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Abstract

This project presents the continued development of a single-joint exoskeleton intended for
knee rehabilitation. The overall goal was to contribute to more e�ective, individualized
rehabilitation by enabling an exoskeleton system that is able to provide transparent, torque-
based assistance and track limb motion in real time. Such a system could ultimately reduce
recovery time, support at-home therapy and improve the quality of care.

Moving towards this goal, the project focused on introducing sensing and control capabilities.
A ROS2-based software architecture was implemented to coordinate real-time communica-
tion between hardware components. The actuator was successfully integrated via CAN-bus
and operated under open-loop control. However, torque feedback had to be estimated indi-
rectly using current measurements as no dedicated torque sensor was available. The IMU
delivered usable quaternion data, but �ltering and sensor fusion were not fully completed
due to time constraints.

While a fully functional control system was not achieved, the system now provides real-time
data 
ow and basic motion control. The �nal framework o�ers a solid technical foundation
for future work on further IMU- and actuator-integration, feedback control and clinical
applications.

Sammanfattning

Detta projekt behandlar vidareutvecklingen av ett exoskelett f�or kn�arehabilitering i en fri-
hetsgrad. Att m�ojligg�ora individualiserad och e�ektiv terapi genom ett system som kan
ge transparent, vridmomentsbaserat st�od och f�olja benets r�orelser i realtid �ar det slut-
giltiga m�alet. Ett s�adant system kan i framtiden bidra till kortare �aterh�amtningstider och
f�orb�attrad v�ardkvalitet.

Projektet fokuserar p�a att introducera sensor- och styrfunktioner. En ROS2-baserad pro-
gramvaruarkitektur implementerades f�or att koordinera realtidskommunikation mellan im-
plementerad h�ardvara. Aktuatorn integrerades framg�angsrikt och drivs genom �oppen loop-
styrning. Motorns moment uppskattades dock med hj�alp av str�omm�atningar d�a aktuatorn
inte hade en inbyggd momentsensor. Kvaterniondata togs fram ur IMU-sensorn, men �l-
trering och sensorfusion slutf�ordes inte helt p�a grund av tidsbegr�ansningar.

�Aven om ett fullt fungerande styrsystem inte uppn�addes, �nns en struktur f�or realtidskon-
troll. Slutstrukturen ger en solid teknisk grund f�or framtida arbete med IMU- och aktua-
torkontroll samt framtida kliniska till�ampningar.

Keywords: Exoskelett, Rehabilitering, ROS2, Momentkontroll, IMU, Transparens, Re-
altidskontroll
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1 Introduction

Rehabilitation plays a crucial role in societies with advanced healthcare systems, such as
Sweden, serving as a cornerstone for improving the quality of life for individuals with physical
impairments and chronic conditions. According to the World Health Organization (WHO),
rehabilitation is de�ned as " a set of interventions designed to optimize functioning and
reduce disability in individuals with health conditions in interaction with their environment "
[1]. In Sweden, the net cost for healthcare in 2021 was approximately 352 billion SEK
(Swedish Krona) [2]. Of this, physiotherapy and occupational therapy account for 481 SEK
per inhabitant, totaling just over 5 billion SEK for the year 2021.

One approach to reducing these costs is to streamline rehabilitation, for example, by enabling
training at home, logging results digitally, and sending them to physiotherapists or treating
physicians. Or to optimize and individualize physical training for each patient by adjusting
weights and repetitions based on measured results and therefore reducing the rehabilita-
tion time [3]. This requires accurately measuring values from the exercises, such as forces
exerted during a speci�c exercise. To enhance rehabilitation e�ectiveness and patient out-
comes, innovative technologies like exoskeletons are increasingly being explored [4]. These
devices o�er the potential to provide targeted and measurable support during exercises,
thereby optimizing the rehabilitation process and potentially lowering overall healthcare
costs. In recent years, robotic systems have advanced rapidly in rehabilitation therapy and
diagnostics, evolving and exploring the usage of modern systems [5].

An adaptive exoskeleton is a robotic exoskeleton designed to provide adjustable and per-
sonalized support to a user's joint during physical therapy or rehabilitation exercises [6].
By adapting its assistance based on the user's speci�c movements, capabilities, and thera-
peutic needs, it ensures optimal support and comfort. By providing controlled assistance,
exoskeletons can improve mobility and reduce rehabilitation time [4].

This thesis speci�cally focuses on enhancing an adaptive exoskeleton for rehabilitation
purposes by integrating torque-controlled actuation and an IMU-based sensor. Torque-
controlled actuation functions as a motor and is essential as it allows precise matching of
the exoskeleton's movements to the user's natural joint dynamics. The IMU-based sen-
sor provides accurate spatial awareness, enabling real-time monitoring and critical adjust-
ments for e�ective therapy. By focusing on these aspects, this thesis will explore practical
approaches to achieving seamless interaction between the user and the exoskeleton, also
known as transparency. Transparency can be de�ned as the exoskeleton's ability to assist
without causing noticeable resistance or interference with the user's natural movements [7].
Achieving this requires overcoming several engineering challenges, including sensor inaccu-
racies, latency in real-time signal processing, mechanical friction, and e�ective real-time
disturbance management. Through these e�orts, the project seeks to optimize rehabilita-
tion outcomes, ultimately paving the way for more e�cient, personalized, and cost-e�ective
patient care.
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1.1 Purpose

This project aims to further develop a single-joint adaptive exoskeleton speci�cally designed
for knee rehabilitation [8]. A previous project of this exoskeleton introduced essential fea-
tures such as adjustable range of motion (ROM), modularity that allows adaptation to
di�erent joints (right or left legs and elbows), tactile sensors, and motorized assistance, see
�gure 1.

Figure 1: The prototype exoskeleton which was developed in a previous project. The
exoskeleton featured adjustable straps as well as a torque motor and was developed to be
used on both arms and legs [8].

