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Design and Evaluation of a Passive Cable-driven
Occupational Shoulder Exoskeleton.

Marco Rossini∗, Sander De Bock, Arthur van der Have, Louis Flynn, David Rodriguez-Ciancia, Kevin De Pauw,
Dirk Lefeber, Joost Geeroms, Carlos Rodriguez-Guerrero.

Abstract—Exoskeleton technologies have the potential to re-
duce the prevalence of work-related musculoskeletal disorders.
Despite the fast-growing industrial exoskeleton market, several
bottlenecks have prevented their wide application, namely the
lack of wearability, the amount of assistance they deliver and
their usefulness in various working scenarios, outside of those
they were specifically designed to perform. In this work we
present the design, realization and evaluation of a new wearable
shoulder exoskeleton that is kinematically compatible with the
glenohumeral joint and features a new passive remote actuation
system (pRAS). The latter has a twofold function: it delivers
assistance only when needed and allows for a more convenient
repositioning of the exoskeleton components, reducing the exo-
skeleton’s footprint and limiting the weight on the user’s arm.
A test bench has been designed to validate the mechanical
performance of the shoulder exoskeleton and experiments have
been conducted to investigate its effect on users while executing
overhead working tasks. Based on the muscle activity monitored
in six subjects, we conclude that our exoskeleton reduces anterior
deltoid activity by 22% during the execution of overhead work.
This preliminary study suggests that our device can successfully
provide relief at the level of the shoulder without hindering the
subject.

Index Terms—Wearable robots, occupational shoulder exo-
skeleton, cable-pulley system, remote-actuation.

I. INTRODUCTION

WORK-RELATED musculoskeletal disorders (WRMDs)
are among the most common workplace injuries and

causes of absenteeism in manufacturing companies [1]. The
costs associated with WRMDs amount to 55.43 billion dollars
per year, 33% of which are related to physical overexertion and
repetitive motions [2]. Managing upper extremity WRMDs is
currently an open challenge and has been difficult to address
by standard ergonomic interventions [3], calling for the need of
a new technology, namely wearable devices and exoskeletons
[4]. However, when it comes to passive exoskeletons bench-
marking [5], three main bottlenecks can still be found prevent-
ing their wide adoption.

First of all, the lack of kinematic compatibility between the
exoskeleton and the human limbs represents a major problem
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[6]. Kinematic incompatability is usually associated with the
rise of parasitic forces which can cause discomfort, pain or,
in the worst case, severe injuries, like bone fractures and joint
dislocations [7]. The kinematic compatibility is related with
the mobility of the device, thus with the number of degrees of
freedom (DOF) it possesses before and after coupling with
the human limbs it aims at assisting. If the physiological
DOF of the human are reduced after donning the exoskeleton,
then there is a kinematic mismatch and the exoskeleton is
not kinematically compatible. In recent studies [8], [9], the
structural properties of commercially available shoulder ex-
oskeletons were reviewed. There, the authors pointed out how
the general trend on the market is to minimize the weight of
the upper limb exoskeletons using simple kinematic structures
with reduced DOF in conjunction with soft physical interfaces
compensating for joint misalignment. However, simplicity
comes at the cost of reduced mobility and partial misalignment
compensation, resulting in high shear forces on the users’ skin
and discomfort [10]. On the other hand, complex kinematic
structures, developed to mimic the complex movement of the
shoulder joint [11], have underperformed because of their
increased complexity, additional weight and size [12].

Secondly, the (passive or active) actuation system has to
present a small footprint on the exoskeleton while being
energetically efficient [13]. Exoskeletons like MATE (Comau,
Grugliasco, Italy [14]), VEX (Hyundai, Seoul, South Korea
[15]), ShoulderX (SuitX, Emeryville, California [16], [17]),
EVO (Ekso Bionics, Richmond, California) and Airframe
(Levitate Technologies, San Diego, California) have all the
actuation system positioned laterally at the level of the arms,
distally from the exoskeleton anchor points to the body. Such
a position affects the exoskeleton lateral footprint whose
increased size might prevent the execution of working tasks
in confined spaces. Moreover, choosing a distal position of
the actuation unit negatively impacts the inertia of the system,
having a direct consequence on the device safety in case of
impacts, on its total energy consumption and on the metabolic
cost, as the cost of self-transport is augmented [18], [19].

Finally, the amount of assistance passive exoskeletons
should deliver is still an open question [20]. Compensating
for more than the shoulder gravitational torque (>10 Nm)
can be deleterious. In cases of overcompensation, the device
may substantially reduce the activity of the muscles involved
in shoulder flexion and elevation, e.g. the anterior deltoid
and upper trapezius muscles, but in turn provokes increased
muscle activity during shoulder extension and depression (e.g.
in the long head of the triceps bachii muscle and latissimum
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Fig. 1. Shoulder exoskeleton prototype: a) back plate; b) hip interface; c) shoulder harnesses; d) routable hinge; e) link; f) adjustable clump; g) joint of the
exoskeleton providing assistance at the level of the shoulder; h) input mechanism; i) universal joint; l) cuff. Highlighted in red, the choice of the base frame
for the DH parameters definition. The choice is congruent with the one indicated above.

