experiment, all participants signed the
informed consent. The experimental protocol received approval from the local ethical commission (Vrije
Universiteit Brussel and Universitair Ziekenhuis Brussel, BUN: 143201941463).

All participants performed three tasks with (Exo) and without exoskeleton (NoExo). After completion
of each task, the rating of perceived exertion (RPE) and the comfort at the level of the shoulder were
collected. To determine the RPE, Borg’s 1–10 RPE scale was used (Borg, 1982).

Figure 7. Test bench setup realized to validate the PEM setup. (a) 20 Nm torque sensor (ETH Messtech-
nik, DRBK torque transducers); (b) housing of the hypoid pinion; (c) lever arm; and (d)magnetic encoder.
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2.4.1. Test 1: Active ROM test
The ROM test was executed in four isolated directions; Flexion-extension (Fl-Ex), Frontal abduction
(Abd), Transverse ab-adduction (Trans. Abd – Trans. Add), Internal–external rotation (Int. Rot – Ext.
Rot). All participants autonomously moved the dominant arm three times in each direction until the
maximal shoulder ROM was reached (Dutton, 2014) (Figure 8). To prevent compensatory movements
with the rest of the body, an expert movement scientist supervised the execution of the tests.

This test was executed with and without AE4W so to assess the compatibility of the exoskeleton’s
kinematic structure. Since exoskeleton assistance can affect the shoulder ROM (van der Have et al.,
2021), the AE4W was powered off during the active ROM tests. Moreover, the PEM was disconnected
from the RAS to avoid interference because of the passively generated assistance.

The MTw Awinda (Xsens, the Netherlands) was used for user motion tracking.

2.4.2. Test 2: Constant torque support during lifting
This task was designed to test the ability of the torque controller to deliver a constant supportive torque of
5 Nm during a dynamic lifting movement. The participants lifted a 5-kg weight from hip to overhead
height for five times (Figure 9). Each motion started with the subjects standing in front of a rack while
holding the weight in front of the pelvis. The motion ended when the weight was placed on a shelf,
positioned 50 cm above the level of the acromion (van der Have et al., 2021). The actuator was disabled
when returning to the starting position. During this shoulder extensionmovement, participants backdrove
the RAS. The sensors of the AE4W were used for data acquisition.

2.4.3. Test 3: Ballistic active support during cyclic lifting
The participants lifted and lowered a 5-kg weight five times at a self-selected speed without interruption
between the repetitions. They were instructed to keep their elbow joint fixed in a comfortably extended
position. The task started and ended with the weight in front of the pelvis.

AE4Wwas controlled to deliver a ramp in torque to assist the elevation of the users’ arms in a ballistic
manner. The RAS functioning was enabled at 30° of elevation angle of the user’s shoulder joint. Together
with the PEM,AE4Wdelivered a peak of 12Nm at 80°.When lowering the weight, the RASwas disabled
and the shoulder extension movement was only passively supported by the PEM. This task was executed
to test the AE4W controller in real-life cyclic tasks, therefore the shape of the assistive torque profile was
arbitrarily chosen.

Figure 8. Active ROM test. The arrows highlight the different movements performed during the test.
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The sensors of the AE4W were used to track the exoskeleton’s behavior and to estimate the users’
shoulder elevation angle.

Thirty-five lifts were analyzed. Each lift was resampled to 100 data points. The measured peak of
assistance was used to align each different lift in time. The time instant when the participants received the
maximum of the assistance was set as zero (Figure 16).

2.5. Statistical analysis

Descriptive statistics were used to represent the data collected through test bench experiments. Means
accompanied with confidence intervals of 95%were reported for the measured data (Accoto et al., 2018).
When models were employed, the fitting accuracy was assessed by the Root Mean Square Error (RMSE)
and the normalized RMSE (NRMSE). The latter was defined as:

NRMSE %ð Þ = RMSE

ymax� yminð Þ (2.5)

with ymax and ymin being, respectively, the maximum and the minimum value of the observation.
When a comparison across experimental conditions was required, normality of the distribution was

checked using the Shapiro–Wilk test, and a one-way ANOVA analysis was performed. Paired sample T-
tests were used for pairwise comparisons. When normality was violated, the Friedman and Wilcoxon
signed-rank tests were used to compare data across conditions. The significance level for all statistical
tests was set at 0.05.