In this project, preexisting the exoskeleton will be enhanced by integrating aTorque Control
Systemutilizing the existing actuator, along with an Inertial Measurement Unit (IMU). The
primary goal of the project is to develop a fully transparent system in which the wearability
of the exoskeleton is seamlessly integrated into the user's natural movement allowing for
e�ective rehabilitation.
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1.2 Challenges

Achieving transparency in robotic exoskeletons presents signi�cant engineering challenges.
Transparency may be de�ned by the eq. � dis � �̂ dis = 0 where �̂ dis is the estimated dis-
turbance torque and � dis is the e�ective disturbance torque [7]. In theory, the estimated
disturbance �̂ dis is able to compensate for the e�ective disturbances� dis , but a system will
never be fully compensated due to noise, communication delay, inertia and limited update
rate [7]. Also, in a system with full compensation of these examples, it is still causal,
meaning that disturbance compensation will only be applied after the disturbance has been
measured. This limitation introduces a time lag that a�ects system responsiveness. To build
a system with high transparency, with above limitations in mind, these challenges must be
addressed:

ˆ Sensor limitations: Torque sensing and IMUs exhibit noise and drift, reducing
measurement accuracy and a�ecting feedback reliability.

ˆ Signal processing latency: The system must execute real-time computations for
control adjustments. Processing time introduces delays that reduce the e�ectiveness
of disturbance compensation.

ˆ Mechanical dynamics: Friction, backlash and inertia in mechanical linkages intro-
duce additional forces that must be accounted for in the control algorithm.

ˆ Communication bottlenecks: Data transfer between IMUs, microcontrollers, and
actuators is subject to transmission delays, reducing closed-loop control e�ciency.

Since the system involves human interaction, the desired torque may be di�cult to estimate,
resulting in a faulty desired compensation such as torque compensation, creating too little
or too much support for the user [7]. Sudden user-initiated movements and environmental
factors introduce disturbances that the control system must compensate for in real time.

1.3 Limitations

This project is limited by several technical, practical, and methodological constraints which
shapes the scope and outcomes of the work.

Firstly, the exoskeleton is restricted to a single degree of freedom (1-DOF), focusing solely
on knee movement. This decision is based on the current state of rehabilitation for knee
injuries, where single-plane movement is often su�cient and safer during early recovery
stages [9]. Additionally, the complexity and time required to implement multi-joint func-
tionality exceeded the available time frame.

Another key limitation is the hardware. The project builds on an existing prototype and
does not involve designing the mechanical structure from scratch. While components may be
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purchased, the budget of 10,000 SEK restricts the choice of materials, sensors, and circuit
boards. Consequently, more advanced or custom-designed hardware solutions could not
be considered, which might a�ect system precision and adaptability. This also limits the
system computational power and input/output capability, which may constrain real-time
performance and sensor integration.

The system's sensing capabilities are limited as well. The IMU and actuator used are subject
to noise, drift, and calibration errors, which may impact the accuracy of spatial awareness
and feedback. No advanced sensor fusion or external referencing systems are implemented.

From a methodological standpoint, the system is not clinically tested or evaluated in a
real-world rehabilitation context. No direct collaboration with healthcare professionals or
patients was conducted, meaning the design and testing are only theoretical or technical.

Lastly, the focus of the project is limited to achieving transparency in control, meaning
minimal resistance or delay in user-exoskeleton interaction. Other important rehabilitation
metrics such as endurance, long-term wearability, or haptic feedback have not been addressed
within the scope of this thesis.
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2 Theory

The construction of a transparent exoskeleton involves complex hardware and software so-
lutions. This chapter means to give a background of the components and the control theory
base used to create a working system.

2.1 Hardware

The hardware of the exoskeleton consists of a combination of mechanical, electronic and
computational components that together enable controlled motion and assistive rehabilita-
tion. This section provides an overview of the physical structure and key devices used, both
in the previous prototype and the current system, with a focus on their intended function
and theoretical relevance.

The mechanical frame, including joints and braces, is designed to be modular and adjustable
to �t di�erent limb sizes and applications. These parts were initially produced using 3D
printing techniques, speci�cally Fused Deposition Modeling (FDM), which allowed for rapid
prototyping and design iteration. Actuation is handled by a torque-controlled motor capable
of assisting joint movement under controlled conditions. To process data and control the
system, a compact single-board computer (Raspberry Pi) is used as the main controller.

Sensing is another critical part of the hardware system. Devices such as torque actuator
and an IMU are used to monitor joint position and movement. A more detailed explanation
of both actuator and IMU and their function in motion tracking will be presented later in
this chapter and in subchapter 2.4.3.

Figure 2: Highlight of hardware used in the exoskeleton. Raspberry to the top left, IMU on
the right and motor at the bottom left.
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2.1.1 Orthosis

The orthosis refers to the the mechanical structure of the exoskeleton, physically coupling
the actuator to the user's limb and enabling force transmission between the motor and
the limb. This orthosis is made up of two segments. one attached to the thigh and the
other attached to the shank. In this project, the orthosis is fully fabricated using FDM 3D
printing.

2.1.2 Actuator

An actuator is a device that converts energy into mechanical motion or force and works as
a motor to drive joint rotations [10]. The actuator used in this project is a brushless servo
motor designed to deliver precise torque current, velocity, and position control [11]. The
torque current can later be calculated into pure torque through eq. 1:

� = K t � I (1)

Brushless actuators are commonly used in robotic and medical applications due to their silent
operation, low internal friction, and high accuracy [12]. The selected actuator integrates an
internal encoder which allows real-time tracking of joint angle and rotational speed.

Importantly, the actuator is also backdrivable, meaning it is able to be rotated by external
forces even when not actively powered [13]. This allows users or external loads to in
uence
the system. Backdrive results in a change in motor current that is able to be measured and
used to measure externally applied torque in real time.

