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Reconfigurable Soft Exoskeleton for Shoulder Support
Using Tendon-Driven Underactuation

Francesco Missiroli1∗, Alessandro Ciaramella2, Luca Radaelli3, Emanuele Rambaldi4,
Antonio Frisoli5, Maura Casadio4, and Lorenzo Masia1

Abstract—This study presents a soft, wearable shoulder exo-
suit designed to assist shoulder abduction and flexion through
adaptive gravity compensation. In contrast to traditional rigid
exoskeletons that often restrict natural movement and are limited
to controlled environments, the proposed system features a
lightweight, tendon-driven architecture that preserves mobility
while providing effective support during shoulder-intensive activ-
ities. The exosuit integrates a dual-motor Bowden cable actuation
system with a real-time control strategy that dynamically aligns
assistive forces with the user’s voluntary motion. This responsive
design reduces muscular effort and supports sustained activity by
adapting assistance levels in real time. Experimental evaluations
with eight healthy participants demonstrated significant reduc-
tions in muscle activation, namely 36% in the anterior deltoid,
29% in the medial deltoid, and 27% in the trapezius. Prioritizing
portability, modularity, and user comfort, the exosuit offers a
compelling alternative to bulkier assistive systems. By combining
a soft, wearable form factor with synchronized, multi-degree-
of-freedom assistance, it highlights a promising direction for
shoulder-assistive technologies suited for daily and occupational
use.

Index Terms—Human-machine interfaces; Wearable Robots;
Control for Soft Robots.

I. INTRODUCTION

The human shoulder is a highly mobile and versatile joint,
essential for performing a wide range of daily and occupa-
tional upper-limb tasks such as reaching, lifting, and object
manipulation. This mobility stems from the complex interplay
between the glenohumeral joint and scapulothoracic articula-
tion. Together, these structures enable exceptional freedom of
movement[1], [2]. However, this anatomical complexity poses
significant challenges for mechanical assistance: wearable de-
vices must provide effective support while preserving natural
mobility and preventing joint misalignment or discomfort [3],
[4].

Developing effective wearable assistive technologies for the
shoulder remains an open challenge in several engineering
scenarios, including accommodating multiple degrees of free-
dom (DoFs), managing inter-subject variability in shoulder
kinematics, and balancing actuation performance, weight, and
wearability[5], [6]. Despite advances, existing systems often
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Fig. 1. FALCO. The device was designed to assist with shoulder flexion and
adduction. The exosuit consisted of a wearable orthosis and a lumbar support
protector, housing motors, a battery pack, and electronics. A force sensor (5)
and two IMU sensors (4) were used to measure the interaction force and arm
kinematics, respectively. The actuation unit (3) housed a Bluetooth low-energy
module that connected the sensors with the embedded controller responsible
for driving the two motors actuating the device.

lack the ability to provide effective assistance across mul-
tiple degrees of freedom without compromising wearability
or natural mobility. This leaves a gap for devices that bal-
ance lightweight design, adaptable control, and comprehensive
shoulder support. While traditional rigid exoskeletons address
shoulder support through powerful actuators and constrained
kinematic chains, they often do so at the expense of user
comfort, adaptability, and range of motion, rendering them
limited for real-world use[7], [5].

Passive shoulder-support systems, such as spring-based oc-
cupational exoskeletons, have shown effectiveness in reducing
muscular fatigue during repetitive overhead work [8], [9]. Yet,
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they lack the dynamic adaptability necessary for varied or
complex shoulder movements and cannot finely tune assistance
to user-specific biomechanics, limiting their effectiveness in
variable tasks such as lifting, reaching, or combined joint
movements.[10]. Recent quantitative studies demonstrate that
powered or semi-passive mechanisms can outperform passive
counterparts by reducing muscle activation and delaying fa-
tigue through real-time, task-specific assistance [11], [12].

In recent years, soft, compliant exosuits have emerged as
promising alternatives. These devices use lightweight textile
materials combined with tendon- or pneumatic-driven actua-
tion to assist movement while enhancing wearer comfort and
mobility [13], [14]. The compliant design of soft exosuits min-
imises motion constraints and improves wearability, making
them well-suited for prolonged use in occupational and daily
living contexts[15], [16]. However, the inherent compliance
introduces challenges such as nonlinear force transmission,
friction losses in Bowden cable systems, and variable human-
device coupling, which complicate precise force control and
real-time responsiveness [17], [18]. Overcoming these lim-
itations remains a core challenge in soft robotic exosuits,
particularly for systems that aim to provide precise, responsive,
and multi-DoF support using cable-driven mechanisms [19],
[20].

Among the leading soft shoulder exosuits, Harvard’s pneu-
matic textile actuator-based system assists shoulder abduction
and flexion, achieving up to 40% reductions in muscle activa-
tion during targeted tasks and demonstrating the potential of
soft actuation for muscle fatigue mitigation [21]. ETH Zurich’s
tendon-driven exosuit employs a motorised Bowden cable
system focused primarily on a single degree of freedom and
highlights the feasibility of tendon-driven actuation, though
challenges remain in achieving multiple DoF assistance and
precise dynamic force control [22]. Both systems illustrate
key advancements but also underline ongoing limitations in
control, adaptability and full shoulder mobility support.

To address these challenges, we present the Fully Actuated
Lightweight Controlled Orthosis (F.A.L.C.O.) 1, a novel soft
shoulder exosuit designed to provide adaptive gravity compen-
sation during shoulder abduction and flexion. F.A.L.C.O. inte-
grates a dual-motor tendon-driven actuation mechanism within
a textile-based wearable structure, enabling reconfigurable
geometry that dynamically aligns assistive forces with the
user’s voluntary movements. Leveraging real-time kinematic
feedback, the system’s advanced control algorithm synchro-
nizes assistance with user intent, balancing the advantages of
tendon-driven actuation, lightweight, flexible force transmis-
sion, with an innovative mechanical layout to maintain natural
range of motion without sacrificing support effectiveness. To
our knowledge, FALCO represents one of the first systems
to implement dual-motor reconfigurability within a tendon-
driven soft architecture, enabling simultaneous alignment of
force vectors and multi-DoF shoulder support in real time.

