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1 Introduction
Between 2018 and 2020[1], there were 75.4 thousand nonfatal injuries reported. Out of those, over
20% were due to Work-related Musculoskeletal Disorders (WMSDs). These injuries are not only
common but also a leading cause of lost work time and reduced productivity across various industries.
WMSDs [2] are caused by �xed or constrained body positions, continual repetition of movements,
force concentrated on speci�c parts of the body, such as the hand or wrist, or a pace of work that
does not allow suf�cient recovery between movements. Tasks that demand overhead work or static
load-bearing postures are particularly demanding and frequently result in shoulder, neck, and upper
back strain.

In response to these challenges,[3] exoskeleton technology has emerged as a promising solution for
assisting workers during physically demanding tasks. These systems are designed to reduce muscular
strain, delay fatigue, and lower the risk of injury by providing mechanical support to the body. Among
recent developments, variable stiffness exoskeletons offer enhanced adaptability, adjusting their sup-
port in real time based on the task at hand. They also enable workers to maintain natural movement
while still receiving the necessary assistance, particularly during physically taxing activities such as
holding tools overhead or performing repetitive upper-limb actions

However, for active exoskeletons to provide effective and intuitive assistance, they must be capable
of predicting or detecting the user's intention. It is vital to detect when a user is initiating movement,
adjusting posture, or applying force so that the system can ensure seamless reaction to support the
user without interfering with voluntary motion. Achieving this requires a control strategy that not
only interprets user intent in real time, but also adjusts support accordingly based on task dynamics.
This report focuses on the development of such a control system, aimed at enabling responsive and
adaptive assistance in upper-limb exoskeletons used for overhead or static work tasks.

1.1 Initial problems statement
Work-related musculoskeletal disorders remain a major issue, especially in tasks involving overhead
work or static load-bearing. Existing exoskeletons may struggle to adapt to different tasks or user
movements, which may lead to reduced support or restricted mobility. There is a need for a control
strategy that enables real-time, intention-aware assistance to reduce fatigue and injury risk, particu-
larly in overhead work scenarios.

”How can user-intent-aware control be implemented to manage stiffness and support in variable
stiffness exoskeletons?”
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2 State of the art
The development of exoskeletons, has seen signi�cant progress over last year. These devices are
designed to augment human performance, support physical rehabilitation, and reduce occupational
injuries in industrial settings. A growing body of research and commercial innovation is driving ad-
vancements in their mechanical design, control strategies, and integration with human operators.

This chapter provides a comprehensive overview of the current state of the art in exoskeleton tech-
nologies. The study commences with a survey of industrial exoskeletons, with a focus on their appli-
cations and design. Subsequently, an exploration of devices and systems developed utilising Variable
Stiffness Mechanism (VSM) principles is presented, with the objective of enhancing adaptability and
safety during human-robot interaction. The �nal section of this study examines the control of ex-
oskeletons in which a review of various approaches to exoskeleton control is presented and discussed.

2.1 Industrial Exoskeletons
Industrial exoskeletons can be broadly categorized into two main groups: passive and active systems.

Passive Exoskeletons
Passive exoskeletons operate without powered actuators, instead utilizing mechanical components
such as springs and levers to support human motion and redistribute physical loads. These systems
are typically lighter and afford a greater range of motion, but provide limited assistance when handling
heavy or variable loads.
One example is theOttobock Shoulder exoskeleton, which uses a spring/leverage system to relieve
shoulder strain and weighs approximately 1.9 kg [4]. Its design is compact and ergonomic, as seen in
Figure 2.1.

Figure 2.1: Ottobock Shoulder exoskeleton. Taken from[4]
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CHAPTER 2. STATE OF THE ART

Another similar system is theAuxivo DeltaSuit, which provides support through an adjustable spring
mechanism offering torque between 5.2 Nm and 6.6 Nm. The DeltaSuit features a sleek design with
minimal protruding components [5], shown in Figure 2.2.