The actuator communicates with the system's onboard computer, later described in 2.1.4,
via a CAN-bus interface, described in 2.1.5, [11]. It receives velocity or torque commands
and responds with structured data packets that include current joint angle, angular velocity,
and torque-related current. These status messages are crucial for feedback control and are
discussed in greater detail in subchapter 2.1.5.

2.1.3 Inertial Measurement Unit

An IMU, (inertial measurement unit), is a sensor that measures and reports a body's spe-
ci�c force, angular velocity and sometimes magnetic �eld [14]. It typically consists of a
combination of accelerometers and gyroscopes, and in some cases magnetometers. These
measurements enable estimation of the sensor's orientation in space.

In this exoskeleton system, the IMU is mounted on one of the rigid segments of the orthosis
to track its spatial orientation. The angular velocity from the gyroscope and the linear
acceleration from the accelerometer are used to estimate the rotation of the segment relative
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to a �xed world frame [14]. This information is crucial for determining the posture and
movement of the leg, which in turn feeds into the control system and dynamics model.

Orientation is often represented using quaternions due to its robustness against singularities
and drift in 3D space [14]. The process of computing and using quaternions from IMU data
is described in detail in subchapter 2.4.

IMU data is a�ected by multiple sources of noise and drift, which makes raw orientation esti-
mates increasingly unreliable over time [14]. The gyroscope delivers high-frequency angular
velocity measurements but is prone to drift due to integration bias. The accelerometer, in
contrast, is sensitive to external vibrations and transient linear accelerations, which may
lead to distorted orientation readings if used in isolation. To mitigate these issues, �ltering
and sensor fusion techniques are applied. These are described in more detail in subchapter
2.6.3.

2.1.4 Onboard Computer: Raspberry Pi 5

An on-board computer is a small computer mounted on a system to handle computations.
A Raspberry Pi 5 is a compact single-board computer capable of handling real-time data
acquisition, signal processing, and control computations [15]. With a processor running at
2.4 GHz and up to 8 GB of RAM, it o�ers su�cient performance for executing control
algorithms and managing sensor data streams simultaneously [16].

The device supports various interface protocols, making it suitable for communication with
external sensors such as IMU's and motor drivers. Its GPIO-pins (General Purpose In-
put/Output) enable direct hardware interaction [8]. This is essential for applications re-
quiring critical timing. The Raspberry Pi 5's small form factor and low power consumption
further contribute to its suitability for embedded systems in wearable robotics.

2.1.5 Motor Communication Interface: CAN-bus

A controller area network (CAN) bus is a robust communication protocol designed for
real-time communication between di�erent components [17]. It is primarily used in auto-
motive and industrial applications and enables e�cient communication between multiple
components. The protocol is a form of message-based broadcasting network that works by
specifying unit-IDs with each message. Where in theory, multiple units are able use the
same bus while only listening and responding to messages with their unique IDs. This ID
system also enables prioritization, although in this application there is only one unit, the
motor, listening for commands with a speci�c ID and responds using another ID containing
the aforementioned information, see subchapter 2.1.2.

Another property of using a CAN system, is it's use of dual-channels resulting in robust
transmission with lower vulnerability to electrical disturbances [17]. In a CAN-connection,
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two cables are used, a CAN-H and CAN-L, representing CAN-high and CAN-low. The idea
here being that the signal is encoded indi�erential mode. Meaning that any disturbance in
the physical channel a�ects both cables the same amount, and in turn, since the di�erence
between the voltage on the channels decide the output, the signal remains unchanged.

To interface the motor with the onboard computer, a CAN communication interface is
required. This is handled by the PiCAN-FD extension board, mounted through GPIO-pins
on top of the Raspberry Pi 5 and through CAN-cables to the actuator. Thus, the PiCAN
FD board acts as a bridge between the Raspberry Pi 5 and the motor, enabling the sending
and receiving of messages.

CAN protocols can di�er in how the frames are expected to be constructed. In the case of
the MyActuator the frames are expected to follow this "template" in order to get interpreted
correctly:

141|{z}
Sender ID (11 bits)

# A2|{z}
Command (1 byte)

00 00 00 10 27 00 00| {z }
Data (7 Bytes)

Example: A CAN-frame command sent from the PICAN-FD, targeting the unit with ID 141,
Sending the Speed Closed-Loop Control command A2, With the encoded data frames specifying a

speed of 100 Degrees per second.

Due to the nature of the CAN protocol a response is needed from the receiving unit in order
to continue the communication. Which in this case could look like this:

241|{z}
Sender ID (11 bits)

# A2|{z}
Command (1 byte)

32 64 00 F4 01 2D 00| {z }
Data (7 Bytes)

Example: A CAN-frame reply sent from the Motor, Indicated by the changed bit in the ID,
Replying with the encoded Command and the data bytes with internal sensor information such as

current motor- temperature, speed and torque current.
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To extract meaningful values such as torque current, speed and angle from the actuator's
CAN response frames, the raw data must be decoded from hexadecimal format into a
readable format. Each frame contains 8 bytes of data, where multiple 16-bit (2-byte) values
are packed using little-endian byte ordering [18]. This means that the least signi�cant byte
(LSB) comes �rst, followed by the most signi�cant byte (MSB).

An example of a CAN response is shown in table 1 below.

Table 1: Example of a CAN response frame from the actuator.

Byte Index Data Field (Hex) Description
0 0xA2 Command ID
1 0x2D Temperature (int8 t)

2{3 0x01 0xF4 Torque current (LSB / MSB)
4{5 0x64 0x00 Speed (LSB / MSB)
6{7 0x00 0x32 Angle (LSB / MSB)

2.2 Software

In order for the hardware components to operate cohesively, a robust software framework is
required. This chapter provides an overview of the software tools, programming languages,
and middleware used in the system. The software architecture is primarily implemented
in C++, with Python reserved for visualization and data analysis tasks. Communication
and modular control are managed through ROS2, which provides a 
exible and scalable
framework for real-time operation and component communication.