dorsi), making the subject feel hindered by the exoskeleton
[16], [21]. Assistive torques compensating for about 50%
of the shoulder gravitational torque are widely employed in
commercial passive exoskeletons [14], [22] and have shown
to significantly reduce the activity of the shoulder muscles.
However, Asgari and colleagues [23] found that such a magni-
tude could also cause the exoskeleton wearer to actively lower
the arm, provoking discomfort and an increased activity of the
back muscles. On the other hand, assistance levels that go up
to one third of the arm gravitational torque have been shown
to be effective for the reduction of the muscle activity [24],
representing a compromise between assistance delivered by
the exoskeleton and perceived resistance felt by the user whilst
lowering the arms. The torque profile timing is also important:
it has to peak for shoulder elevation angles corresponding to
usual overhead handling tasks [15], i.e between 90 and 130
degrees of shoulder elevation angle, while being as low as
possible elsewhere, where the execution of frequent out of the
scope working activities might be hindered, such as walking or
bending-over. Passive actuation mechanisms implemented on
commercial shoulder exoskeletons typically deliver a gravita-
tional assistive torque, whose magnitude is zero only for null
shoulder elevation angles [14]. This means that they deliver
assistance as soon as the users move their arms, as for example
during walking.

The objective of this study is to design, realize and pre-
liminary test the performances of a new passive shoulder
exoskeleton for lifting tasks in industrial environments.

Our prototype shown in Fig. 1, has been designed to be
fully kinematically compatible with the motion of the shoulder
joint. For this purpose, a structural study considering the
kinematic properties of the exoskeleton together with the ones
of the shoulder joint has previously been conducted [9]. The
exoskeleton geometrical parameters, its singular configurations
and structural complexity, calculated as the number of joints
the exoskeleton is constituted by times the human limbs
it is attached to [8], have been considered prior prototype
realization (Sec. II-A).

A new passive remote actuation system (pRAS) has been
integrated in the exoskeleton structure. It features two main
characteristics.

First, it provides up to one third of the shoulder gravitational
torque. The torque profile it delivers peaks at high elevation
angles of the arm (between 90◦ and 130◦) but stays under
0.5Nm for low elevation angles (Sec. II-B1), to avoid hinder-
ing the user during the execution of tasks that do not need
assistance.

Secondly, it was designed based on the 2 DOF cable-
pulley system [25]: part of the pRAS is positioned remotely,
close to the base of the exoskeleton, and it is coupled with
the exoskeleton passively-actuated joint (g) (Fig. 1) through a
cable, passing by a triplet of routable parallel rotational joints
(Sec.II-B). This allows for a redistribution of the mass of
the exoskeleton components towards the back of the device
rather than on its distal passively-actuated joint. Hence, a
smaller exoskeleton footprint has been sought to reduce the
later protrusion of the exoskeleton and limit the weight on the
user’s arm.

A test bench set-up has been realized to validate the
mechanical performance of the pRAS implemented on the
exoskeleton. First of all, the effect of having a cable passing
through the joints of the exoskeleton kinematic chain has
been studied (Sec. III). Then, the assistance delivered by
the exoskeleton at the level of the shoulder joint has been
measured.

Finally, a preliminary pilot study has been conducted to
investigate the effect of the delivered assistance on subjects
wearing the exoskeleton.

II. MATERIALS AND METHODS

A. Exoskeleton kinematic synthesis and realization
A previously developed design support system (DSS) [9]

has been applied for the generation of exoskeleton kinematic
chains compatible with the anatomy of the human shoulder.
The following design requirements have been taken into ac-
count:
• Prismatic joints, Revolute joints, Spherical joints and

Universal joints are the kinematic pairs considered for
the realization of the necessary DOF composing the
exoskeleton kinematic structure;

• The exoskeleton runs in parallel with the human anatomic
segments it aims at assisting and interacts with them via
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two anchor points positioned on the upper arm and on
the back;

• The exoskeleton should not prevent independent motion
of either the sternoclavicular joint or the glenohumeral
joint. The glenohumeral joint has been modelled with
a spherical joint with 3 DOF, while the sternoclavicular
joint has been modelled as an universal joint with 2 DOF.
Those 5 DOFs should not be lost after coupling the exo-
skeleton with the human kinematic chain it is supporting.
Therefore, the DOF of the whole parallel structure (K)
constituted by the exoskeleton and the human arm should
respect the following coupling equation [26], [9]:

DoF (K) = M =

J∑
i=1

fi − r = 5 (1)

where DoF (K) represents the mobility of K, J repre-
sents the total number of joints, fi represents the number
of motion parameters that defines the configuration of the
ith-joints and r represents the number of motion parame-
ters that lose their independence after the coupling of the
exoskeleton kinematic chain with the human kinematic
chain;

• The presence of three parallel rotational joints (R-joints)
in series has been promoted for the integration of the
misalignment compensation mechanism (RRR-MCM) in
the exoskeleton kinematic structure, favouring the imple-
mentation of the cable-pulley RAS [27], [25], shown in
Sec. II-B;

• The complexity index C of the exoskeleton, calculated
as the number of joints the exoskeleton is constituted
by times the human limbs it is attached to [8] should be
equal to 10. if, on the one hand, a higher complexity could
make the exoskeleton more versatile, on the other hand it
could increase exoskeleton’s weight and footprint. Non-
redundant kinematic structures with isolated singularities
have been promoted;

• The weight of the exoskeleton should be as low as
possible. A 5 kg upper bound has be chosen as a limit
for a lightweight exoskeleton [28].

• The exoskeleton interfaces, in contact with the human
body, should be easily detachable for hygienic reasons.

Six different structures corresponding to six kinematically
equivalent chains eligible for further implementation have been
found and reported in Fig.2.