3. Results

3.1. In vitro tests

3.1.1. Flexible shaft torque-deflection characteristics
The flexible shaft exhibited a direction-dependent stiffness (Figure 10). Positive angular displacements
brought higher torques. Considering the profile obtained with a deflection of ± 200 ° , the torque reached
for positive displacements was ~27% higher than the torque reached for negative displacements.

Figure 9. Left: constrained lifting task. Right: free lifting task.
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The experimental data could be fit by a fourth-degree polynomial
f 1 xð Þ= p1x4 + p2x3 + p3x2 + p4x+ p5, whose coefficients p were p1 = 9:96 �10�11, p2 = 3:37 �10�8,
p3 = �1:72 �10�6, p4 = 13:96 �10�4, p5 = �67:44 �10�4 and x represented the angular displacement.
Themodel predictions showed anRMSEof 0:02Nm, leading to anNRMSEof 1.4%. This corresponded to
a mean accuracy of 98.6% in estimating the torque on the flexible shaft.

The flexible shaft exhibits a moderate bending-dependent stiffness (Figure 11). The ANOVA analysis
showed differences between the bending conditions R∞, R500 and, R250 (p < 0:01). The T-test confirmed
statistical difference between the bending conditions R∞ and R500 p < 0:01ð Þ and, between R∞ and R250

p< 0:01ð Þ, being the latter the most appreciable difference. It was also possible to validate the model
f 1 xð Þ, obtained for the flexible shaft configuration R∞, with the experimental data found for the
configuration R250. Analogously to the straight configuration of the flexible shaft R∞ð Þ, the model
predictions for the bent configurations showed an RMSE of 0:02Nm. It is worth noting that this torque
deviation was about the same order of magnitude as the RMSE related to the straight model. Therefore, a
model correction compensating for the shaft bending radius was not necessary.
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Figure 10. Deflection-dependent characteristics of the flexible shaft. Not appreciable differences are
noted for different torque amplitudes.

Figure 11. Bending-dependent characteristics of the flexible shaft. Not appreciable differences are found
between bending conditions R∞ and R500 and, between R∞ and R250.
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3.1.2. OTS calibration curve
The OTS calibration curve confirmed the linear relationship between torque and carbon fibre beam
deflection (Ducastel et al., 2021). The experimental data were fit by a first degree polynomial f 2 xð Þ= p1x,
whose coefficient p1 = �19:49 �10�2 and x represented the torque input. The model predictions showed
an RMSE of 0:072 ° , leading to an NRMSE of 2%. This corresponded to a mean accuracy of 98%. By
inverting f 2, the sensitivity of the OTS was computed as 1

p1
= 5Nm

∘ . A torque increment of 0.25 Nm would

bemeasured as a consequence of a beam deflection δ= 0:05 ° , the latter corresponding to the resolution of
the magnetic encoders embedded in the RAS (Figure 4, a–c).

3.1.3. Hypoid gearbox input–output torque relationship
The hypoid transmission input and output torques were linearly correlated. The torque ratio τout=τin was
thus constant and equal to 10.7. This corresponded to an efficiency of 71%.

3.1.4. PEM model validation
The output torque profile generated with the PEM is shown in Figure 12. The measured hysteresis cycle
testified the presence of Coulomb friction in the mechanism. Because of that, part of the energy stored in
the spring during an arm extension was not returned to the user amid an arm flexion. The lost energy was
computed by calculating the area enclosed by the hysteresis cycle. Out of the 9.5 J needed to load the
spring, 2.0 J were dissipated after a cycle. Despite the PEM having a reduced number of sliding/rolling
components in comparison with its previous implementation introduced in (van der Have et al., 2021),
nearly 20% of the energy was dissipated.