2.2.1 ROS2 Middleware

ROS2, short for Robot Operating System 2, is an open source framework designed to support
the development of robotic systems [19]. It acts as a middleware, handling communication
between di�erent parts of the system through a decentralized architecture. ROS2 is based
on a node structure, where each node performs a speci�c task, such as reading sensor data or
sending motor commands. An example of a simple publisher-subscriber structure is shown
in �gure 3. The publisher-node sends messages with a set frequency that the subscriber
reads and interprets. Independently of this, the same subscriber node is also a client to the
service meaning that the client sends a request to the service and receives a response with
useful data. The �gure highlights these connections between 3 nodes but the framework
needed for an exoskeleton is much larger and may easily be built upon.
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Figure 3: Example of publisher-subscriber structure that sends and receives messages using
a service client.

ROS2 is used to coordinate the interaction between hardware components and the control
algorithms [19]. It enables the exchange of data using a publish-subscribe model. This
makes systems modular and easy to manage. ROS2 also supports real-time performance
and deterministic execution, which are important features in robotic systems that require
precise timing, such as exoskeletons.

2.2.2 Programming Languages

Supported programming languages in ROS2 applications are C++ and Python [19]. C++ is
used for all time-critical operations due to its high execution speed and direct memory man-
agement [20]. In applications such as real-time control of an exoskeleton, these properties
are essential to ensure low-latency responses and precise actuator behavior.

Python is used in a supplementary role for data visualization and post-processing tasks
that do not require real-time performance [20]. While Python o�ers ease of use and a large
ecosystem of scienti�c libraries, it is not well-suited for low-level control tasks due to its
interpreted nature and lower execution speed. By assigning C++ to core control logic and
Python to auxiliary functions, the system maintains both performance and development

exibility.

2.2.3 CAD - Computer Aided Design

Computer Aided Design (CAD) refers to the use of software tools to create detailed digital
models of mechanical components and assemblies [21]. These 3D models allow for precise
de�nition of geometry, material properties, and spatial relationships between parts. Com-
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plex systems may be constructed by assembling individual components and de�ning how
they interact with one another [22]. In the context of an exoskeleton, CAD is used to design
the mechanical structure and extract key physical parameters such as mass, center of mass,
and moments of inertia, which are essential for dynamic modeling and control discussed in
later subchapters.

2.3 Kinematics of an Exoskeleton

This subchapter outlines how joint movement in a one degree of freedom exoskeleton is
modeled and measured. Here, the limb is modeled as two rigid segments, and motion is
described in terms of joint angles. Orientation and positions are estimated using sensor
data, including motor encoders and IMU, described in earlier chapters. These kinematic
principles form the basis for the dynamic modeling and control strategies presented later
on.

The system is simpli�ed to a single degree of freedom, representing a knee joint. Considering
the natural movement of a knee joint, it may be assumed that the joint is rigid, thus
simplifying calculations [23]. As illustrated in �gure 4, the angle � is de�ned as the angle
between thigh and calve. It follows a local coordinate system, which means that the angle
is always measured between two rigid segments, regardless of the orientation in a 3D space.
The change of angle by the user is what later acts as an input in a control system loop as
it results in a change of torque.

Figure 4: Representation of a 1-DOF exoskeleton and how the angle� is de�ned.

2.4 Quaternion Orientation

To accurately track the orientation of the segments of an exoskeleton's limb in three-
dimensional space, quaternions may be used. Quaternions are four-dimensional numbers
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that represent rotations without the singularities or ambiguities associated with Euler an-
gles [24]. An IMU mounted on the exoskeleton limb provides a quaternion that describes
its orientation relative to a global reference frame. By interpreting them relative to the
gravity vector, it is possible to estimate joint angles and monitor limb posture. This section
introduces the basic principles of quaternions, discusses their advantages for motion track-
ing, and explains how they are applied within the exoskeleton system to support joint angle
estimation and control.

2.4.1 Euler Angles

Euler angles represent rotations in three-dimensional space by de�ning three successive
rotations around the principal axes x; y; z, as shown in �gure 5 [24]. They require little
computational e�ort and are therefore generally easier to understand mathematically. How-
ever, they su�er from several known downsides. Most notably, Euler angles are able to
experiencegimbal lock, a situation where two of the three rotation axes align, causing a loss
of one degree of freedom (�gure 6). For physical systems operating in three dimensions,
this leads to unpredictable and uncontrolled behavior. Additionally, Euler angles interpo-
late orientations poorly, resulting in slower and less smooth real-time system performance
compared to quaternions, which inherently interpolate the shortest rotational path.

Figure 5: Illustration of
how an object rotates along
the three axes, giving the
parameters of an Euler an-
gle vector.

Figure 6: Gimbal lock occurring between they and
z axes when rotating 90 degrees around the x-axis.

2.4.2 Quaternions

Quaternions provide a robust alternative for representing rotations in three-dimensional
space [25]. Unlike Euler angles, quaternions do not su�er from gimbal lock and allow
smooth interpolation of orientations, making them well-suited for applications like exoskele-
ton control.
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A quaternion is a hyper-complex number composed of four elements, eq. 2:

q = w + xi + yj + zk (2)

where w is the scalar (real) part, and (x; y; z) form the vector (imaginary) part. It is often
represented as a four-dimensional vector, eq. 3:

q =

2

6
6
4

w
x
y
z

3

7
7
5 (3)

Quaternions used for rotations are typically unit quaternions, meaning they have a norm of
one, eq. 4:

kqk =
p

w2 + x2 + y2 + z2 = 1 (4)

Utilizing this makes it easier to understand how a quaternion is mathematically structured.
A rotation in 3D space may be represented by a quaternion constructed from a rotation axis
~u (a unit vector) and a rotation angle � :

q = cos
�

�
2

�
+ ( ux i + uy j + uzk) sin

�
�
2

�
(5)

where:

ˆ � is the rotation angle,

ˆ (ux ; uy ; uz ) are the components of the unit vector~u de�ning the rotation axis.