The second kinematic structure (Fig.2,2) has been chosen to
be implemented for the realization of the shoulder exoskeleton
given the unique characteristics it has over the others. First,
it presents an axial offset d3 (Fig.2), that gives more freedom
to the designer for the choice of the exoskeleton anchor
point to the back. This also allows for free positioning of
the exoskeleton joints (joint1,2,3), otherwise constrained to
lay on the same plane. Secondly, it presents an axial offset
d4, needed to control the relative position between joint3
and joint4. This allows the designer to set the position of
the torque generation mechanism relatively to the arm of the
user, thus limiting the protrusion of the exoskeleton. Finally,

TABLE I
DH PARAMETERS OF THE SHOULDER EXOSKELETON.

a α d joint variable, RoM
a1 = 118 α1=0 d1=0 θ1, (-122◦, +122◦)
a2 = 118 α2=0 d2=0 θ2, (-122◦, +122◦)
a3 = 98 α3 = π/2 d3=-63 θ3, (-122◦, +122◦)
a4 = 143 α4 = π/2 d4=19.5 θ4, (-30◦, +135◦)
a5 = 0 α5 = π/2 d5=0 θ5, (-30◦, 30◦)
a6 = 0 α6=0 d6=0 θ6, (0◦, 360◦)

it presents an orthogonal offset a3, needed for the realization
of the torque generation mechanism described in Sec.II-B1

The exoskeleton (Fig.1) is composed of a back interface
and two arm interfaces that constitute the anchor points on
top of which the exoskeleton parts are mounted. The back
interface, in turn, is constituted by a custom-made back plate
(a) strapped to the hip interface (b - KIUI, Dixon, California,
United States) and the shoulder harnesses (c - KIUI, Dixon,
California, United States). The latter two are body interfaces
equipped with adjustable clasps and buckles to adapt and fit
different body types. Three parallel rotational joints (RRR-
MCM), realized with custom made routable hinges (d) in
plastic (Acrylonitrile-butadiene-styrene, ABS) and connected
through custom made links in aluminium (e - 6061 aluminium
alloy), originate from the back plate of the exoskeleton where
they are attached via an adjustable clamp (f). The routable
RRR-MCM allows passive remote actuation of a DOF imple-
mented with an R-joint embedded in the torque generation
mechanism (g). The input mechanism (h) tensions the cable
(Dyneema Φ 3mm, The Netherlands) that passes through the
axis of rotation of the routable hinges. Being guided by idler
pulleys, the cable reaches the actuated joint of the torque
generation mechanism. The passively-actuated joint drives the
exoskeleton arm that is connected via an universal joint (i) to
the arm cuff (l).

The length of the links have been optimized with a heuristic
approach in order to not constrain the subjects during motions
related to handling tasks [11] whilst being as short as possible.
The complete list of the exoskeleton parameters can be found
in Table I. The final weight of the prototype is 3.8 kg.

B. pRAS implementation

The pRAS is composed of three modules (Fig. 3) intercon-
nected by a cable (DSM Dyneema φ 3 mm, The Netherlands):
1) the input mechanism; 2) the routable RRR-MCM and 3)
the torque generation mechanism.

The input mechanism consists of a compression spring
(Sodemann 13100, Denmark - a), for the storing of elastic
energy, connected to two guiding pulleys (c) with the cable
threaded between them and fixed to the pretensioning spool
(b), so to form a block and tackle system. The top guiding
pulley is grounded to the exoskeleton frame, as well as the
pretensioning spool. The bottom guiding pulley is connected
to the compression spring through an axis that can slide up
and down, thanks to a linear bearing. Such a mechanism has
a mechanical advantage equal to two, i.e. a cable tension Tin,
is necessary to produce a spring reaction force equal to 2Tin.
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Fig. 2. Equivalent exoskeleton kinematic structures generated in [9]. The determinant of the Jacobians together with the DH parameters are reported for
each structure. The origin reference frames are highlighted in red. The second kinematic chain is the only one that simultaneously presents the following
parameters: a3, d3, d4.
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m

Fig. 3. Section-view of the joints implementing the RAS. a) compression spring - Sodemann 13100; b) tensioning spool; c) block and tackle pulley; d)
hinges; e) guiding hinge pulleys; f) hinge axes of rotation; g) guiding rollers; m) drum; i) exoskeleton arm; l) cable - Dyneema φ3mm. The low assistance
zone, highlighted in light blue, is delimited by the angle β.

Analogously, a cable shortening of 2 ∆x produces a spring
compression of ∆x.

The RRR-MCM is composed of three routable hinges (d)
with parallel rotational axes. The main C-shape body of each
hinge houses two pulleys (e), whose pitch line intersects the
axis of rotation (f) of the hinge. The cable path is guided by
the pulleys and so, forced to run co-axially with the axis of
rotation of the joints (detailed view A - Fig. 3). Therefore, the
portion of the cable between the first hinge and the last hinge is
always the same length, regardless the kinematic configuration
of the mechanism. Such a routable RRR-MCM constitutes, in-
fact, the decoupling system for the realization of the pRAS.

On the other end, the torque generation mechanism is
composed by a couple of rollers (g) and a drum (m) that guides
the cable through a specific path while the exoskeleton arm (i)
is being elevated. By so doing, a pre-designed torque profile
is generated about the shoulder joint (Sec II-B1).

1) Torque generation mechanism design: The pRAS is
designed to assist the elevation of shoulder joint by delivering
up to one third of the static gravitational torque, τG generated
by the arm around the shoulder joint.

First τG was estimated as:

τG = Warm × CMarm +Wfa × CMfa (2)

where Warm is the force vector related to the weight of the
arm expressed in Newtons and CMarm is the vector describing
the position of the center of mass of the arm; Wfa is the
force vector related to the weight of the forearm expressed
in Newtons and CMfa is the vector describing the position

of the center of mass of the forearm; each vector is expressed
relatively to a coordinate frame centered on the shoulder joint.