Figure 2.2: Auxivo DeltaSuit exoskeleton. Taken from[5]

The SuitX IX Shoulder Air is a 2.22 kg passive exoskeleton that stores energy during downward
arm motion and releases it during lifting [6]. Its design, depicted in Figure 2.3, builds upon previous
passive systems.

Figure 2.3: SuitX IX Shoulder Air exoskeleton. Taken from[6]
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Ekso Bionics' EVO is another spring-based exoskeleton offering 2.2–6.8 kg of lift assistance per
arm [7], illustrated in Figure 2.4.

Figure 2.4: Ekso EVO exoskeleton. Taken from[7]

Lastly, theHAPO UP model by Ergosanté offers up to 3.8 kg of support per arm through a lightweight
design similar to its counterparts [8], as shown in Figure 2.5.

Figure 2.5: HAPO UP exoskeleton. Taken from[8]
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CHAPTER 2. STATE OF THE ART

Despite their shared “backpack-style” form factor and ergonomic bene�ts, passive exoskeletons are
limited in terms of lifting power and adaptability. Some designs integrate mechanical adjustment
systems to offer varying levels of support for different tasks.

Active Exoskeletons
In contrast, active exoskeletons utilize powered actuators—such as electric motors or pneumatics—to
provide stronger and adjustable support. These systems are more complex and typically heavier, but
excel in tasks requiring higher force output and real-time adaptability.
TheExoIQ S700, shown in Figure 2.6, is a pneumatically powered shoulder exoskeleton that weighs
6.5 kg and provides up to 5 kg of assistance per arm, powered by a battery-operated compressor [9].

Figure 2.6: ExoIQ S700 exoskeleton. Taken from[9]

Another advanced model is theAgadexo Shoulderexoskeleton, a semi-active system enhanced by
arti�cial intelligence that adapts support based on detected intent and payload. It supports up to 8 kg
per arm and payloads up to 25 kg, with an operating time of approximately 8 hours [10], visualized
in Figure 2.7.
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Figure 2.7: Agadexo Shoulder exoskeleton. Taken from [10]

For heavy-duty industrial applications, theAnt-WA1 exoskeleton provides over 40 kg of lifting as-
sistance and weighs 8.4 kg. It includes four electric motors located at the shoulders and hips, making
it highly capable for lifting-intensive environments [11], as depicted in Figure 2.8.

Figure 2.8: Ant-WA1 exoskeleton. Taken from [11]

In conclusion, passive exoskeletons present a lightweight, cost-effective solution for reducing fa-
tigue and musculoskeletal strain during repetitive or overhead tasks. Their simple mechanical design
ensures reliability, minimal maintenance, and a high degree of user mobility. However, their �xed
assistance levels and limited adaptability might make them insuf�cient for tasks involving variable or
heavy loads.
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On the other hand, active exoskeletons leverage powered actuators, sensors, and sometimes arti�cial
intelligence to dynamically adjust the level of assistance based on user intent and task demands.
These systems are better suited for complex, high-load industrial applications where assistance and
task adaptability are critical. Despite their advantages in performance, active exoskeletons come with
trade-offs such as increased weight, energy dependency, and greater system complexity, which can
impact usability and cost.

2.2 VSM - Based exoskeleton
At Aalborg University (AAU), there has been sustained research into the development of upper-limb
exoskeletons, with a particular emphasis on enhancing human-robot interaction through adaptive
mechanical properties [12]. The VIEXO project, in particular, focuses on incorporating variable
impedance to better emulate the compliant and responsive nature of human arm movement. This ap-
proach is intended to improve both the safety and ef�ciency of exoskeleton systems in dynamic work
environments.

A core element of this approach is the implementation of Variable Stiffness Mechanisms (VSMs),
which enable the mechanical stiffness of joints to be tuned either structurally or in real time. These
mechanisms form the basis for various actuation strategies that enable exoskeletons to offer the right
level of assistance depending on user intention, movement phase, or external load, as illustrated in Fig-
ure 2.9.