Unlike previous soft exosuits that typically employ single-
motor actuation or fixed tendon routing, FALCO introduces a
dual-motor coordinated actuation mechanism combined with a
cantilever-based reconfigurable transmission. In this setup, one
motor generates assistive tension while the second dynamically

adjusts the tendon’s geometry to maintain alignment with the
user’s shoulder motion. This coordinated strategy allows the
system to continuously reorient the assistive force in real
time, providing effective gravity compensation across multiple
planes of movement.

Additionally, the addition of a passively decoupled can-
tilever joint and a circular sliding module represents a key
mechanical innovation preserving natural shoulder mobility.
This combination of mechanisms makes FALCO capable of
maintaining lightweight wearability while delivering adaptive,
multi-DoF assistance.

To validate the system, we conducted experimental trials
with healthy subjects performing tasks that involved the shoul-
der motion in dynamic and semi-static conditions. Electromyo-
graphy (EMG) data from key shoulder muscles and endurance
assessments confirmed F.A.L.C.O.’s capacity to reduce mus-
cular effort and delay fatigue, highlighting its potential for a
broad range of occupational and daily living applications.

While our experimental validation was conducted in
controlled laboratory settings, the F.A.L.C.O. exosuit’s
lightweight, adaptive assistance holds promising potential for
reducing muscular fatigue and enhancing endurance during
daily living activities and occupational tasks involving pro-
longed or repetitive shoulder use.

This study aims to validate FALCO’s effectiveness in re-
ducing muscular effort and delaying fatigue during shoulder-
intensive tasks in healthy users. In doing so, we address critical
gaps in the current state of the art, particularly the lack of
adaptable, ergonomic exosuits capable of synchronizing with
natural human motion across multiple planes. Our findings
contribute to advancing wearable robotics by demonstrating an
integrated design approach combining mechanical innovation,
sensing, and adaptive control for multi-DoF shoulder assis-
tance. The findings provide valuable insights into advancing
lightweight, user-synchronised, and ergonomically wearable
assistive technologies.

II. HARDWARE DESIGN

The project aimed to create a system capable of accurately
monitoring and supporting shoulder kinematics, particularly
within the 0 to 90◦ range of elevation commonly to counteract
the gravitational effort of the joint during daily activities. To
achieve this main target, we developed a self-aligning device.
The design prioritizes providing mechanical advantages across
a wide range of motions while maintaining a compact form.
Additionally, a tendon-driven approach was chosen for its abil-
ity to generate substantial forces and torques while remaining
lightweight and compact.

The overall design of the FALCO comprises eleven 3D-
printed components, with one component, the cantilever,
standing out (Fig. 2). This cantilever is specifically conceived
to house two cylindrical joints insisting on the same axis of
rotation, allowing the wire to pass through seamlessly without
impeding the passive rotation of the mechanism. Its primary
function is to passively reconfigure the proximal anchor point
and provide enough leverage to transmit the electromechanical
power of the motor to the user via Bowden cable transmission.
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Fig. 2. Design and main components of the shoulder exosuit. The compact, lightweight structure includes a cantilever (a-e) with dual cylindrical joints (a
and d) to allow seamless Bowden cable transmission, enhancing mechanical efficiency while preserving natural shoulder motion. On the right side, the cart
(f) and slider (h) mechanism, in charge of orientation adjustments, ensuring dynamic adaptation to user movements for intuitive, gravity-compensated support.

Additionally, four bearings are strategically positioned to
allow free rotation of the element and effectively isolate the
forces transmitted by the Bowden cable. This configuration
was specifically conceived to minimize nonlinearities and
friction losses in the Bowden transmission by decoupling the
cable path from transverse loading and ensuring smooth cable
routing through passive rotational joints. These mechanical
decoupling strategies mitigate the hysteresis typically observed
in tendon-driven systems, improving force fidelity at the user
interface. While this configuration may seem to introduce
unnecessary degrees of freedom, it was essential to ensure
efficient cable passage within the device and achieve the
desired decoupling.

The two cylindrical joints of the cantilever serve respec-
tively as a Bowden Decoupler, to separate the transverse forces
exerted by the Bowden tube on the structure, and as a Shoulder
Decoupler, sharing the same rotation axis as the previous
joint to enable passive movement of the mechanism in the
transverse plane of the cantilever.

The second component of the mechanism is a cart and slider
located at the lower part of the user’s brachium. It has two
primary functions: reconfiguring the anchor point to place it
optimally to counteract gravitational forces on the user’s arm,
and transmitting the suit force to the user.

The slider’s design was based on previous arm circum-
ference measurements for the brace to ensure an optimal
fit. Consequently, the slider had a ”dovetail” shape, covering
approximately 100◦ of the arm’s circumference. The ends of
the slider were designed thoughtfully to allow easy mounting
of the cart.

The cart itself was crafted to match the slider’s curvature
and featured a dedicated space for attaching the anchor point.
This anchor point comprised two parts: the first part was
directly fixed to the cart and included a semicircular channel
to house the cable, while the second part was placed on top,
securing the cable with two additional screws.

Four bearings with dovetail profiles (negative in this case)
were attached to the cart to achieve a smooth and controlled
motion of the mechanism. These bearings facilitated longitu-

dinal movement along the slider and effectively prevented any
transverse slippage.

Concerning the delineation of shoulder movements, the
decision to rely on two motors to assist in the desired range
of motion involves their division of tasks as follows:

• One motor used to provide pulling assistive force;
• The second one geometrically configures the mechanism

to align the tendon on the plane of motion.
Drawing inspiration from shoulder biomechanics, the initial

motor aids the user in counteracting the gravitational force
exerted on the user’s arm, akin to the muscles involved in arm
flexion and abduction movements, specifically the Anterior
and Medial Deltoid muscles.

Moreover, to support the underactuated system, a second
motor is employed to adjust the direction of the assisting force
based on the user’s intended motion.

The second motor operates by reconfiguring the position of
the cart situated on the slider using a tendon-driven mech-
anism. Two cables are attached to the cart, with their ends
directed onto a motor pulley in opposing directions of rotation.
As a result, the rotational motion of the motor is converted into
linear movement of the cart along the slider.