The rotation angle � ranges from 0° to 360°, while the scalar componentw varies between
� 1 and 1, depending on the cosine of half the rotation angle. In �gure 7 below, the rotation
angle � is shown in combination with the unit vector to better visualize the components.
Quaternions enable smooth updates to an object's orientation in real time, avoiding the
discontinuities that Euler angles may introduce [14].
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Figure 7: An illustration of a unit vector ( ux ; uy ; uz ) and the rotation angle � in a 3D space.

2.4.3 IMUs and Quaternions

An IMU is able to provide orientation data which may be transformed into a quaternion
relative to a global (inertial) frame [25]. This orientation can then be used to calculate
the angle, � , between a system and the global vertical axis, which can be used to compute
gravitational compensation in dynamic models.

An IMU's gyroscope measures angular velocity in three axes: (! x ; ! y ; ! z ). These measure-
ments are able to convert into a quaternion that represents the rotation of the segment over
time. For small angular displacements and high sampling frequencies, this quaternion may
be approximated as, eq. 6:

qgyro =
h
1;

! x

2
;

! y

2
;

! z

2

i
(6)

2.4.4 Orientation Angle Relative to Gravity

The orientation data from an IMU is provided as a quaternion, de�ned by the four compo-
nents represented in eq. 3. This quaternion expresses the rotation of a body-�xed coordinate
system with respect to a global reference frame.

To analyze segment orientation in space, a unit vector is selected from the local coordinate
system. If the segment aligns with the localz-axis, the reference vector may be written as
eq. 7:
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~vlocal =

2

4
0
0
1

3

5 (7)

This local vector is embedded into quaternion form by setting the scalar part to zero, eq. 8:

vq =

2

6
6
4

0
0
0
1

3

7
7
5 (8)

To convert this vector into global coordinates, quaternion multiplication is applied, eq.
9 [14]:

~vglobal = q � vq � q� 1 (9)

For comparison, gravity in the global coordinate system is typically represented by eq. 10:

~g =

2

4
0
0

� 1

3

5 (10)

An angle � is then calculated to describe the deviation between the segment orientation and
the vertical direction. This is obtained using the dot product, eq. 11:

� = cos� 1
�

~vglobal � ~g
k~vglobal k � k~gk

�
(11)

The resulting angle serves as an intermediate variable in further modeling, particularly in
dynamic calculations presented in chapter 2.5.

2.5 Dynamics of an Exoskeleton

This chapter presents the dynamic modeling of the exoskeleton system, focusing on the
relationship between joint motion, segment parameters, and the resulting torques. Dynamic
equations are essential for designing control strategies that accurately respond to the physical
behavior of the system. The model incorporates inertial e�ects, gravitational load and, if
relevant, frictional components [23]. Particular emphasis is placed on how joint torque
requirements are in
uenced by the orientation of the limb relative to gravity, as calculated
in the previous chapter. The resulting expressions form the basis for implementing gravity
compensation and feedback control, as discussed in subchapter 2.4.4.

15



2.5.1 Equation of Motion

The dynamic behavior of the exoskeleton joint is described by the standard equation of
motion for a rotational joint [23]. This relationship de�nes how torques applied at the
joint result in angular acceleration, while accounting for the system's inertia, damping, and
gravitational e�ects. This equation serves as a base input for the control system later on.

To avoid ambiguity, the variable � is used to denote the joint angle throughout this chapter.
The symbol � , previously introduced in chapter 2.5, refers to the orientation angle of the
segment relative to the gravity vector and is used speci�cally in the context of the estimation
of gravitational torque. In robotics, the variable q is often used to denote this angle but has
not been chosen considering quaternions also useq as their standard notation. The general
form of the equation is given by eq. 12.

� = M (� )•� + C(�; _� ) + G(� ) (12)

Where:

- � is the total torque applied at the joint [Nm],

- � is the joint angle [rad],

- _� and •� are the angular velocity and angular acceleration [rad/s] respectively [rad/s2],

- M (� ) is the inertia term (mass matrix) [kg �m2],

- C(�; _� ) represents Coriolis and damping e�ects [Nm],

- G(� ) is the gravitational torque acting on the joint [Nm].

In the context of a single-DOF exoskeleton, this equation simpli�es to scalar terms, yielding
eq. 13:

� = M •� + C _� + G (13)

The torque � corresponds to the output of the actuator. The scalar M represents the
e�ective moment of inertia of the limb segment about the joint axis. The damping term C _�
may include contributions from passive resistance in the braces or structural joints. The
gravitational torque G depends on the orientation of the limb relative to the direction of
gravity and is further discussed in section 2.5.3.

This equation serves as the foundation for the remaining sections, where each dynamic
component is de�ned and quanti�ed for the current exoskeleton con�guration.
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2.5.2 Mass matrix and Inertia

The mass matrix describes the resistance of a mechanical system to angular acceleration.
In a multi-joint robotic system, this matrix is typically a function of joint positions and
includes coupling terms between links [26]. However, in this project where the system is
only 1-DOF the mass matrix will become a scalar. This e�ective inertia is denoted byM ,
and it contributes to the inertial torque � inertial of the dynamic eq. 14 where •� is the
angular acceleration of the joint.