The anthropometric data of the 50th percentile male (body
mass: 77 kg; height: 177 cm [29], [30], [31]) is used to
determine physical dimensions. The maximum gravitational
torque is calculated considering the 95th percentile of the
maximum average shoulder elevation angle and elbow flexion
angle, measured during manual overhead handling tasks [11]:
τGmax ≈ 9Nm.

By a proper routing of the cable (Fig.3), it is possible to de-
sign a passive mechanism fulfilling the following requirements
(previously introduced in Sec.I):
• Maximum delivered torque τ = 1

3τGmax;
• Torque profile peaking between 90◦ and 130◦;
• Low assistance for shoulder elevation angles α < 35◦,

occurring during activities like walking [32] or working
on a desk.

The cable, coming from the routable RRR-MCM, enters
the torque generation mechanism passing in between the two
guiding rollers (g), whose inter-axis defines the origin of the
fixed reference frame xOry. The cable path is then deviated
by a drum (m), whose axis defines the position of the reference
frame xOdy, rotating with the exoskeleton link (i). The drum
guides the cable towards the point P , where it is clamped.
It is worth noting that the cable winds around the drum only
for low shoulder elevation angles (α < β), creating a zone
where, regardless the magnitude of the tension on the cable,
the resulting generated torque around the exoskeleton shoulder
joint is very low. By doing so, a passive mechanical clutch is
created. As soon as the cable is not in contact with the drum,
a positive torque rises around the exoskeleton shoulder joint.
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TABLE II
TORQUE GENERATION MECHANISM PARAMETERS

parameter value
r 3.5 mm
OOr

d [28 -40,5 0] mm
POd [3.5 -142.5 0] mm
k 4,8 N/mm
l0 74.7 mm
∆0 21 mm

In order to relate the tension on the cable with the resulting
torque around the shoulder joint a model is necessary. The
torque τ(h,∆x), about the exoskeleton shoulder joint is a
function of both the moment arm h of the tension on the
cable T and the compression of the spring ∆x. The latter
is dependent on the kinematic configuration of the joints of
the exoskeleton. Assuming that the cable length is constant
across the hinges and varies only with the elevation angle α,
the compression of the spring can be written as:

∆x =

{
l − 1

2 (L0 − α r ) for α ≤ β
l − 1

2 (L0 − |POr
| ) for α > β

(3)

with:

l = l0 −∆0 ∀α (4)

where l0 is the unloaded length of the spring and ∆0 is the
pre-compression of the spring. L0 is the length of the cable
for α = 0, r is the radius of the drum and POr

is the position
of the point P in the xOry reference frame (Fig.3). The latter
can be found by means of Equation 5.

POr
= R(α)Or

Od
POd

+OOr

d ∀α (5)

where R(α)Or

Od
represents the rotational matrix that describes

the orientation of the reference frame xOdy relatively to the
reference frame xOry and OOr

d is the vector describing the
position of Od in the reference frame xOry.

By knowing the position in space of the point POr , the
triangle of vertices OrP

OrOd is well defined for every α
(Fig. 3). The height of the triangle, i.e. the moment arm h
of the cable tension, can be geometrically estimated using the
Heron’s formula:

h =

r if α ≤ β

2 ·
√

P (P−|POd |) (P−|POr |) (P−|OOr
d |))

|POr | if α > β
(6)

where P represents the semi-perimeter of the triangle
OrP

OrOd.
Finally, the torque τ around the shoulder joint can be

calculated as:

τ = k ·∆x · h (7)

where k represents the stiffness coefficient of the employed
spring. Given the model, the values of the described parame-
ters are chosen to fulfil the requirements reported above for the
assistive profile the exoskeleton should provide. The complete
list of the parameters is reported in Tab. II.

Fig. 4. Torque profile generated by the torque generation mechanism and
corresponding tension on the cable. Despite the high tension on the cable in the
low-assistance area (shaded in light blue), the torque generation mechanism
eliminates the assistance thanks to the passive mechanical clutch employed.

The choice of the mechanism parameters results in a torque
profile (Fig.4) having the following characteristics:
• The low-assistance zone, upper-bounded by the angle
β = 35◦, can be set in the design phase, by choosing
the position of the rollers and the drum, i.e. the position
of the reference frames xOry and xOdy;

• The amount of torque generated by the mechanism peaks
at about 100◦ reaching the magnitude of 1

3 τG ≈ 3Nm
• No electrical power is required to transition between

the low and high assistance zones. The design passively
clutches and unclutches the mechanism by proper cable
routing.

C. Mechatronics integration

The pRAS described above (Sec.II-B) has been equipped
with sensors in order to be characterised on a test bench before
being tested with subjects.

The cable tension has been collected in two specific points,
namely #in and #out along the cable path: i) Tin has been
collected at the level of the input mechanism and ii) Tout has
been collected at the level of the torque generation mechanism
(Fig. 3).

In the first case, a linear potentiometer (Miniature Spring
Return Linear Motion Position Sensor, 9600 Series, Sensata
Technologies, Attleboro, MA, USA) has been placed in series
with the spring to measure its length l. By doing so the tension
on the cable Tin has been estimated using the stiffness of the
spring.

In the second case, a load cell (Miniature S Beam Load Cell,
Futek, LRM200, 100lbs) has been placed in series with the
cable, right before the clamping point P , in order to directly
measure Tout.