In detail, the mechanism aiding the shoulder movement
comprises two flat brushless motors (T-Motor, AK60-6, 24
volts, 6:1 planetary gear-head reduction, Cube Mars actuator,
Nanchang, Jiangxi, China). One motor drives a single-layer
pulley (diameter 35mm) around which the artificial tendon is
wound (Black Braided Kevlar Fiber, KT5703-06, capable of
withstanding a maximum load of 2.2 kN, Loma Linda, CA,
USA), while the second motor enables the movement of the
cart using a double-layer pulley with cables routed in both
clockwise and anticlockwise directions.

Shoulder assistance from the actuation stage to the exosuit
is facilitated through a Bowden cable (Shimano SLR, with a
diameter of 5mm, Sakai, Ōsaka, Japan), connecting the motor
pulleys to the anchor points positioned on the cantilever and
the cart. Additionally, the artificial tendon is equipped with
a force sensor (ZNLBM-1, maximum load capacity 50 kg,
Bengbu Zhongnuo Sensor, China) linked to the cart, which
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measures the interaction between the exosuit and the user’s
arm. The control architecture and power supply are enclosed
within a 3D-printed structure.

To detect the user’s motion, the sensing network of
the shoulder exosuit comprehends two IMUs (IMU, Bosch,
BNO055, Gerlingen, Germany), and two microcontrollers
(Feather nRF52 Bluefruit, from Adafruit Industries, New York
City, USA) providing Bluetooth low energy communication
between the sensors and the actuation control unit positioned
on the device’s back, as extensively detailed in [23].

Each IMU sensor transmits arm posture quaternions via the
Feather board, while the load cell detects cable tension. Data
is transmitted to the other Feather board wired to the control
stage through a proprietary Bluetooth Low Energy serial
protocol (BLE UART, Nordic Semiconductors, Trondheim,
Norway).

The receiver unpacks the buffered data from the sensing
units on the user’s arms and communicates them via I2C
with an Arduino MKR 1010 WiFi (Arduino, Ivrea, Italy),
responsible for the real-time control unit operation. Operating
at a frequency of 100 hertz, the Arduino board manages
the real-time controller implemented in a MATLAB/Simulink
application (MathWorks, Natick, Massachusetts, USA). Fur-
thermore, it dispatches motor commands via CAN-bus to the
actuation stage.

III. REAL-TIME CONTROLLER

Beginning with the FALCO’s mechanical design and func-
tionality, the primary focus was synthesizing a model-based
gravity compensation controller. The development process
started by creating a kinematic model of the user’s arm, fol-
lowed by dividing the control loop into two separate units that
work in parallel and synergistically, reflecting the hardware
design. The control algorithm has been developed assuring
three main targets:

• Provide adequate assistance in supporting the shoulder
motion counteracting the gravitational force.

• Detect the user’s intention to provide supporting force
according to the 3D orientation of the arm.

• Allow the exosuit to move in symbiosis with the wearer
with minimal interference force.

As depicted in Fig4, the control architecture is decoupled
into two different control loops to control independently the
two actuators present in the device, namely the Tensioning
Control and the Translating Control loops.

A. Kinematic model

The initial aim is to estimate the torques exerted on the
shoulder joint due to gravity. Before proceeding, the following
assumpption are made: first, the arm is modelled as a kine-
matic chain composed of rigid bodies connected by joints.
Second, the hand is assumed to be rigidly attached to the
forearm, ignoring the wrist joint. Finally, the shoulder joint
is simplified to a 3 Degrees of Freedom (DoF) spherical joint.

We adopted a fixed XY Z Euler angles parametrization to
describe the joint orientation. ϕ1, ϕ2 and ϕ3 are the Euler
angles according to the following convention [24]:

w
uR =

c(ϕ3)c(ϕ2) c(ϕ3)s(ϕ2)s(ϕ1)− s(ϕ3)c(ϕ1) c(ϕ3)s(ϕ2)c(ϕ1) + s(ϕ3)s(ϕ1)
s(ϕ3)c(ϕ2) s(ϕ3)s(ϕ2)s(ϕ1) + c(ϕ3)c(ϕ1) s(ϕ3)s(ϕ2)c(ϕ1)− c(ϕ3)s(ϕ1)
−s(ϕ2) c(ϕ2)s(ϕ1) c(ϕ2)c(ϕ1)

 (1)

This matrix describes the rotation of the upper-arm solidal
frame u to the absolute world frame w.

It has been pointed out in Section II that the proposed exo-
suit provides 2-DoF assistance to the shoulder, thus we have
to determine a mapping between the Euler angles convention
and a 2-parameter representation corresponding to the actuated
DoFs.

According to the exosuit mechanical design the two coordi-
nates of interest for the shoulder parametrization are the two
angles here described in Figure 3:

• α: shoulder elevation angle defined as the angle between
the absolute z-axis and the z-axis of the upper arm solid
frame.

• β: arm longitude angle defined with the following steps:
– defining a transversal circumference centered in the

origin of the upper arm solid frame;
– considering the point of the circumference charac-

terised by the greatest component along the absolute
z-axis (highest point from the ground);

– the angle of interest is the one that the segment that
locates the point at issue w.r.t. the origin of the solid
frame creates with the solid y-axis.

Moreover, to obtain a comprehensive model of the upper-
limb biomechanics, we defined as θ the elbow flexion angle
corresponding to the angle between the absolute z-axis and
the z-axis of the forearm solid frame.

