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ABSTRACT

Exoskeletons are a growing technology in both industry and healthcare. With the increasing
number of cases of musculoskeletal disorders, exoskeletons can be a potential solution for the
rehabilitation of people with such disorders.

The department of electrical engineering at Chalmers University of Technology, working with
Sahlgrenska University Hospital, wants to develop the understanding and technology of
exoskeletons. A previous student group of Chalmers developed an elbow exoskeleton for this
task, which used the pre-contracted exoskeleton EduExo lite 2 from AUXIVO.

The goal of this project is to improve the movement of the previous student group’s elbow
exoskeleton, as its movement system was too unnatural and static. This was done by improving
and developing a more dynamic movement system for the elbow exoskeleton, to further
develop understanding and research of orthopedic exoskeletons for rehabilitation, without
introducing new hardware components or replacing the existing hardware components provided
by the group.

Developing the movement system required first testing the learning the response time between
the microcontroller and feedback servomotor, as well as the rotation speed and resolution of
the feedback servomotor. Spline and polynomial functions were used to better simulate the
natural movement of a human arm, as it gives motion a gradual increase and decrease in
movement velocity.

The resulting code made it a dynamic movement control system, where movement from any
start and end point, results in a smoother and softer motion, where the duration of the movement
can also be altered.

The result of this project provides good grounds for potential further development, which can
lead to a dynamic modular movement system to provide ways easily adapted to a patient’s
specific needs.
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TERMINOLOGIES / ABBREVIATIONS

DOF — Degrees of freedom; the number of independent paths or axes of motions of a body,
device or object.

PWM - Pulse width modulation; a signal control method in which analog signals are sent in
cycles “on” and “off” times, where changing the ratio, or “width”, of “on” time to the total
cycle time to dynamically control certain devices.

API — Application Programming Interface; sets of commands and functions used for
programming hardware or software which connect and communicates between one another.

IDE — Integrated Development Environment; software applications that provides tools and
facilities that assist programmers in developing software code.

I/0 — Input/output; Pins or ports used by computers to communicate with other systems, by
receiving (input) and sending out data signals.



1
INTRODUCTION

1.1 Background

Exoskeletons are a growing technology in both industry and healthcare. With the increasing
number of cases of musculoskeletal disorders, exoskeletons can be a potential solution for the
rehabilitation of people with such disorders.

Two students at Chalmers university of technology, Sophie Kimberly Ha and Fanny Tingberg,
did a degree project where they developed a pre-engineered exoskeleton for the arm,
specifically an AUXIVO EduExo 2 Lite [1]. The focus of the development was on the software
so that it can assist with the movement of the user. The goal was to make the system modular
and scalable, to ensure future work and to be able to adapt the system to different exoskeleton
systems [2].

However, the exoskeleton has limitations with its function. The movement of the exoskeleton
during use is currently not suitable for use in physiotherapy. Chalmers (Department of
Electrical Engineering) wants to develop a movement method for exoskeletons that can be used
in healthcare.

The work is being conducted at Chalmers University of Technology.

1.2 Purpose

The project goal is to improve the previous group's exoskeleton movement.

The angular movement of the exoskeleton elbow is currently quite "unnatural", "robotic" and
"linear". If it is possible to change the movement to allow for more control, it would allow it to
be more adaptable to different patients' orthopedic injuries.

The group will try to make the exoskeleton's arm move smoothly, so that both acceleration and
deceleration are smooth and better adapted to the patient's needs. The movement of the previous
exoskeleton did not meet the goal well enough. Starts and stops occur suddenly, which can
mean a harmful load for an operated muscle. The new exoskeleton should have smoother and
more gentle movements.

The exoskeleton should also be able to react to forces outside the system during its movement.
The pendulum is to make it so that you can easily turn off the exoskeleton and just let it go.

1.3 Limitations

e We are developing an already existing exoskeleton system. With that, we will not
replace, manufacture or introduce new hardware or software not provided by the
previous group, and that directly affects the performance of the exoskeleton of this
project.

e Limitations that were set with the hardware from the previous work will apply to this
project as well. [2]

e Tasks in the work that involve programming will be written in Python and C++ code.



e This work is a development of a previous project. The goal of the project was not to
create a final product, but to explore and develop. This work follows the same boundary
and should not result in a final product, but to develop it so that it can get closer to a
final product.

e The exoskeleton that will be developed further only covers the elbow, not any other
body part, and the amount of allowed angular movement of the exoskeleton is between
0 and 90 degrees.

1.4 Clarification of the question

What frequency can the Arduino systems reach by reading, writing, and executing
a command?