The accuracy of the model was evaluated through its normalized root mean square deviation from the
experimental data. An NRMSE of 18% was calculated, yielding an overall estimated accuracy of 82%.

3.1.5. RAS step response and bandwidth estimation
The step response of the RAS is shown in Figure 13. Overall, the controlled torque τout reached 95% of the
desired output torque τd in 56 ms. The rise time, defined as the time needed for the RAS response to rise
from 5% to 95% of its final value, amounted to 37 milliseconds.

The output torque τmes measured by the torque sensor (a, Figure 6), slightly deviated from the estimated
output torque τout. This was because of two factors. First, the calibration curve of the OTS did not fit the
measured data with an accuracy of 100%. Secondly, the sensitivity of the OTS was lower than the
sensitivity of the commercial torque sensor used in this experiment.

Figure 12. PEM torque-angle characteristic. For low shoulder elevation angles α, the delivered
assistance is ~0 Nm. The peak of assistance occurs for α = 100 °.
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Asmall rise time of the RAS step responsemay indicate a large bandwidth of the system. The latter was
estimated through the experiment described in Section 2.3. The Bode plot of transfer functionG sð Þ of the
RAS is reported in Figure 13. The 3 dB bandwidth of the system corresponded to 8.4 Hz.

3.2. In vivo tests

3.2.1. Test 1: active ROM test
The shoulder ROM in each of the measured directions is represented in (Fig 14).

The AE4W did not significantly reduce anatomical ROM in flexion, abduction, transverse ab-/
adduction and internal–external rotation. However, the shoulder extension ROM was significantly
reduced from �44° (std: ±12°) without exoskeleton to �28° (std: ±6°) (p< 0:01) with AE4W.

The exoskeleton also affected the RPE and comfort scores. Wearing the exoskeleton significantly
increased the RPE score. Without exoskeleton, participants rated the ROM test as “Easy” (3.0 ± 1.6),
while the score with AE4W was “Moderate” (4.0 ± 1.1) (p= 0:02). Also, when performing the active
ROM test with the exoskeleton, participants experienced a lower level of comfort at the shoulder (71.3 ±
14.6 mm) compared with the condition without exoskeleton (87.3 ± 9.5 mm) (p= 0:01).

3.2.2. Test 2: Constant torque support during lifting
Thirty-five lifts were analyzed and each lift was resampled to 100 data points. The mean duration of a
lifting movement and the AE4W assistance were determined (Figure 15).

Figure 13. Top: step response of the RAS. The estimated output torque τout is compared with the measured
output torque τmes and the desired torque τd. The rise time of the RAS is highlighted by the light blue star.
Bottom: Bode plot of the transfer function G sð Þ, obtained starting from the multisine desired torque signal

and the actual output of the RAS.
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During this test, the AE4W controller managed to keep a quasi-constant support throughout the
entire liftingmovement. On average, the RMSE between the set-point torque τd and the delivered torque
τout was 0.4 Nm. The NRMSE was of 7.5%. The minimum average torque was delivered at approx-
imately 30% of the lift, where the shoulder joint acceleration peaked. In this instant, the minimum
average torque delivered was of 4.3 Nm. The maximum average torque delivered during the lift was

Figure 14. ROM data for flexion-extension, abduction. Transverse ab-/adduction. The following con-
vention was used: flexion, frontal abduction, transverse abduction, and internal rotation were considered
positive movements; extension, transverse adduction, and external rotation were considered negative
movements. The horizontal lines in the middle of each box represent the median, while the whiskers report
the minimum and the maximum measured joint angles. Top and bottom lines of each box represent the
75th and 25th percentile, respectively. The star symbol indicates statistically significant differences.

Figure 15. Top: shoulder joint trajectory measured with the AE4W; Bottom: amount of assistance
delivered to the user during the elevation phase of the arms. Light grey lines represent each acquired

trajectory. The blue line represents the desired torque.
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5.1 Nm. The participants moved with an average velocity of 87∘s, peaking at about 50% of the motion
and reaching up to 145∘s.