From 1 we can derive the coordinate α ∈ [0, π]:

α = acos(c(ϕ2)c(ϕ1)) (2)

To calculate the coordinate β we consider the parametriza-
tion of a circumference with unitary radius, centered in the
origin of the solid frame and project it on the vertical axis of
the world frame:

uPu =
[
s(η) c(η) 0

]⊺
(3)

wP z
u =

[
0 0 1

]
w
uR

uPu = −s(η)s(ϕ2) + c(η)c(ϕ2)s(ϕ1)
(4)

By isolating the z-component of the circumference projected
on the world frame and performing the partial derivative in η
we obtain:

∂wP z
u

∂η

∣∣∣∣
η=β

= −c(β)s(ϕ2)− s(β)c(ϕ2)s(ϕ1) = 0 (5)

By rearranging the equation, we can isolate the variable of
interest:

tan(β) = − s(ϕ2)

c(ϕ2)s(ϕ1)
(6)

With β ∈ [−π/2, π/2], this relation can be explicitly
expressed:

β = atan(− s(ϕ2)

c(ϕ2)s(ϕ1)
) (7)
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Fig. 3. Parametrization. Main parameters and anatomical landmarks used for the parametrization and control of the FALCO shoulder exosuit. The illustration
highlights key biomechanical parameters, including center of mass of the arm, position of the anchor points with respect to anatomical landmarks, and angles
used in the parametrization, as well as the customized anthropometric measurements integral to the tensioning and translating control loops. These parameters
enable precise alignment and torque assistance tailored to the user’s movements, optimizing both fit and functionality.

To add the effect of gravitational force into our model, we
need to determine the z-coordinate of the center of mass of
each arm segment in the world frame. By inspection (Fig. 3),
the z-coordinate of the center of mass of the upper segment
of the arm is:

zu = −lGuc(ϕ2)c(ϕ1); (8)

Whereas the z-coordinate of the center of mass of the lower
segment resulted in:

zl = −lGlc(ϕ2)c(ϕ1 + θ)− luc(ϕ2)c(ϕ1); (9)

where lGu is the distance of the center of mass of the upper
segment of the arm from the origin of the last frame of the
XYZ sequence, lGl is the distance of the center of mass of the
lower segment of the arm from the origin of the elbow frame,
lu is the length of the upper segment of the arm.

B. Tensioning Control

The Tensioning Control loop comprised a high-level con-
troller to estimate the assistive reference torque (τr), needed
to provide gravity compensation, and to compare it with the
torque measured by the load cell (τi). A low-level admittance
controller tracks the error between the two torques and uses
it as a reference signal for the motor command.

1) High-Level Controller: The high-level controller com-
putes the reference torque τr from a biomechanical model of
the arm, accounting for the 3D orientation of the joints (i.e.
shoulder and elbow). We adopted the classical equation of
motion to compute torque at the joints[25]:

τ(q(t)) = M(q(t))q̈(t) + C(q(t), q̇(t)) +G(q(t)); (10)

where q, q̇ and q̈ represent the Lagrangian coordinates of
our system obtained through the previous parametrization.

The inertial and mass properties of the arm are described
by the matrix M(q(t)), C(q(t), q̇(t)) is the vector of Cori-
olis and centrifugal forces and G(q(t)) is the vector of
gravitational force scaled on subject anthropometry. These
parameters are individualized for each user based on their
anthropometric measurements (e.g., arm segment lengths and
estimated segment masses), ensuring that the control model
and resulting assistive torque are properly scaled to the user’s
body geometry.[18]

Since the movements of the arm are usually slow and
smooth, meaning that the joints’ velocities and accelerations
are low, 10 can be written in quasi-static conditions as:

τ(q(t)) ≈ G(q(t)) =
∂U

∂q
; (11)

In particular, the reference torque is expressed as:

τr =
∂U

∂α
; (12)

The gravity-compensation torque then only depends on the
potential energy U of the kinematic chain:

U = mugzu +mlgzl =

−gc(ϕ2){c(ϕ1)[(mulGu +mllu) +mllGlc(θ)]− s(ϕ1)[mllGls(θ)]}
(13)

To simplify the notation, we will substitute the terms in
the formula(mulGu+mllu) with Kul and mllGl with Kl. By
substituting the relationships shown in 2,7 into U , the potential
energy can be expressed as a function of both the actuated
coordinates and the elbow angle:

U = −g{c(α)[Kul +Klc(θ)]− s(α)c(β)[Kls(θ)]} (14)

Starting from this equation and considering that U does not
depend on α̇, the gravity-compensation torque (presented in
12) can be easily derived:
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Fig. 4. Control framework. The exosuit assists the wearer through a gravity compensation control, reducing the effort required to lift the shoulder against
gravity. The tensioning control incorporates a biomechanical model tailored to the user’s anthropometry. This control estimates a reference torque, which is
then compared with the interaction torque measured by a force sensor. The torque tracking error is processed through an admittance controller to generate
a motor velocity command, which is sent to the actuation stage to provide the necessary assistance. On the other side, the translating control consists of a
position control loop that adjusts the position of the distal anchor point on the cart, aligning it with the highest elevation point of the slider.

τr =
∂U

∂α
= g{s(α)[Kul +Klc(θ)] + c(α)c(β)[Kls(θ)]} (15)

It is worth noticing that this formulation does not consider
the damping due to the biological articulations.
To overcome this problem, we added two positive damping
contributions to the gravity-compensation torque. Specifically,
out of the three angles present in equation 15, only α and θ are
relevant to model the damping. Therefore, the two additional
terms depend on the respective velocities.
The final formulation for the gravity-compensation torque is
thus:

τr = g{s(α)[Kul +Klc(θ)] + c(α)c(β)[Kls(θ)]}+D1α̇+D2θ̇ (16)

where D1 and D2 are empirically determined. As previously
pointed out, the Tensioning Control is an indirect force control
and therefore, given the torque reference, it needs a torque
feedback to evaluate the tracking error. To do that, a model of
the arm with the exosuit on is derived (Fig. 3). As pointed
out by the figure, the model is planar, thus the resulting
model is 2-dimensional. Due to the reconfigurable nature of
the proposed exosuit, the passive cantilever and the slider
anchor point always lay on the same plane, where the elevation
angle α is defined. Under this assumption, the shoulder joint
is then considered a revolute joint and the arm is considered
an assembly of non-deformable bodies connected by joints.
Moreover, the exosuit is assumed to be stationary relative to
the arm. Last, the cantilever is always perfectly parallel to the
ground.

Based on the following simplifications, all the terms marked
with an asterisk are fixed. Out of these quantities, the four that

are supposedly easier to derive from biomechanical assump-
tions (l∗b , h∗

b , l∗a, h∗
a), are used to derive the other ones.