A magnetic absolute encoder (RM22AC, RLS, Ljubljana,
Slovenia) has been mounted at the level of the torque genera-
tion mechanism, in correspondence of the axis of rotation of
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the drum, to measure the elevation angle α of the exoskeleton
arm.

Sensor data has been acquired with an ARDUINO UNO,
interfaced with the software MATLAB ® (MatWorks, Natick,
Massachusetts, USA) at a sampling frequency of 25 Hz. The
post-processing of the data has been conducted in MATLAB
environment.

III. EXPERIMENTAL EVALUATION

Experiments were conducted to:
• verify if the current proposed design for the pRAS did

not suffer from joint coupling effects;
• validate the theoretical model of the generated torque

(Sec.II-B1) and evaluate the performance of the pRAS;
• assess the effectiveness of the exoskeleton to transmit

the generated torques to its human wearer, quantified
through muscle activity reduction, during overhead han-
dling tasks.

In order to do so, three different experiments were designed.

A. Joint coupling assessment

When a driving unit is placed at the base of a kinematic
chain and has to drive a distal joint, a cable has to be routed
from the base, through the connection links and joints, up until
the driven one, in such a way to properly transmit power,
by limiting losses and avoiding coupling effects among the
crossed joints. When this does not happen, joint motion might
cause a cable tension variation, inducing neighbouring joint
motion [33], [25], [18].

The proposed pRAS is meant to decouple the three DOF re-
lated to the rotation of the passive joints composing the RRR-
MCM mechanism from the remotely actuated DOF about
which the assistive torque is generated. If a coupling effect
between these DOF occurs, a RRR-MCM joint motion might
cause a cable tension variation, inducing a torque variation on
the actuated joint.

To evaluate whether a coupling effect between the joints
takes place or not, three experimental conditions were defined
(Fig 5). Each condition defined a specific kinematic configu-
ration of the passive joints of the pRAS. Two configurations
corresponded to the extremes positions for the hinges, so to
magnify the effects due to the twisting of the cable [25].
The tuck configuration (C1) was obtained by rotating the
hinges of the RRR-MCM counterclockwise, until the boundary
of the shoulder exoskeleton work-space was reached; the
arc condition (C3) was obtained as well, by rotating the
hinges of the RRR-MCM clockwise, until the boundary of
the shoulder exoskeleton work-space was reached. The aligned
configuration (C2) corresponded to the configuration where all
the hinges were laying on the same plane.

The tension on the cable Tout, and the spring length l,
were measured throughout the conditions C1, C2, C3, for two
different levels of tension Tmin and Tmax, namely the mini-
mum and the maximum level of tension occurring respectively
for the elevation angles α ≈ 130◦ and α ≈ 0◦ of the
exoskeleton arm (Fig.4). In total, seven trials per condition and
per level of tension were done. Descriptive statistics was used

Fig. 5. Kinematic configurations corresponding respectively to the three
conditions under test. C1 represents the tuck condition, C2 represents the
aligned condition and C3 represents the arc condition.

to represent the measured parameters. Means m accompanied
with precision intervals i of 95% were calculated for each
measured parameter, as in [34]. A paired T-test was performed
to compare the measured parameters among the conditions.

B. Torque generation mechanism validation and pRAS perfor-
mance assessment

To validate the theoretical model for the torque generation
mechanism and, in the meanwhile, evaluate the performances
of the pRAS, the cable tension was measured while varying
the elevation angles α of the exoskeleton arm. By comparing
the two measures Tin and Tout of the same parameter T ,
the mechanical performance of the pRAS was evaluated.
Then the theoretical tension on the cable, estimated with the
model introduced in Sec.II-B1, was compared with both the
measured tensions on the cable. In total, 10 measures were
done. Descriptive statistics was used to represent the measured
parameters. Means m accompanied with precision intervals i
of 95% were calculated for each measured parameter, as in
[34].

C. Effects of the exoskeleton on the human wearer

To investigate the effect of the assistive torque on the human
wearer, an experiment including six healthy male participants
(age: 23.7 ± 2.0 y, height: 1.816 ± 0.040 m, weight: 81.0
± 10.3 kg) was conducted. A randomized, counterbalanced,
cross-over design was implemented in order to avoid order
effects.

Every participant performed two tasks with and without
exoskeleton. Informed consent was given prior to the test.
The experimental protocol received approval from the local
ethical commission (Vrije Universiteit Brussel and Universitair
Ziekenhuis Brussel, BUN: 143201941463).

A first task consisted of a 90-second static precision task
where participants were instructed to screw electrical wires in
electrical connectors positioned at working height. The latter
was determined according to the point reached by the par-
ticipant’s longest finger while standing with the shoulder and
elbow 90◦ flexed (working height:1.905m ± 0.040; shoulder
height: 1.525m ± 0.054).
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The second task was a dynamic lifting task. Participants
were asked to lift a 5 kg weight from hip height until working
height. The former was defined as the height where the subject
was holding the weight, while being in a standing position
with the arms relaxed in front of the body. This movement
was repeated five times at a self selected, but comfortable
speed. An accelerometer (2000Hz, MiniWave, Cometa, Italy)
was attached to the weight to facilitate segmentation of the
electromyographic data.

Bipolar electrodes (Bluesensor P, Ambu, Denmark) were
bilaterally applied to the anterior deltoid, upper trapezius
muscles and long head of the triceps brachii according to the
SENIAM guidelines [35] to collect electromyographic (EMG)
data (2000 Hz, Miniwave, Cometa, Italy). To prevent artifacts
as a result of friction or cable movement, the EMG loggers
were taped to the participants body and a stretchable adhesive
tape covered the sensors on the upper arm [36].