Figure 2.9: Concept of VSM. Taken from [13]

Building on the goals of the VIEXO project, recent research at AAU has explored multiple designs
of Variable Stiffness Mechanisms (VSMs) tailored for passive and semi-passive exoskeletons. These
VSMs are designed to passively joint stiffness passively or semi-actively to align with biomechanical
demands during industrial tasks. Several innovative concepts have been developed using zero-length
four-bar linkages combined with compliant elements, such as linear springs and cable-pulley sys-
tems [13], [14].
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One of the earliest implementations featured a recon�gurable revolute joint where stiffness pro�les
(softening, linear, or hardening) could be adjusted via cable routing and spring pretension, without
active actuation. This compact and modular architecture demonstrated strong potential for wearable
applications, enabling energy-ef�cient and safe torque support in multi-joint systems.

Subsequent advancements have led to the integration of VSM into wearable shoulder exoskele-
tons [15], [16], seen in Figure 2.10. These designs applied parametric optimization methods to match
human arm torque requirements across a wide range of motion. Notably, the latest prototype demon-
strated three degrees of freedom (DOFs), compact dimensions (under 0.8 kg), and adjustable preten-
sion modules, providing customizable assistance while preserving shoulder mobility.

Figure 2.10: Passive shoulder exoskeleton equipped with VSM. Taken from [16]

Experimental validation, including surface electromyography (sEMG) analysis, con�rmed that these
VSM-based exoskeletons effectively reduce muscle activity in key muscle groups such as the anterior
deltoid and biceps brachii during overhead load lifting. Compared to commercial systems like the
Skelex 360, AAU's VSM exoskeletons achieved greater muscle activity reduction while maintaining
full mobility.

The most recent development at AAU involves a hybrid exoskeleton prototype shown in Figure 2.11
capable of operating in multiple modes. This multi-mode con�guration allows the exoskeleton to not
only provide passive support via the VSM, but also to engage a motor for additional torque assistance
when required. Furthermore, when no assistance is needed, both the VSM and motor can be disen-
gaged, enabling free and unobstructed movement for the user.
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Figure 2.11: Shoulder exoskeleton prototype developed at AAU.

Despite their bene�ts, VSMs present challenges due to inherent nonlinearities—particularly when de-
ployed in systems requiring large motion ranges. These complexities necessitate robust and adaptive
control strategies to ensure intuitive and reliable human assistance.

2.3 Control of Exoskeletons
Effective control of assistive exoskeletons presents a complex challenge due to the nonlinear and
human-in-the-loop nature of such systems. The integration of Variable Stiffness Mechanisms (VSMs),
nonlinear joint dynamics, and user intention introduces the need for advanced control strategies that
can ensure stability, responsiveness, and adaptability across various tasks. In this section, several
promising control approaches are reviewed, based on recent literature covering predictive control,
impedance-based methods, hybrid high- and low-level structures, and learning-based intent predic-
tion.
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Model Predictive Control (MPC) and Nonlinear MPC

Model Predictive Control (MPC) is gaining traction in exoskeleton applications due to its ability to
handle multi-variable systems with constraints, especially when nonlinearity is involved. In solution
proposed by Szumowski et al. [17], MPC is applied to a system composed of a DC motor with gear
reduction, a spring-based variable stiffness mechanism, and an inertial load. Although the spring
element introduces nonlinear behavior, the authors formulate an optimization problem suitable for
matrix-based solution methods. The controller calculates the optimal spring stiffness and then actu-
ates the motor accordingly. Results demonstrate signi�cant performance improvements over a tradi-
tional PID controller, particularly in tracking accuracy and control effort, as shown in Figure 2.12a,
Figure 2.12b and Figure 2.12c.

(a) MPC step signal.
Taken from [17]

(b) MPC ramp signal.
Taken from [17]

(c) MPC sin wave signal.
Taken from [17]

Figure 2.12: Response of MPC to different signals

A similar effort is presented by Tahamipour et al. [18], where a Nonlinear MPC (NMPC) is used in
a simulated exoskeleton system. The NMPC controller predicts the desired torque using a human-
exoskeleton model and includes a �ltering layer that de�nes the level of assistance provided to the
user. This �ltering is manually tuned, allowing user-speci�c adaptation. While position tracking
showed only modest improvement compared to a PID baseline, the NMPC exhibited superior energy
ef�ciency and smoother control actions. However, this work remains at the simulation stage, and
real-world validation is needed.