Hereafter the remaining terms from the arm model are evalu-
ated as a function of l∗b , h∗

b , l∗a, h∗
a, by taking advantage of the

right triangle trigonometry 3. The next step is to compute the
cable length k as a function of the elevation angle. According
to the law of cosines:

k(α) =
√
k∗21 + k∗22 + 2k∗1k

∗
2cos(γ

∗ + β∗ + α) (17)

The derivative for the elevation angle of the cable displace-
ment is evaluated to describe how the displacement varies
according to the change of the shoulder elevation angle.

J(α) =
∂k

∂α
= − k∗1k

∗
2sin(γ

∗ + β∗ + α)√
k∗21 + k∗22 + 2k∗1k

∗
2cos(γ

∗ + β∗ + α)
(18)

Finally, the estimated assistive torque delivered at the virtual
joint is given by the equation:

τi = J(α)f (19)

where f is the cable tension retrieved from the load cell.
2) Low-Level Controller: As mentioned above, mechanical

admittance describes the force/velocity relationship at the end-
effector of a kinematic chain, making it a particularly effective
and well-established control method for upper-limb assistive
devices[26].In this application, the admittance controller com-
pensates for user-specific variations in coupling stiffness and
residual cable friction by adapting motor velocity commands
to the measured interaction torque. This ensures stable assis-
tance and compliant behavior even in the presence of nonlinear
transmission effects or individual anatomical variability. In
particular, in the Laplace domain, the relation is:
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ẋ(s)

τ(s)
= R(s) = Ba +

Da

s
+Mas (20)

where τ(s) represents the torque reference, and Ma, Ba and
Da are design parameters.
In the developed control, the admittance relation is directly
applied. The control then has the same form as a PID control
whereby: Ba, Da and Ma are regarded as proportional,
integral and derivative gains, respectively, empirically tuned.
The PID controller gains were initially estimated using the
Ziegler–Nichols tuning method and subsequently fine-tuned
through iterative experimental validation to achieve stable
torque tracking and smooth assistive behavior across users.

C. Translating control

As mentioned above, the ”translating control” module com-
prises two main sub-modules: the Exponential adaptive filter
and the PID position controller.

1) Adaptive Fading Filter: The adaptive fading filter is used
to smooth out the abrupt changes of the β coordinate when
the elevation angle is close to 0.
The recursive equation of the filter is a convex combination
of the newest input data with the previous output:

y[n] = (1− λ)x[n] + λy[n− 1] (21)

where y[n] is the output at the current time step n, x[n] is
the current input and y[n − 1] is the output at the previous
time step. The fading factor λ, instead, is a variable scalar
value between λmin > 0 and λmax < 1, which determines the
cut-off frequency of the filter that increases according to the
value. It is selected based on the elevation angle to make the
system less responsive to noise, where β is close to singularity
configuration.

A λ value between two extrema λmin and λmax is selected
based on the elevation angle: if α is small, the selected value
of λ is close to 1, so as to make the system less responsive
to abrupt changes in β. On the contrary, if α is big, the
selected value of λ is close to 0, determining a high system
responsiveness.
The relation between λ and α results from the interpolation
with a custom sigmoid function to have a smooth transition:

λ(α) = (1− 1

1 + ek(α−α0)
)λmax +

1

1 + ek(α−α0)
λmin (22)

where α0 is the interpolation midpoint and k regulates the
steepness of the curve.

2) PID position controller: Since the cart position on the
rail directly depends on the longitude angle, after the filtering,
the latter is used as a reference signal for a PID position
controller. The filtered β is then compared with the feedback
motor position. Once the error between the filtered β and the
feedback motor position has been determined, this is fed into
the proper PID controller.
Even in this case, the three parameters of the controller are
tuned by using the Ziegler-Nicholson tuning rule.

Fig. 5. ROM evaluation of the shoulder exosuit. From top to bottom:
Evaluation of shoulder flexion/extension angles, illustrating the exosuit’s
assistance across a full flexion and extension cycle; Mixed motion assessment,
capturing the exosuit’s response to combined shoulder movements; and Pure
abduction/adduction motion, showing the exosuit’s capability to accommodate
lateral movements with accurate tracking and support.

IV. EXPERIMENTS

Eight healthy participants were enrolled in the experiment
(all males, age 26.88± 3.72 years, mean ± SD, body weight
79.63±16.18 kg and height 1.79±0.10m). Inclusion criteria
were based on no evidence or known history of muscu-
loskeletal or neurological diseases, and exhibiting normal
joint range of motion and muscle strength. All experimental
procedures were carried out in accordance with the Declaration
of Helsinki on research involving human subjects and were ap-
proved by the IRB of Heidelberg University (Nr. S-311/2020).
All subjects provided explicit written consent to participate in
the study. Data acquisition followed the protocol extensively
described in a previous related work[23]. We employed a DAQ
board (Quanser QPIDe, Markham, Ontario, Canada) to collect
kinematics data from the control unit. This data was then
employed to provide real-time instructions and motion feed-
back displayed on a graphical interface (GUI) during testing.
Muscle activity was monitored using a multi-channel, wireless
surface EMG system (Delsys Trigno, Natick, MA, USA),
recording signals from the six selected muscles involved in
shoulder motion. The monitored muscles included the biceps
brachii, triceps brachii, anterior and medial sections of the
deltoid, trapezius and latissimus dorsi. Electrode placements
followed the SENIAM guidelines.

A. Experimental Protocol
The study consisted in repeated measurements, where par-

ticipants, wearing the exosuit, performed three functional tasks
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Fig. 6. Kinematics evaluation of the shoulder exosuit during the dynamic task.
From top to bottom, the plots show shoulder flexion angle, shoulder abduction,
and elbow flexion. On the left, temporal plot of a representative subject
performing the task, illustrating the tracking accuracy of each joint angle.
On the right, cumulative performance metrics across all subjects, displaying
the R2 and RMSE for both Exo Off and Exo On conditions, highlighting the
exosuit’s impact on movement accuracy and control.

in different conditions with and without exosuit assistance.
Each task was performed in all of the two following condi-
tions: ”Exo Off ”, where the exosuit was worn but unpowered
and ”Exo On”, where the exosuit was powered and controlled
using the biomechanical model of the human arm. The ex-
periment was designed to test the device and the controller
in terms of Range Of Motion(ROM), muscle activity change,
and tracking accuracy. The tasks were named as follows:

1. ROM assessment;
2. Dynamic Task;
3. Static Task.
The order of the conditions was randomized across subjects;

to avoid the onset of muscular fatigue, participants rested
for 10min between the tasks. Before starting, participants
performed a 5min familiarisation phase with the device to get
accustomed to using the device, performing free movements.