Prior to the start of the experiment, three maximal isometric
contractions were performed to set reference EMG values.
Every muscle was maximally voluntary contracted for five
seconds and a 30 seconds rest period was given in between
contractions. Raw electromyographic signals were bandpass
filtered (20-400 Hz), full-wave rectified, low pass filtered
(6 Hz), and normalized to the maximal voluntary isometric
contractions recorded at the beginning of the experiment. The
continuous muscle activity over time was explored, and the
average muscle activity was computed.

Rating of perceived exertion (RPE) was collected at the end
of each task using Borg’s 6-20 RPE scale [37].

IV. RESULTS

A. The tension on the cable varies with the hinge kinematic
configuration

A coupling effect among the passive joint of the RRR-MCM
was found and quantified.

The results are reported in Fig.6(a). In all the cases a
statistical significant cable tension variation was measured.
Overall, the cable tension increased while transitioning from
condition C1 to condition C3. Analogously, the spring length
decreased while transitioning from condition C1 to condition
C3 (Fig.6(b)). For this reason, condition C1 was taken as a
reference condition and compared with the others.

For the experiments performed with low tension T = Tmin,
there was a statistically significant difference in cable tension
(Pvalue < 0.05) between the conditions C1, C2, C3. In
particular, the tension on the cable rose transitioning from
C1 to C3. The smallest difference was measured between C1
and C2 with an increase in cable tension of about 3%. The
highest difference was observed between C1 and C3 with an
increase in cable tension of about 12%. Despite the minimal
variation, also the spring length shortened between conditions
C1, C2, C3. The highest spring compression of 0.17mm was
measured between condition C1 and C3.

For the experiments performed with high tension T =
Tmax, there was a statistical significant difference (Pvalue <
0.05) between the conditions C1 and C3. The tension on
the cable slightly decreased transitioning from C1 to C2

with a difference of about 0.6 N corresponding to a 0.5%
decrease in cable tension. On the other hand, the main trend
of increasing tension was respected while comparing condition
C1 with C3, with a statistically significant difference of about
4% increase in cable tension. Looking at the spring length
variation, there was a statistically significant compression
of the spring of 0.09mm between conditions C1 and C3.
However, no significant difference in spring compression was
measured between conditions C1 and C2.

B. Torque generation mechanism input-output relationship

The results related to the input-output relationship of the
torque generation mechanism are shown in Fig. 7, for the
condition C1, being the one taken as a reference condition.

The input tension on the cable Tin, followed the trend of
the theoretical tension Tthe, estimated thorough the model
described in Sec.II-B1. However, the output tension Tout,
presented a hysteresis cycle. This resulted in a higher than
expected cable tension Tout for decreasing elevation angles
α and lower than expected cable tension Tout for increasing
elevation angles α (Fig.7). Hence, part of the energy injected
in the system was dissipated. By computing the area enclosed
in the hysteresis cycle (area highlighted in grey, Fig.7), the
energy loss was calculated: out of the 1.98 J expended to load
the spring, 0.55 J were dissipated after a cycle.

The deviations measured on the output cable tension were
reflected in the measured torque profile (Fig.8). Despite the
similarities between the input torque profile τin and the theo-
retical torque profile τthe, the output torque profile presented
deviations due to the hysteresis cycle shown above. Analo-
gously to the higher (lower) cable tension Tout for decreasing
(increasing) elevation angles α, there was a higher (lower)
induced torque about the exoskeleton shoulder joint.

C. The effect of the exoskeleton on the human wearer

The muscle activities recorded during the experiment on
human participants are illustrated in figure 9. Wearing the exo-
skeleton reduced anterior deltoid activity (x̄ = −21.5%, range:
[−36.1%, −2.4%]) during the wiring task. Static overhead
work with the exoskeleton did not influence the upper trapezius
activity (x̄ = +3.1%), but a large interpersonal variability was
found (range: [−40.4%, +58.4%]). The exoskeleton increased
triceps activity by 17.9% compared to static overhead work
without exoskeleton. Although one participant demonstrated
reduced triceps activity, all other participants showed increased
activity (range: [−6.35%, +43.5%]. Participants reported an
RPE of 9.7 (range: [6, 12] when wearing the exoskeleton and
9.8 (range: [7, 11]) without exoskeleton.

Five participants exhibited a reduced anterior deltoid ac-
tivity during the dynamic lifting task (x̄ = −12.9%, range:
[−33.4%, +0.1%]). Upper trapezius activity was highly vari-
able between participants, but the intra-subject effect was
more consistent. Lifting with the exoskeleton resulted in a
lower upper trapezius activity compared to lifting without
exoskeleton (x̄ = −7.8%, range: [−31.9%, +3.8%]). Similar
to triceps activation observed during static work, dynamic
lifting with the exoskeleton elicited an increase in triceps
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(a) Tension on the cable (b) Spring length

Fig. 6. a) Keeping the angle alpha constant, a cable tension variation is measured across the condition C1 : Tuck, C2 : Aligned and C3 : Arc. Mean
values and precision intervals i are reported for every measurement. The relative difference in cable tension between the considered condition and the Tuck
condition is highlighted in red; b) Keeping the angle alpha constant, the spring compression is measured across the condition C1 : Tuck, C2 : Aligned and
C3 : Arc. Mean values and precision intervals i are reported for every measurement. The largest precision interval is imax ± 0.07mm, for the condition
C1 − Tmax. The relative difference spring compression between the considered condition and the Tuck condition is highlighted in red. The star character
points out statistically significant differences in mean spring compression.