Impedance Control with Intention Prediction

Impedance control remains one of the most widely used strategies for compliant human-robot in-
teraction, owing to its ability to regulate the mechanical interaction dynamics between human and
exoskeleton. The Khan et al. [19] implement an impedance controller in a 7-DOF exoskeleton, with
two actively controlled joints at the elbow and shoulder. To enhance intention detection, they employ
a Radial Basis Function Neural Network (RBFNN) trained on data from a Muscle Circumference
Sensor (MCS)—a novel alternative to conventional electromyography (EMG) sensors. However, the
study highlights several limitations: MCS data is only effective on muscle groups with signi�cant
volume change, such as the biceps, and it is not suitable for estimating desired movement speed.
These constraints pose challenges for real-time implementation and suggest that additional sensing or
hybrid models may be required.
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Hierarchical Control with Mode Switching

An interesting hybrid control architecture is explored by Ding et al. [20], where the focus is on assist-
ing workers during overhead tasks. The proposed system employs a two-layer control strategy. The
low-level controller consists of a PD controller with force feedback and a feedforward disturbance
observer to reduce steady-state errors and compensate for user-induced perturbations. A high-level
controller determines the assistive mode based on IMU-derived shoulder �exion angles and joint
accelerations. Three assistive sub-modes are de�ned—holding, raising, and lowering—each with
customized control parameters. Additionally, a safety mode is triggered when shoulder acceleration
exceeds a de�ned threshold, temporarily setting the desired torque to zero. Although the system
shows promising reductions in muscle activation, it requires extensive calibration and lacks robust-
ness across varied tasks. The authors suggest that future work could incorporate EMG signals to
improve intention detection within the high-level controller.

Predictive Control Using Deep Learning

Souza et al. [21] investigate two Long Short-Term Memory (LSTM)-based neural network strategies
for predicting torque commands in an exoskeleton controller. The �rst strategy, PJ+ ID, predicts future
joint positions and computes torque via inverse dynamics. The second, ID+ PT, uses inverse dynamics
on past joint positions to directly predict the desired torque. The latter method outperformed the for-
mer due to a lower-dimensional prediction target (four values instead of twenty), which signi�cantly
reduced training complexity and improved accuracy. Although trained on simulated data, the study
points out a key limitation: the human-exoskeleton interaction loop is not fully modeled during train-
ing. This indicates the need for further research in combining physical sensing with neural prediction
to close the control loop in a real-world setting.

Neural Network PID Control for Variable Stiffness
Hu et al. [22] design a control scheme tailored for a variable stiffness joint intended for upper-limb
rehabilitation. Their solution leverages a Neural Network PID (NN-PID) controller that dynamically
adjusts the PID gainsKP,KI ,KD based on desired torque, external disturbances, and current stiffness
settings. Using MATLAB Simulink, they �rst model the joint dynamics and optimize the gain param-
eters under different stiffness conditions. This training data is then fed into a Backpropagation Neural
Network with one hidden layer using a tansig activation function and a purelin output layer. The NN
is trained of�ine.
Simulation results show notable improvements in system performance, including reduced rise and
settling times for step responses. The controller is further validated in hardware, where a subject per-
forms elbow �exion from 0° to 90° and back, with an 8 Nm resistance torque applied. Experiments
with both low and high stiffness settings con�rm the controller's effectiveness in torque trajectory
tracking. This work demonstrates the feasibility of intelligent gain tuning for exoskeleton control,
offering a scalable path for adaptive rehabilitation systems.
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Online Learning-Based Impedance Adaptation
Xiong at al [23] propose a novel learning-based control model for portable elbow exoskeletons that
provides both Assist-as-Needed (AAN) and Resist-as-Needed (RAN) functionalities. Uniquely, the
controller operates without external sensors such as EMG or force sensors, and without passive com-
pliance mechanisms like springs. Instead, it relies solely on internal joint position and velocity feed-
back. The model combines an Iterative Learning Mechanism (ILM), which gradually learns feedfor-
ward torque based on previous task errors, with an Online Impedance Adaptation Mechanism (OIAM)
that adjusts joint stiffness and damping in real time. In AAN mode, both mechanisms work together
to minimize tracking error and compensate for involuntary user movement. In RAN mode, only the
impedance adaptation is used to provide resistance, simulating a virtual adjustable spring-damper
system that increases effort required from the user. Experiments on three human subjects using the
lightweight POW-EXO exoskeleton (0.425 kg) show that the controller effectively adapts to individ-
ual user dynamics, improving accuracy and involvement over repeated trials. This model stands out
as a low-sensor, multifunctional solution for personalized exoskeleton assistance and training, partic-
ularly in home-based or minimally-instrumented settings.