1) ROM assessment: The ROM assessment was devised to
evaluate the device’s capabilities. Human kinematics were esti-
mated from recordings of the positions of 7 reflective markers,
placed on the participants by using a stereophotogrammetric
system (Qualisys 5+, Qualisys AB, Göteborg, Sweden). Data
recorded with the motion capture enabled the calculation of

body angles by measuring the distance between each marker.
Markers were strategically placed on specific parts of the body,
including:

• one marker on the knuckle of the middle finger of the
hand;

• two on the wrist (epiphysis ulnaris and radialis);
• two on the elbow (epiphysis ulnaris and radialis);
• one on the acromion;
• one at the C7 level.
Nine movements were performed, three for each axis of

study, covering a range of motion between 0◦ and 90◦relevant
to counteract gravity in activities of daily living (ADLs).
Data collected from these movements were analyzed using
an OpenSim inverse-kinematics tool [27]. Inverse kinematics
was utilized to determine angles, and the ROM was computed
for each movement type, encompassing flexion-extension,
abduction-adduction, and combined actions.

2) Dynamic Task: The dynamic task is designed to evaluate
both the tracking capability and muscular activation during
arm movements, with and without the assistance of the exosuit.
To assess the suit effect on the shoulder complex motions
while keeping a controlled environment, we selected a move-
ment involving variable α and β angles. This movement entails
performing a circular motion with the arm while keeping it
within the space defined by the body’s frontal and sagittal
planes. To control participants’ movements throughout the
task, they were instructed to carry out repetitive motions,
imitating the motion of a virtual avatar displayed in a 3D GUI
on a screen placed in front of the subject. The GUI presented
a live depiction of the participant’s limbs, overlaid on the
avatar’s limbs, with the avatar adjusted to a transparency of
30%. The dynamic test comprises three sets of three trials. The
sets are characterised by three different elbow-angle values:
0◦, 45◦ and 90◦. Each trial consists of performing five circular
movements as previously described, by keeping the elbow at
the angle that characterizes the trial. The arm should move
approximately at 0.52rad/s, representing the typical shoulder
angular velocity in ADLs [28]. A 20s rest separates the trials.
The three sets of trials, each characterised by a different
elbow-angle value, have been randomised to avoid biases. This
randomization is performed for each participant.

3) Static Task: The static test is designed to evaluate
muscular fatigue during isometric holds, with and without the
assistance of the exosuit. Two distinct holds have been selected
to introduce variation to the test: one involving flexion of the
arm at 90◦, and the other abduction at 90◦. In both cases, to
maximize strain, the elbow remains completely extended. The
test is divided into two phases, each corresponding to one of
the holds. These phases are randomized among participants to
prevent biases. The experiment comprises three trials, with a
20-second rest period between each trial. During each trial,
the participant is instructed to either flex or abduct the arm
to 90◦ and maintain this position for 40 seconds. To speed
up the onset of muscular fatigue, the test is conducted under
loaded conditions, with a 1.5 kg weight band (Reebok, Bolton,
United Kingdom) secured around the participant’s wrist. For
each phase, the subject conducted a series of three trials under
two conditions: wearing the unpowered exosuit and wearing
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the powered exosuit. These conditions are also randomized
among participants. To avoid fatigue artefacts across condi-
tions, a 10-minute rest period between different conditions is
implemented.

B. Data Analysis
Before conducting the experiments, we gathered maximum

voluntary contraction (MVC) data from the monitored mus-
cles, to normalize the EMG signals during data analysis.
The effectiveness of the device was quantified regarding its
influence on muscle activity and movement kinematics. To
evaluate tracking precision for each task, we computed the
coefficient of determination R2 alongside the Root Mean
Square Error (RMSE) between the reference trajectories and
those measured for the elbow and shoulder, recorded under two
different conditions (Exo off and Exo on). The EMG signals
were filtered offline with a fourth-order Bandpass Butterworth
filter (cut-off frequency 15Hz-450Hz), rectified and low-
pass filtered at 6Hz with a fourth-order Butterworth filter;
the signals were then normalized to each participant’s MVC.
We assessed the Root Mean Square (RMS) values, serving
as an indicator of activation levels across various tasks and
conditions. Moreover, to evaluate muscular fatigue, raw EMG
signals were filtered between 15Hz-450Hz with a fourth-order
Butterworth filter; we used the median normalized frequency
(MNF) of the EMG power spectrum as an index of fatigue
[29]. During the final isometric hold phase, we evaluated the
metric over twenty-four 1 s epochs. The time window was
defined by excluding the first and last 4 s of the hold phase,
as these segments may contain transient-related phenomena.
Additionally, another 4 s were discarded at the beginning of
the isometric contraction to focus on its last portion, where
fatigue is more likely to manifest.

C. Statistical Analysis
We assessed the normal distribution of the measurements via

a Shapiro-Wilk test with a significance level set at α = 0.05.
To evaluate statistical differences between the Exo off and
Exo on conditions, repeated measures analysis of variance
(rANOVA) was adopted to examine the effects on the muscles
in the Dynamic Task. We considered the type of ’Assistance’ as
within-subjects factor and the different elbow angle as the sec-
ond factor. Statistical significance was considered for p-values
lower than 0.05. Post-hoc analysis on significant main effects
and interaction was performed using Bonferroni-corrected
paired t-tests. To evaluate statistical differences between the
Exo off and Exo on conditions, in the ROM Assessment and the
Static Task, we used paired t-tests. Statistical significance was
considered for p-values lower than 0.05. All statistical analyses
were performed using Minitab (Minitab, State College, PA,
USA). Reported values are presented as mean ± standard error
(SE), and significant differences are marked with the symbol
* in all figures.