� inertial = M •� (14)

The value of M is obtained from the physical properties of the segment mounted below
the knee joint. These properties are extracted from the CAD model, which provides the
segment's massm, the distance from the joint axis to its center of masslC , and its moment
of inertia at the center of mass I COM . If the moment of inertia is not already computed
about the joint axis, the parallel axis theorem is applied to shift it from the center of mass,
eq. 15:

M = I COM + m � l2
C (15)

Here, lC is the perpendicular distance from the knee joint axis to the center of mass of the
segment. This formulation assumes the segment behaves as a rigid body and rotates about
a single �xed axis. The resulting scalar mass matrixM is later used in the full equation
of motion and plays a key role in determining the torque required to accelerate the limb
segment.

2.5.3 Gravitational Torque

The exoskeleton consists of two rigid segments: one �xed to the thigh and one attached
to the shank. As only the knee joint is actuated and analyzed, and the thigh segment lies
proximal to the joint, it does not contribute to the torque at the knee. Consequently, the
gravitational torque is computed solely based on the shank segment [23].

For a single rotating link with mass m, the gravitational constant g, and the distance from
the joint axis to the segment's center of masslC , the gravitational torque � g is expressed as
eq. 16:

� g = m � g � lC � cos(� ) (16)

Here, � represents the angle between the users leg and the vertical axis in a 3D-space. This
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angle is obtained from the IMU-derived orientation, converted from quaternions as described
in subchapter 2.4.4. As previously stated, the gravitational torque is an important input
for the control system for which the theory is presented in the upcoming chapter.
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2.6 Control Theory

In dynamic robotic systems, control systems are used to develop a model for driving the
system to a desired state, with the objective of minimizing delay, overshoot, or steady-state
error [27]. The following sections will present the mathematical and theoretical foundations
on which the desired control system for the knee orthosis exoskeleton will be designed.

2.6.1 Control Loops

Di�erent control systems can be classi�ed based on their feedback paths, open-loop or
closed-loop systems [27]. Closed-loop systems have an output signal that is fed back to the
input whereas open-loop systems do not, which is illustrated in �gure 8 and 9. Closed-loop
systems are furthermore divided into negative feedback loops and positive feedback loops,
where the output is either added or subtracted to the reference input signal.

G(s)

Figure 8: Illustration of an open loop system with transfer function, plant, G(s).

G(s)+
-

Figure 9: Illustration of a negative feedback loop system with transfer function, plant, G(s).

2.6.2 Regulators

Regulating a process is more than necessary when working with almost all control systems
and there are many ways of doing this [27]. A controller is used in closed-loop systems as it
monitors the signal of the system and measures the error between input and output. The
error is related to the actual signal using individual methods or a combination of multiple
controls. The most common methods are more thoroughly explained below. In order to
move on with more advanced methods later, the theory behind the most common ones act
as a necessary base.

Proportional control (P)
Being the most simple action, the proportional control takes the error between the desired
and real output and creates a signal that is directly proportional [28]. The control signal,
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c(t) is ampli�ed by the gain of the P-controller, K p which leads to a control signal that
relates to the magnitude of the error, e(t) as seen in equation 17.

c(t) = K pe(t) (17)

While the P-controller operates fairly quickly it may come with an o�set from the desired
set point which is rarely wished for. Since the control method is based upon an ampli�cation
of the error, the o�set can leave a steady-state error. Once the system reaches a point where
the proportional correction equals the required control action, the error stops decreasing,
even if it is not zero.

Integral control (I)
To account for the o�set error that may happen with a P-controller, an integral regulator
may be implemented in combination. It eliminates steady-state error by reacting to the
accumulated error over time and adjusts the signal until the error is fully corrected [28].
This is essential for systems in need of �ne control like this project but it makes the controller
operate slower. The error as seen in eq. 18 is integrated and multiplied with a chosen gain,
K i .

c(t) = K i

Z t

0
e(� ) d� (18)

Derivative control (D)
Unlike the other methods, a D-regulator works more like a feed forward control. By primarily
analyzing the change in error, it may be used to prevent larger changes and thus make the
system converge faster and smoother if the algorithms are more complex [27]. The larger
the change in error over time, the more it will respond. What di�erentiates it from other
controllers is the fact that it does not guide the system to a steady state, which means that
it has to be combined with another controller. The equation for a D-controller is presented
below in eq. 19.

c(t) = K d
d
dt

e(t) (19)

PID regulator
Combining these methods may, as earlier stated, result in a better output by utilizing the
strengths of each controller. PID, which stands forProportional-Integral-Derivative , uses a
combination of the 3 control methods presented above to regulate the process and achieve
the desired output [27]. Tuning or weighing the di�erent parameters of a PID regulator
results in di�erent e�ects on the process. It is the most common controller and, with the
right tuning, the most accurate and e�cient for more complex processes. Combining the
eq. 17, 18 and 19 gives the full equation:
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c(t) = K pe(t) + K i

Z t

0
e(� ) d� + K d

d
dt

e(t) (20)

The structure of a PID-regulator is illustrated in �gure 10 below, which shows how the
di�erent regulators are paired together as seen in eq. 20. The PID-regulator will then act
as a block in the larger control system used for this project.

Figure 10: Illustration of a PID-controller and the methods used in a feedback loop.

2.6.3 Filtering

In control systems, sensor signals are often corrupted by noise, which can degrade the per-
formance of the controller or even cause instabilities in the system [27]. Filtering techniques
are therefore used to process measured signals, remove high and low frequency noise, and
improve the quality of the feedback used in the aforementioned control loops, subchapter
2.6.1. Some of the more commonly used �lters are described below:

Low-pass �lter
A low-pass �lter attenuates high-frequency components in a signal, allowing low-frequency
components (such as steady-state or slowly varying signals) to pass through [29]. It is useful
for removing high-frequency noise.
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High-pass �lter
A high-pass �lter does the opposite: it attenuates low-frequency components and allows for
high-frequency components to pass through [29]. The high-pass �lter is useful for isolating
rapidly changing signals, such as detecting abrupt motion or vibrations, while ignoring slow
drifts.