Force Myography-Based Control

While electromyography (EMG) remains a standard for intention detection, it suffers from practical
issues such as signal variability due to electrode placement, skin conditions, and the need for prepa-
ration. Islam et al. [24], the authors explore the use of Force Myography (FMG) as a more robust
alternative. FMG sensors measure changes in muscle volume and pressure using pressure bands,
offering a higher signal-to-noise ratio and more consistent readings under dynamic conditions. In
this study, FMG data is used to estimate the external load being carried by the user and to deter-
mine the appropriate assistive torque. Results show promising accuracy in payload estimation and
torque adaptation. However, the authors also note that FMG systems are sensitive to external interac-
tions—particularly when the exoskeleton structure applies pressure on the sensor band—which can
result in incorrect torque predictions. This highlights the need for careful integration between wear-
able sensing and the mechanical interface.

Overall, the literature reveals a trend toward hybrid and adaptive control systems that integrate robust
low-level controllers with high-level intent recognition and context awareness. Methods such as MPC
and NMPC address system nonlinearity and constraint handling, while impedance-based and hierar-
chical controllers facilitate safe human-robot interaction. Learning-based approaches, including FMG
and neural networks, offer new avenues for user intention prediction but require further development
for real-time reliability and integration with wearable hardware. Moving forward, control strategies
that combine mechanical compliance with intelligent, sensor-driven adaptation are likely to play a
central role in achieving intuitive, responsive, and task-aware exoskeleton assistance.
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3 Requirements
3.1 Final problem statement
Thus, based on the �ndings and research conducted in chapter 2, it can be concluded that multi-
ple control strategies, both at the low and high levels, are available and can be combined to control
exoskeletons incorporating Variable Stiffness Mechanisms. Based on these �ndings, the problem
statement is re�ned to:

”What type of control strategy can best support an upper-limb exoskeleton equipped with a variable
stiffness mechanism?”

3.2 Design Requirements
Based on the research conducted, the objectives of this project can be formulated as a set of design
requirements that must be addressed to achieve a complete solution. These are de�ned as follows:

1. The controller has to be implemented into embedded system board.

2. The overshoot of the system response must not exceed 5% of the reference signal amplitude.

3. The rise time of the controller must be within 1� 0.1 seconds.

4. The trajectory tracking error should not exceed 5°.

5. The intention prediction system must detect the desired joint angle within 5° of error.

6. The intention prediction system must reliably distinguish between movement initiation and posi-
tion holding.

7. The intention prediction system must detect the load that the user is holding within 0.5kg.

3.3 Delimitations
One major limitation of the current exoskeleton design is the use of a non-backdrivable motor. This
means the motor cannot be driven passively by external forces acting on its output shaft. As a result,
when the motor is idle but still connected with the coupler, it effectively locks the exoskeleton in
place. This restricts natural movement and limits usability in certain scenarios.
Due to this constraint, implementation and testing of control algorithms for the VSM had to be con-
ducted theoretically using Simulink simulations. Practical validation would be carried out on an
alternative exoskeleton system.
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