V. RESULTS

A. ROM assessment
Figure 5 shows the data captured by the motion capture

system, both with and without the exosuit. No significant

Fig. 7. EMG evaluation of the device during the dynamic task. From top
to bottom, EMG activity of the anterior deltoid, trapezius, medial deltoid,
and latissimus dorsi. On the left, temporal plot of a representative subject
performing the task with the elbow positioned at 0◦, 45◦ and 90◦. On the
right, Root Mean Square (RMS) of EMG activity comparing Exo Off and Exo
On conditions, normalized to MVC values. Results indicate muscle activation
changes across conditions, demonstrating the exosuit’s impact on the main
muscle groups insisting on the shoulder joint.

differences were observed between the exosuit and off con-
ditions, except for pure abduction. In pure abduction, the
maximum shoulder abduction with the exosuit was 84.6 ± 2.3
degrees, compared to 90.2 ± 1.4 degrees in the off condition,
indicating a significant difference of 5 degrees on average.
For pure flexion, the maximum shoulder flexion was 89.4 ±
1.6 degrees with the exosuit, compared to 90.4 ± 1.4 degrees
without it. During the mixed condition, where the shoulder
was positioned at 45 degrees between the sagittal and frontal
planes, the maximum range of motion in the exosuit was 90.5
± 0.8 degrees, compared to 89.8 ± 1.2 degrees without the
exosuit. These results suggest that while the exosuit marginally
affected pure abduction, it did not significantly alter shoulder
mobility within the analyzed workspace.

B. Dynamic Task

1) Kinematics: As the figure suggests, there are no signif-
icant changes in the correlation index related to the elbow
flexion angle and shoulder abduction. The only significant
difference (p = 0.031) across the two conditions (ExoOff and
ExoOn, respectively 0.88±0.04,0.81±0.09rad) pertains to the
shoulder flexion. This is confirmed by the RMSE (p = 0.015),
where we observe an error of 0.15± 0.03rad in ExoOff, and
of 0.19 ± 0.04rad in the ExoOn condition. The other two
angles also in this case do not show significant differences
with an average correlation index of 0.92 and 0.61 and RMSE
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Fig. 8. Static Task. Effect of the exosuit on muscular fatigue across subjects. On the left side, temporal plot of the MNF of a representative subject. In the
abduction phase, MNF values extracted from the medial deltoid are shown along the isometric hold phase, with fatigue evaluated over twenty-four 1 s epochs.
In the flexion phase, MNF values extracted from the anterior deltoid are similarly shown along the hold phase. On the right side, the bar plot shows Exo off
vs Exo on conditions for the abduction and flexion phases.

of 0.23 and 0.19 for the elbow flexion and shoulder abduction
respectively. Getting assistance from the device then slightly
decreases the accuracy of the movements, in particular at the
shoulder flexion level, which is one of the DoFs supported by
the exosuit.

2) Muscle activity: The figure suggests, that the exosuit
assistance causes a significant reduction in the muscular acti-
vation of the Anterior Deltoid, Medial Deltoid and Trapezius
while determining a significant increase in the activation of the
Latissimus Dorsi. In particular, for each muscle the mean ±
SE of the RMS of the activation across the two conditions
(ExoOff and ExoOn is respectively: 5.41± 0.88, 3.45± 0.86
(p = 0.023); 5.02±0.91, 3.58±0.94 (p = 0.021); 8.00±1.31,
5.82± 1.08 (p = 0.020); 2.14± 0.41, 4.07± 0.54(p = 0.018).
There were no significant changes in the biceps and triceps.

C. Static Task

The isometric contraction task, performed with assistance
from the exosuit, showed a slower trend in the onset of fatigue
for the anterior and medial deltoids compared to the unpow-
ered condition, though this difference was not statistically
significant. Figure 8-left displays the median frequency of
the EMG spectrum (MNF) for a representative subject in the
Exo off and Exo on conditions. The right side of Figure 8
shows the average slope and its standard error across subjects,
separated by abduction and flexion. Specifically, the average
slopes were 0.60±0.12 and 0.43±0.10 for the Exo off and Exo
on conditions, respectively, in abduction; and 0.21± 0.07 and
0.08±0.12 for the Exo off and Exo on conditions, respectively,
in flexion.

VI. DISCUSSION

This study demonstrates the feasibility and promise of soft
tendon-driven exosuits (FALCO) in delivering lightweight,
comfortable, and adaptive support for prolonged or repetitive
shoulder activities, typical in occupational and everyday tasks.
The findings emphasize key advantages of the exosuit design,
such as its ability to reduce muscular effort and improve
endurance, while also pinpointing areas that require further
refinement.

FALCO combines a lightweight textile structure with
tendon-driven, multi-degree-of-freedom actuation and an intu-
itive control system, providing a unique blend of support and
mobility. This balance distinguishes it from many existing de-
vices and makes it particularly well suited for tasks involving
sustained or repetitive shoulder movements.

A key advantage of the proposed design lies in its adaptabil-
ity and reconfigurable architecture, allowing it to be adjusted
to accommodate various anatomical structures and movement
demands. This enables tailored support for complex joints
such as the hip, wrist, or ankle. Moreover, the lightweight
and tendon-driven nature of the system provides a strong
basis for scalability toward multi-joint or multi-degree-of-
freedom configurations. The same actuation principle could
be extended to support additional joints, such as the el-
bow or wrist, through modular tendon routing and anchor
redesign, enabling coordinated upper-limb assistance. This
modular expansion would preserve the system’s portability and
low mechanical complexity while broadening its applicability
to more complex motion patterns and multi-task activities.
By leveraging underactuation, the system maintains effective
assistance while simplifying mechanical complexity, which
reduces both weight and energy consumption. This design
strategy enhances manufacturability and maintenance while
also improving user-friendliness by enabling easy customiza-
tion to individual needs, ultimately increasing usability and
applicability across a broad range of motions.

To the best of our knowledge, this represents one of the first
implementations of active reconfiguration in a tendon-driven
soft exosuit that prioritizes functional alignment over direct
force application. This approach improves user-system com-
patibility without necessitating full multi-actuator redundancy.
Although a fixed-geometry baseline was not included, the con-
sistent assistance across multi-DoF movements and maintained
kinematic alignment indicate that the reconfigurable design
effectively optimizes force direction and mechanical efficiency
in real time. Future work will include a direct experimental or
simulated comparison to quantitatively isolate the contribution
of reconfigurability.