The mean backdriving torque of the RASwas measured while participants were lowering their arms to
come back to the task’s starting position. An average value of 0.6 Nm (±1 Nm) was gauged. The average
velocity of the arm extension movement was �81∘s (max: �143∘s).

The AE4W did not significantly affect the comfort at the level of the shoulder. However, it did affect
the RPE. Without exoskeleton an RPE-score of 4.6 ± 1.6 (“Challenging”) was observed. Wearing the
exoskeleton significantly reduced this score to 3.4 ± 0.9 (“Moderate”) (p = 0.04).

3.2.3. Test 3: Ballistic active support during cyclic lifting
AE4W managed to provide up to 12 Nm during the execution of the cyclic task (Figure 16). On
average, the RMSE between the set-point torque τd and the delivered torque τout was 1.9 Nm. The
NRMSE was of 15.0%. The participants moved with an average velocity of 153∘s, reaching up to 184

∘
s

maximally.
The AE4W significantly improved the perceived comfort at the level of the shoulder. Without

exoskeleton, subjects perceived less comfort (58 ± 20 mm) than with AE4W (71 ± 9 mm) p< 0:01ð Þ:
This feeling was reflected in a significant reduction of the RPE from “Challenging” (4.6 ± 2.3) without
exoskeleton, to “Moderate” with exoskeleton (3.6 ± 1.7) p = 0:02ð Þ.

4. Discussion

The objective of this work was to develop an active shoulder exoskeleton meant to assist the workers
during the execution of occupational tasks. First of all, the problem of achieving kinematic compat-
ibility with the motion of the human shoulder joint was considered. A structural study (Rossini et al.,
2021c) was conducted to enumerate the possible exoskeleton kinematic chains not preventing the
biological shoulder motion. Six kinematically equivalent chains were found but only one was chosen
for further implementation considering ergonomics and practical considerations, such as the possibility
to reduce the frontal footprint of the exoskeleton. The compatibility of AE4W kinematic structure was
also assessed through an experiment with young healthy participants. An active ROM test with and
without exoskeleton showed that the AE4W structure did not reduce the natural ROM of the shoulder in

Figure 16.Up: shoulder joint trajectory measured with the AE4W;Down: amount of assistance delivered
to the userduring the elevation phase of the arms. Light gray lines represent eachmeasured data. The blue

line represents the set-point desired torque.
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any of the direction of motion, but shoulder extension. Shoulder over-extension is not required during
occupational tasks (Huysamen et al., 2020). Therefore, the majority of the workers would not
experience ROM limitations when wearing the AE4W. Finally, the AE4W increased perceived exertion
of the active ROM test from “Easy” to “Moderate.” These data were congruent with the reported
reduced comfort at the level of the shoulder. It is worth noting that the strapping pressure of the physical
human–robot interfaces was set according to the participants’ preferences during the initial donning
phase of the AE4W. The reported hindrance at the level of the arm cuff indicates that adjusting the
strapping pressure during the experiment, as proposed by (K. Langlois et al., 2020), may result in amore
comfortable wearing experience.

Specific experiments were conducted to characterize the RAS components. The flexible shaft
torque-angle characteristics were found and modeled so that, once the angular deflection of the shaft
was measured, the estimation of the transferred torque was possible. The shaft exhibited a mild
bending-dependent stiffness change. However, different from the variations of the flexible shaft
properties measured in Rodriguez-Cianca et al. (2019)), such a change was not sufficiently marked
to require further modeling of this phenomenon. Consequently, a simplified model of the shaft was
employed for different bending configurations, leading to an average torque estimation accuracy of
98.6%.