Figure 11: Figure showing the frequency response of a low-pass �lter, that attenuates high
frequencies and a high-pass �lter, which functions by attenuating smaller frequencies.

The frequency responses of before mentioned �lters are shown in �gure 11, MatLab code for
these graphs can be seen in appendix B. Di�erent combinations of high-pass and low-pass
�lters create speci�c �lters that target certain frequency ranges [29]. These combinations
can be used for passing through a speci�c frequency band (band-pass �lter) or targeting a
speci�c frequency that is particularly noisy (band-stop �lter).

Kalman �lter
The Kalman Filter is a time-domain estimator that is used for estimating the state of a
dynamic system [30]. It works recursively, by using the prior state estimate as well as the
current sensor measurements to produce a new state estimate, see �gure 12. This is achieved
by computing a weighted average between the prediction and the measurement, where the
weights re
ect their respective uncertainties.

The equation for the Kalman �lter looks like eq. 21:

x̂k = (1 � K )x̂k jk � 1 + Kz k (21)

Where x̂k jk � 1 is the predicted state from the previous estimate,zk is the current measure-
ment, and K is the weighted Kalman gain, 0� K � 1. As seen in the equation, a higherK
puts more weight in the measurement, while a lowerK favors the prediction.
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State Update

Prior Estimate

Current State Estimate

Current
Measurement

Figure 12: Illustration showing how the Kalman �lter updates the current state estimation
by using both the prior estimate and the current sensor measurements.

Madgwick �lter
Another type of time-domain estimator is the Madgwick �lter . The Madgwick �lters is a
sensor fusion algorithm used for translating raw orientation data provided by an IMU into
quaternions [31]. It uses the measurements from an IMU's magnetometer and accelerometer
to calculate the gyroscopes measurement error and corrects this through a gradient-descent
algorithm [32].

2.6.4 Disturbance Observer

Observers are systems that use available measurements to provide an estimate of the systems
internal states [27]. Some state variables, such as torque and velocity, can be measured
directly. However, in many applications, systems are also a�ected by external disturbances
(extra plant inputs), such as unknown forces or model uncertainties, that are di�erent from
the control inputs, as seen as the signald in �gure 13. The disturbances can thus have a
negative e�ect on the behavior of the system.

C G

d

yr ue+ +

-

+

Figure 13: Negative feedback control system with input signalr, error signal e, control
signal u and disturbance signald [33].
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While a constant, steady state disturbance, is able to be suppressed by, for example the
integral term of a classical PID controller, as explained in subchapter 2.6.2, a harmonic
disturbance cannot be e�ectively compensated for in the same way. A harmonic disturbance
being a periodic disturbance of sinusoidal nature, (denoted asdh in �gure 14) [34]. If tried,
the pure PID control will result in oscillations in the output signal, as seen in the �gure 15
below.

G

dh

yr ue+ +

-

+
PID

Figure 14: A block diagram illustrating the control scheme of a PID controller with an
harmonic disturbance signaldh .

Figure 15: The control results of trying to suppress harmonic disturbances using a PID
controller.

This limitation motivates the introduction of an alternate suppression model; the Distur-
bance observer(DOB), which estimates the plant inputs of disturbances and compensates
them through a negative inner-loop output-feedback [35].
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Figure 16: A block diagram illustrating a control system with a controller and an inner-loop
outer feedback disturbance observer.

Mathematically, the e�ects of such a DOB is able to be proven by simple calculations of
the separate input to output plants, Gdy and Gry . The signals shown in �gure 16 are listed
below as well as the calculation for the disturbance estimate signal̂D in eq. 22:

Reference Signal: R

Disturbance Signal: D

Output Signal: Y = G(D + F � D̂ )

Error Signal: E = R � Y

Control Signal: F = CE = C(R � Y )

Estimated Disturbance Signal: D̂ =
QG� 1

1 � Q
Y �

Q
1 � Q

F (22)

The output signal, Y , is given by the sum of all transfer function contributions from input
to output, as shown in eq. 23, [27].

Y = Gry (s)R(s) + Gdy (s)D (s) (23)

The separate input-output transfer functions are given by the equations below, eq. 24:

Gdy =
Gn G(1 � Q)

Gn (1 + GC) + Q(G � Gn )

Gry =
Gn GC

Gn (1 + GC) + Q(G � Gn )

(24)

And with Q selected as a low-pass �lter with the following property, eq. 25:
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lim
! ! 0

Q(j! ) = 1 (25)

By now looking at asymptotically small frequencies, It may be shown that the output signal,
de�ned by eq. 23, approaches a speci�c form. First the separate transfer functions for small
frequencies are evaluated in equations 26 and 27:

lim
! ! 0

Gdy (j! ) = lim
! ! 0

Gn G(1 � Q)
Gn (1 + GC) + Q(G � Gn )

= 0
(26)

lim
! ! 0

Gry (j! ) =

lim
! ! 0

Gn GC
Gn (1 + GC) + Q(G � Gn )

=

Gn GC
Gn + Gn GC + G � Gn

=

lim
! ! 0

Gn C
1 + Gn C

(27)

It is now shown that the following expression forY holds true:

lim
! ! 0

Y = lim
! ! 0

Gry (j! )R(j! ) + Gdy (j! )D (j! ) = (28)

lim
! ! 0

Gn C
1 + Gn C

R(j! )

Thus, from eq. 28, it follows that for small frequencies, the closed-loop system with the
DOB, behaves like a closed looped system of the nominal plant. The DOB actively rejects
these frequencies if they are in the range of the bandwidth of the low-pass �lter,Q [35].
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3 Method

This section outlines the methodology and work
ow adopted throughout the thesis project,
detailing the key steps taken from the initial hardware design decisions to the �nal soft-
ware implementation. Some parts of the work
ow had to be done sequentially, while others
could be done concurrently, but most parts of the project development followed an iterative
procedure, where certain parts had to be solved temporarily to be revisited, re�ned, and
restructured later.