Fig. 7. In green, the theoretical tension Tthe on the cable; in blue, the
input tension Tin on the cable, estimated by knowing the actual spring
parameters (stiffness and compression); in black, the output tension on the
cable Tout measured with the load cell. Highlighted in grey the hysteresis
cycle. Error bars report the precision interval i, of the measured parameter;
imax = ± 6.3N

activity (x̄ = 7.4%) compared to lifting without exoskeleton.
On an individual level, mixed results were observed (range:
[−32.6%, +42.2%]). The lifting task yielded an RPE of 9.2
(range: [6, 13]) when wearing the exoskeleton and 9.0 (range:
[7, 13]) without exoskeleton.

While the muscle activation was static during the static
drilling task, activation levels of the muscles changed through-
out the duration of each lift. To explore the continuous muscle
activity, the lifting segments were resampled to 1000 data
points (0.0 to 100.0% of the lift). These results are plotted
in Fig. 10. The average anterior deltoid activity with the
exoskeleton prototype was continuously lower than the muscle
activity without exoskeleton between 0 and 75%. The most
prominent difference was situated between 15 and 30%. No
clear effects were observed in the upper trapezius activity,
where the data of one subject was divergent from the others.
Nevertheless, on an individual level the muscle activities were
similar. The signals of the triceps of both conditions were com-
parable, although the exoskeleton condition revealed mildly
higher activities between 30% and 95% of the movement.

Fig. 8. In green, the theoretical torque τthe overlapping with the input torque
τin (blue line with circles); in black continuous line, the output torque τout
for decreasing elevation angles; in black dashed line, the output torque τout
for increasing angles. Error bars report the precision interval i, of the measured
parameter.

V. DISCUSSION

This work aims at developing a passive shoulder exo-
skeleton designed to be kinematically compatible with the
human anatomy and remotely actuated. In a previous study,
the kinematic structure of the exoskeleton has been defined
by means of an on-purpose developed DSS that helps the
designer in finding new shoulder exoskeleton kinematic chains
compatible with the human anatomy and including customized
features, e.g. the presence of misalignment compensation
mechanisms [9]. Among the 6 possible equivalent solutions
in output from the DSS, one has been implemented because
of its specific structure. Indeed the presence of the structural
offsets indicated in Sec. II-A serves for a threefold purpose:

• The orthogonal offset between the actuated joint and
the last rotational joint of the RRR-MCM, makes the
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Fig. 9. The average muscle activity of the anterior deltoid muscle, the upper
trapezius and the triceps muscle during the wire task and the dynamic lift are
illustrated in blue and orange for the condition with exoskeleton and without
exoskeleton, respectively. The error bars indicate standard deviations and the
grey lines illustrate the individual muscle activation levels.

realization of the passive clutch possible, allowing for
the implementation of the torque generation mechanism
introduced in Sec. II-B1.

• The vertical offset between the base frame of the exo-
skeleton kinematic structure (Fig. 2) and the RRR-MCM
enables the designer to freely position the anchor point
on the back of the user trunk, otherwise constrained to
lay on the same plane of the actuated joint.

• The offset between the actuated joint and the last one
of the exoskeleton kinematic chain allows for the lateral
positioning of the torque generation mechanism relatively
to the arm of the user, thus limiting the later protrusion
of the exoskeleton.

The small exoskeleton footprint on the user’s arm does not
change the area occupied by the worker’s body in the frontal
plane. This can allow for the execution of tasks that require
walking unhindered in confined space, e.g in the train/airbus
construction sector. However, in all working postures, albeit in-
frequent, that oblige the worker to be with his/her back against
an object, the exoskeleton could be perceived as a hindrance
because of its encumbrance on the back. Nevertheless, the
proposed design leaves a lot of room for size optimization.
Indeed, a redesign of the exoskeleton’s links together with
a better choice for the anchor points, could minimize the
exoskeleton back protrusion.

A novel design for routable R-joints composing the RRR-
MCM has been proposed. Its realization and integration with a
torque generation mechanism, has allowed for the implemen-
tation of a new pRAS. By doing so, some of the exoskeleton
components have been repositioned in a more proximal and
metabolically efficient position. The pRAS has allowed for the
repositioning of the input mechanism close to the hip interface

of the exoskeleton and, thus, close to the human body center
of mass, avoiding metabolically inconvenient positions, next
to the actuated distal joint.

Finally, a torque generation mechanism has been designed
to store the spring elastic energy and release it during the
elevation of the exoskeleton arm, by generating up to 3Nm
torque. Due to a wise routing of the cable, no need for an
active clutching mechanism has been deemed necessary.

The so-realized pRAS embedded in the exoskeleton struc-
ture has been tested in order to evaluate the passive joints
coupling and the performance of the system.

A variation in cable tension has been measured while chang-
ing kinematic configuration of the routable hinges. Overall,
an increased cable tension has been measured in condition
C2 and C3, in comparison with condition C1. The highest
variation in cable tension has been found for condition C3 and
for T = Tmin. The magnitude of such a variation has been of
+12% increase in cable tension, compared with condition C1.
On the other hand, the coupling effect is very mild between the
conditions C1 and C2, with measured values of cable tension
variation of maximum 1.3N . This affects the output torque
that increases of 0.27Nm between the conditions C1 and C3
and 0.07Nm between the conditions C1 and C2.