To estimate the output torque delivered by the RAS, the hypoid gearbox was also characterized. The
modeling of its behavior was confined to the specific application scenarios tested in this work, that is,
assisting the shoulder flexion movements by providing elevation torques. A linear relationship between the
input and the output torque of the hypoid gearbox was found and an efficiency of about 70%wasmeasured.
Despite the low value, the typical efficiency ranges of hypoid gearboxes are 50%–90% (Radzevich, 2016).

The need for the implementation of a custom-made torque sensor, the OTS, in the RAS arose from the
analysis of the off-the-shelf commercial torque sensors. The latter ones normally have high stiffness and
high resolution, unnecessary characteristics for the monitoring of the human–robot interaction forces/
torques. A compact design for the OTS was presented. Its functioning was based on the measurement of
the deflection of an elastic element, that is a carbon fiber beam. The calibration of the sensor showed a
sensitivity of 5Nm∘ . Its theoretical resolution was 0.25 Nm, as derived from the resolution of the encoders.
The sensor was then employed in the RAS safety control loop, as a redundant source of human–robot
interaction torque monitoring.

The PEM has two purposes: (i) boost the RAS performance in terms of the amount of delivered
torque to the user; (ii) assure a passive functioning of the AE4W. The latter aspect is important for safety
reasons, preventing an abrupt fall in torque in case of a power outage or interruption of the motor
operation.

In vitro tests showed that the RAS was fast enough to provide an effective human–robot interaction.
A rise time of 37ms in providing a step in torque of 5Nm amplitude and an estimated RAS bandwidth of
8 Hz is recommended requirement for actuators used in human–robot interaction applications (Kong
et al., 2009).

The suitability of the RAS for assisting occupational tasks was corroborated by in vivo experiments. In
both Test 2 and 3, participants executed the task at the lifting speed of their preference. However, the
positioning nature of the first task automatically leads to a lower shoulder elevation speed (87∘s) that almost
doubled during the execution of the second task (153∘s). Despite the peak velocities reached during Tests
2 and 3 were higher than what was reported in the requirement list of (Huysamen et al., 2020), the AE4W
successfully managed to provide assistance. The constant support control strategy showed an accuracy of
92.5% in tracking the desired output torque while the ballistic support showed an accuracy of 85%.

During Test 2, the backdriving torque of the RAS was also measured with the OTS. A peak value of
0.7Nmwas found for extension velocities up to�143∘s. Such a value can be considered low in comparison
to other work reporting backdriving torques up to 10 Nm for actuators used in human–robot applications
(Accoto et al., 2014; Ducastel et al., 2021).

Finally, the use of AE4W led to a reduced RPE in both lifting tasks. The AE4W reduced the perceived
exertion during the task from “Challenging” without exoskeleton, to “Moderate.”
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5. Study limitation and future work

The study aimed at developing an active occupational shoulder exoskeleton and validating its mechan-
ical performance both with in vitro and in vivo tests. Mechanical parameters related to the device
functioning but also subjective parameters, such as RPE and comfort at the level of the shoulder, were
collected. The results of the pilot tests showed the potential of the AE4W. However, the device’s weight
could negatively affect metabolic cost and mechanical joint work, for example, hip or knee (De Bock
et al., 2022; Kim et al., 2018). Indeed, the current prototype of AE4W is relatively heavy when
compared with existing active shoulder exoskeletons, such as the Shoulder-SideWINDER, weighing
6.4 kg (Park et al., 2021) and the S700, weighing 7.4 kg (Sänger et al., 2022). Therefore, future efforts
will be directed toward the optimization of the weight of the device, including the power electronics.
Moreover, a more sophisticated control architecture is deemed necessary to allow motion intention
estimation and optimization of the assistive strategies. Only then, an extensive evaluation of the device
will be carried out to investigate its task-dependent positive or negative effect on the user’s musculo-
skeletal loading.

6. Conclusion

AE4W is one of the first active occupational shoulder exoskeletons to be conceived as a portable device
worn by the user. A design methodology validated with in vitro and in vivo experiments has been
proposed for the exoskeleton kinematics, actuation system, and control architecture. Results have shown
the performance and versatility of AE4W.
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