The experimental findings demonstrate that the exosuit sig-
nificantly reduces activation in key shoulder muscles, specifi-
cally the anterior deltoid, medial deltoid, and trapezius, show-
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ing an average reduction of 31% in muscle activity during
dynamic tasks. This confirms the device’s effectiveness in
offloading gravitational demands on the shoulder, which is
particularly beneficial for individuals performing continuous
or repetitive shoulder movements. Additionally, the delayed
onset of muscle fatigue during static tasks highlights FALCO’s
potential to provide sustained support over extended periods,
making it well suited for both occupational applications and
daily use.

Compared to current state-of-the-art soft exosuits, FALCO
offers several notable advantages. It provides simultaneous,
reconfigurable assistance across multiple degrees of freedom,
with a dual-motor architecture that enables dynamic alignment
of force vectors, enhancing both control precision and user
comfort. In comparison to existing soft shoulder exosuits
such as Harvard’s pneumatic system [21] and ETH Zurich’s
tendon-driven design [22], which are primarily limited to
single-degree-of-freedom support, FALCO uniquely combines
dual-motor underactuation with reconfigurable geometry, en-
abling adaptive, multi-DoF gravity compensation within a
lightweight structure. This configuration achieves compara-
ble or superior reductions in muscle activity (~31%) while
maintaining natural joint mobility. This approach supports
multi-planar assistance using only two actuators, reducing
mechanical complexity while improving adaptability. In addi-
tion, FALCO’s modular mechanical design, featuring passive
decoupling elements and a customizable anchor system, paired
with a real-time sensing and control strategy optimized for
human biomechanics, creates a flexible and reconfigurable
platform that more effectively supports natural joint motion
and individual variability than previous systems.

Despite these benefits, the study also reveals some chal-
lenges. The increased activation of the latissimus dorsi during
assisted movements suggests a redistribution of muscular effort
toward secondary muscles. This effect may stem from the
unilateral assistance configuration, which could cause com-
pensatory activation patterns on the contralateral side. Over
time, such compensations might lead to muscle imbalances or
discomfort, underscoring the importance of exploring bilateral
assistance or more sophisticated control algorithms that pro-
mote balanced force distribution across the shoulder complex.
Additionally, understanding how the exosuit influences core
muscle engagement and postural control would be valuable to
ensure that no unintended compensatory behaviours compro-
mise long-term comfort or function.

Range of motion analysis indicates that the exosuit does
not significantly restrict natural shoulder movement within
the evaluated workspace, except for a modest decrease in
maximum shoulder abduction (84.6° with the device versus
90.2° without). While this slight limitation may not impact
most users, it could pose challenges for activities requiring
full shoulder abduction, such as overhead reaching or certain
occupational tasks. Addressing this issue through refinements
in the textile interface, tendon routing, and anchoring system
will be essential to preserve full range of motion while
maintaining effective support. Such improvements will likely
enhance the exosuit’s appeal and practicality for a broader
spectrum of users and use cases.

Another important observation concerns the reduced move-
ment accuracy, particularly during shoulder roll, which points
to challenges in the device’s kinematic alignment with the
complex multi-DoF shoulder joint. This misalignment likely
arises from the interplay between the shoulder’s intricate
biomechanics, the compliance of the textile interface, and the
Bowden cable transmission system. To address this, future
design iterations should focus on improving the mechanical
alignment of the exosuit with key anatomical landmarks
and on developing more adaptive control algorithms that
synchronise more effectively with the user’s natural joint
movements. Incorporating advanced sensing and real-time
feedback could further enhance movement smoothness and
precision. In particular, combining the existing IMU-based
motion intention detection with electromyographic (EMG)
inputs could enable the controller to better capture user
effort and muscle activation patterns, allowing assistance to
be adjusted dynamically based on physiological feedback
and fatigue levels.[30] It should be noted that the damping
coefficients and controller gains were determined using the
Ziegler–Nichols tuning method followed by empirical fine-
tuning. While this approach ensured stable and responsive
behavior in the current validation, future work will explore
optimization-based or adaptive tuning strategies to enhance
robustness across users and different load levels.

Compared to conventional rigid exoskeletons, which are
often bulky, uncomfortable, and prone to kinematic misalign-
ment due to their fixed structures, FALCO’s soft and flexible
design offers superior conformity to the user’s body. This
compliance enhances comfort and fosters a more intuitive user
experience. However, these advantages come with trade-offs:
tendon-driven soft exosuits generally produce lower maximum
force output and face challenges in achieving precise con-
trol. Key technical hurdles include managing nonlinear force
transmission, minimizing friction losses in Bowden cables,
and maintaining consistent coupling between the user and
the device. Despite these challenges, FALCO’s lightweight
construction and low power consumption make it a strong
candidate for prolonged use in both daily and occupational
settings. FALCO’s ability to provide gravity compensation
positions it as a compelling compromise between high-torque,
rigid exoskeletons and passive support systems. This balance
allows users to perform shoulder-intensive tasks with reduced
muscular strain, without the drawbacks of bulkier or more
restrictive solutions. While the present study was conducted
with healthy participants in controlled lab settings, future
evaluations involving a broader user base and more realistic
environments are essential to fully assess and optimize the
device’s performance. Continued refinement of the mechanical
design and control strategies will be key to improving move-
ment accuracy, user comfort, and muscle activation patterns,
ultimately enhancing the exosuit’s usability and effectiveness
across a wide range of applications.

VII. CONCLUSIONS

The exosuit presented in this study demonstrates the con-
siderable potential for reducing shoulder muscle strain and
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improving endurance through intuitive gravity compensation.
While the results are promising, particularly in terms of
reducing muscle activation and delaying fatigue, the device’s
limitations in movement accuracy and secondary muscle ac-
tivation point to areas for future development. With further
refinement, the exosuit could become a essential tool in both
occupational settings and everyday assistance for individuals
with or shoulder impairments, or needing continuous support
during working tasks.
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