A similar effect can be found also in [25], where a different
but based on the same principle, cable-pulley RAS with two
decoupled DOF has been tested. In there, the authors found out
that the kinematic configuration of the routable hinge affected
the transmission stiffness of the RAS, making it increase of
about 7% in comparison with the reference condition of their
system.

Looking at the cable as an elastic element, if a shortening
of the cable occurs, a higher cable tension can arise. This
means that the pre-tension on the cable is not constant and
when raised, can impact the transmission stiffness, making
it raise [38]. However, a cable length variation alone could
not explain the increased tension on the cable present in our
system. The measured spring compression variation occurring
for the different kinematic configurations of the mechanism
could explain only a small percentage of the cable tension
variation. For example, in condition C3 for T = Tmin, 5.3N
cable tension variation is measured with respect to condition
C1. In the same condition a spring compression variation
of 0.17mm is measured. This would result in and increase
in cable tension of about 0.4N , well under the measured
one. Both the presence of manufacturing errors, that make the
cable deviate from the theoretical path (i.e. co-axial with the
hinges axis of rotation), the torsion of the cable, occurring wile
turning the hinge(s) from configuration C1 to configuration
C3, and friction could explain the increment in cable tension
between the configurations [39].

Even so, the configuration C3, where the bigger coupling
effects are measured, is very unlikely to happen while using
the exoskeleton. Indeed, in none of the over-head handling
tasks reported in [11], the subject’s shoulder abduction exceeds
90◦. This means the the arm of the subject always lays in
front of the human-body frontal plane. As a consequence
the exoskeleton configuration C3 is never reached. Therefore,
condition C1 has been chosen as the reference condition where
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Fig. 10. The average muscle activation level was plotted over time for the anterior deltoid, the upper trapezius and the triceps. Averages were displayed with
standard deviations. The finer plots illustrate the individual muscle activation, which is the average activation of five repetitions.

to evaluate the performances of the RAS and thus, of the
exoskeleton.

The torque profile generated by the torque generation mech-
anism has been validated. Indeed, the measured input torque
profile τin follows the theoretical torque profile τthe, whose
design is shown in Sec.II-B1. Small deviations between τthe
and τin could be addressed to the model employed that, in-
fact, does not take into account the radius of the Dyneema
cable and its small shortening occurring for elevation angles
α < β.

The output cable tension Tout, presents a hysteresis cycle
(Fig.7) that results in a higher output torque τout > τthe
delivered during decreasing elevation angle α, and a lower
output torque τout < τthe delivered during increasing elevation
angle α (Fig.8). Such a result is very similar to what has
been found by Asgari et al. [23], who developed a cable-
driven exosuit. As they say, this result is neither positive nor
negative because the subject always receives assistance from
the exoskeleton and, albeit different, it does not increase to
the point that the subject has to fight the exoskeleton to lower
her/his arms.

Despite the deviations from the theoretical assistive torque,
the exoskeleton reduces the participants’ anterior deltoid activ-
ity up to 21.5% during overhead work. One participant yielded
diverging trapezius activities, possibly related to incomplete
MVICs or movement artifacts caused by the exoskeleton’s
shoulder straps. The trapezius activity of the other participants
indicates no differences between work with and without exo-
skeleton. This result can be explained given i) the low assis-
tance the exoskeleton is delivering and ii) the tasks chosen for
the exoskeleton validation that mainly elicit shoulder flexion
rather than scapula elevation. The latter one occurs for high
flexion angles of the glenohumeral joint and highly involves
the trapezius [40]. While the average trapezius activation does
not change between conditions, some individual experiences
a reduction. Some users could exploit the support given by
the exoskeleton more than others, thus quickly adapting to
work with the exoskeleton. In this regard, it is though that an
extended training period could benefit all the subjects. During
dynamic lifting, the assistance of the exoskeleton is most

noticeable in the middle of the movement, which endorses
the exoskeletons’ torque profile and the low-assistance profile
when shoulder flexion is low. The increased triceps activity is
mild and most prominent around one third of the movement.
Based on the increase in activity in both conditions in this
period, we assume this is the phase in which the upward
movement in the shoulder is slowed down and reversed, i.e.
the triceps is working against the direction of support. The
mild character of this increase might indicate that the dosage
of assistance in this study strongly limits the negative side-
effects that were previously reported in shoulder exoskeleton
evaluations in which the assistance level was higher [41].
Indeed, the measured mean triceps activity is always in the
range 0-1.5% MVIC, even during the use of the exoskeleton
(Fig. 9). Despite the reduction in anterior deltoid activity, RPE
was not affected by the exoskeleton. A larger sample size
in future work is required to further investigate the overall
influence of the exoskeleton on subjective parameters.

VI. CONCLUSION & FUTURE WORK

The paper presents a new wearable occupational exo-
skeleton for assisting the shoulder joint during over-head
handling tasks. Its kinematically compatible structure presents
a twofold advantage: it allows simultaneously for both for
the implementation of the pRAS (ref. Sec.II-A) and the
RRR-MCM, without the need of additional extra mechanical
elements to the exoskeleton kinematic chain. Experimental
results have shown that the exoskeleton provides assistance
while the user performs overhead handling tasks, reducing
shoulder muscles activity with mild side effects related to
increased antagonist muscle activation. Further experiments
will focus on increasing the number of tested subjects to
provide a higher statistical power of the observed results.
Furthermore, these experiments will conduct a more elaborate
exoskeleton assessment. As suggested by Torricelli et al. [5],
we will focus on functional performance, including muscle
fatigue and energy expenditure, and user-experience. In future
works, an active version of the proposed exoskeleton will be
presented, substituting the already implemented pRAS with an
active RAS.
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