3.1 Hardware Design

This subchapter outlines the practical steps taken to select, integrate and con�gure the
hardware components used in the exoskeleton system. It covers the key design decisions,
including component selection, physical wiring and testing setup.

3.1.1 Component Selection

The hardware components were selected based on performance requirements, 
exible com-
patibility, and integration within the project's limited timeline and budget.

Selection of motor
The brushless servo actuator used in this project was inherited from a previous iteration of
the exoskeleton concept and therefore not subject to re-selection. However, it was suitable
for continued development as it provided su�cient torque for knee joint actuation and
featured an integrated encoder for real-time joint angle estimation. These characteristics
aligned well with the project's goals of enabling torque-based control and sensor-driven
feedback.

Selection of computers
Raspberry Pi 5 was chosen due to it's superior processing power and GPIO support, which
was necessary for the application. It is also widely used across various levels of expertise
with extensive documentation and support available online.

A computer with an operating system was chosen over a microcontroller with microROS
because of the need for ensured compatibility and greater software 
exibility. This choice
enabled the usage of ROS2, a more documented and accessible environment, while also
aligning with the project's software requirements. Given the project's technical scope and
available time, a full OS also enabled direct access to higher level programming interfaces
and libraries, avoiding the hardware-speci�c complexities associated with microcontrollers.

During the selection process, alternative platforms including NVIDIA Jetson, ESP32, and
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Arduino were identi�ed and assessed. The evaluation criteria included processing capabili-
ties, GPIO support, availability of documentation, and access to broad community resources.
Based on these criterias, Raspberry Pi 5 was selected to ensure compatibility with ROS2
and maintain 
exibility in software development.

Selection of IMU
The ADIS16470 was chosen due to its industry-level performance, and as it is widely popular
in industry applications [36{38]. Judged by it's datasheet, it also had great performance [39].
This enabled the group not to have to focus on common signal reliability issues as previously
mentioned in chapter 2. The group could now instead focus on implementing the part
and future groups could also have a great reliable product that does not necessarily need
recalibration.

Alternative products were of course evaluated, judging by their performance, price and
widespread usage. Those considered were either too noisy, unreliable, too niche and generally
lacked widespread documentation.

Selection of CAN-bus card
To enable communication between the Raspberry Pi and the actuator, the PiCAN FD board
was decided. It supports both CAN 2.0B and CAN FD protocols, and connects directly to
the Raspberry Pi's 40-pin GPIO header [40]. This 
exibility enabled the group to have a
choice between data speeds, if later proven that it was supported by the other components.
An illustration of the communication is presented below in �gure 20b.

Figure 17: PICAN FD to motor connection.
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3.1.2 Integrating hardware

Most information on how to physically connect components either came from manufacturers'
or resellers' o�cial product data sheet. Some connections were chosen to get software
running as intended, as mentioned later in detail in subchapter 5.1.5. This especially applied
to the IMU and was characterized by more troubleshooting, trial and error, using forums,
in lack of documentation of the niche problems.

In short: The actuator was connected to the PiCAN FD board via a standard 4-wire CAN
interface. The PiCAN FD board, in turn, was with selected pins connected to the Raspberry
Pi 5's GPIO header. The IMU was connected via SPI, requiring manual wiring from the
IMU to the GPIO pins. The connections are further illustrated in the �gures presented
below.

This connection is best illustrated by table 18a, visualizing the Raspberry Pi 5's GPIO-pins:

(a) A table showing an overview of the Raspberry
Pi 5's pinouts with relevant highlights.

Raspberry Pi Pinouts
GPIO Pin No. Pin No. GPIO

3v3 POWER 1 2 5V POWER
GPIO2 3 4 5V POWER
GPIO3 5 6 GROUND
GPIO4 7 8 GPIO14
GROUND 9 10 GPIO15
GPIO17 | SPI 1 11 12 GPIO18 SPI1
GPIO27 13 14 GROUND
GPIO22 15 16 GPIO23
3v3 POWER 17 18 GPIO24
GPIO10 | SPI 0 19 20 GROUND
GPIO9 | SPI 0 21 22 GPIO25
GPIO11 | SPI 0 23 24 GPIO8 | SPI 0
GROUND 25 26 GPIO7 | SPI 0
GPIO0 27 28 GPIO1
GPIO5 29 30 GROUND
GPIO6 31 32 GPIO12
GPIO13 33 34 GROUND
GPIO19 | SPI 1 35 36 GPIO16 | SPI 1
GPIO26 37 38 GPIO20 | SPI 1
GROUND 39 40 GPIO21 | SPI 1

(b) Corresponding pins in real life [41].

Figure 18: Figure showing theoretical coupling in a table (a), and it's correspondence in
real life (b).
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In the con�guration both the Raspberry PI and SPI-buses were used. This enabled two
separated and clear data streams, for the IMU and PiCAN FD respectively. In this con-
�guration, the IMU used the SPI 1-bus (marked in red), and it's remaining needed pins
(marked in light red). The PiCAN FD used the SPI 0-bus (marked in blue), and because
of uncertainty the remaining pins were all connected to the PiCAN FD, as seen in the table
18a).

Computer - PiCAN connection
The computer to PiCAN connection was connected as seen above in table 18a. It's simpli�ed
connection is shown in �gure 19 below.

Figure 19: A �gure simplifying the PiCAN FD connection to computer node.

Before integrating the IMU, since the PiCAN is a HAT (Hardware Attached on Top), it
was mounted directly on the Raspberry Pi 5 pins. In combination with a lack of time,
the exact pin con�guration was therefore not researched. When introducing the IMU this
con�guration was changed, and remaining pins all connected to the PiCAN FD as previously
explained.
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