How accurately should it be possible to configure the speed of the arm's movement
with its dynamic model? What level of user-friendliness do you want to aim for?
What is the maximum number of angle changes that the Arduino or servo can
manage and what can be the minimum (delta t) for each angle change?

What alternative solutions can be thought of to achieve the goals?

How should the simulation of force resistance be performed?



2
THEORY

This part of the report provides an overview of the components and the technical background
that underpins the orthopedic Exoskeleton system. This part will focus more on the components
that are more relevant to the software of the system, and the hardware if relevant to the goals
of the work.

2.1 The Exoskeleton

Exoskeletons are wearable robots that are worn externally on the body, which can have different
forms depending on the body part they are made for, such as a full-body suit or leg/arm
attachments [3]. They are designed to work with their users to assist or improve the
functionality of their movable body parts, depending on what is required and the user's
specifications [4]. They have a wide range of applications in their uses, such as mobility support
for disabled people or improving range of motion to reduce physical stress on a person in areas
where physically demanding work needs to be performed [5].

The exoskeleton for this project was the EduExo 2 lite, developed and manufactured by
AUXIVO AG, a company that specializes in wearable exoskeleton used for educational
purposes and industrial applications [1] [6]. The exoskeleton hardware was pre-assembled by
the previous student groups of Chalmers university of Technology bachelor’s degree project,
which this project seeks to improve [2].

Upper link

Lower link Actuator Elbow joint

Figure 2.1: Exoskeleton elbow (front)  Figure 2.2: Elbow exoskeleton

with main components, as provided (internal plane) with component

by the previous group [2]. layout, as provided by the previous
group [2].

Figure 2.3: Close-up of the microcontroller within the exoskeleton
elbow, as provided by the previous group [2].



The assembled exoskeleton main components will be explained in detail further on in this
report. These components are:

e Mechanical structure: Parts that make up the foundation of the exoskeleton, which
includes the frame, links, and joints. Their placements are seen in figure 2.1.

e Touch sensors: Sensors that triggers upon touch of a human finger, which for this
project, controls which direction the exoskeleton arm rotates along the revolute joint.
Attached to the front, outward-facing frame of the exoskeleton as seen in figure 2.1.

e Arduino nano microcontroller: A microcontroller attached inside the hollow interior
of the exoskeleton frame, seen in figure 2.2 and figure 2.3. It receives and outputs
signals and data, which controls the servomotor to change the angular position of the
elbow joint, and in turn, the position of the lower link.

e The analog feedback servomotor: The part that is responsible for turning electrical
energy through the microcontroller to physical motion of the elbow joint, seen in figure
2.2 at the bottom of the frame’s interior. Its closed loop properties are key to allowing
a method for smooth motion.

2.1.1 Mechanical structure: links and joints

The mechanical structure of an exoskeleton, analogous to the human musculoskeletal system,
consists of rigid links connected by joints. Links serve as structural elements that transmit forces
and maintain the relative position of joints, while joints enable motion and flexibility in the
system.

In this project, the exoskeleton is designed to support elbow motion, which involves a single
degree of freedom (DOF) flexion and extension. Thus, a rotational (revolute) joint is
implemented to replicate this movement. The system includes two rigid links, representing the
upper arm and forearm, connected by the elbow joint. Because of the single joint, it simplifies
the kinematic model and allows for direct application of polynomial functions, with relatively
minor setbacks.

Material selection for the links prioritizes low weight and high strength, typically using
Aluminum or composite materials. Proper joint alignment with the user’s anatomical elbow is
critical for comfort and functionality, minimizing mechanical resistance and ensuring natural
motion.

Overall, the configuration of links and joints directly influences the range of motion,
mechanical efficiency, and ergonomic integration of the exoskeleton with the human body.

2.1.2 Touch sensors

Touch sensors are electrical components that capture and record physical touch or embrace on
a device or object. They are designed to react and detect capacitive touch of a body, and as such
are sensitive to touch, force and pressure. They are used in a wide variety of fields, from smart
phones to industrial control panels [7]. They are used to input information about which
direction the user wants to move and change the angular position of the exoskeleton’s elbow
joint.
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Figure 2.4: The Touch Sensor model used to control the exoskeleton arm, from the... [8]

The touch sensors work through capacity touch sensing and electrostatic coupling. It operates
by an electrode, modeled as two parallel conductive plates, that senses changes in the
capacitance relative between the sensor pad and grounding [9]. When a conductive object -like
a human finger- approaches or touches the electrode, the capacitance changes and the sensor
outputs an electrical signal. A microcontroller connected to the touch can then interpret and
process this signal into either an input or output.

2.1.3 Microcontroller: Arduino nano

A microcontroller can be defined as a simplified computer where all components and interfaces
are integrated and collected on a single circuit board. They are generally designed to execute a
program in repetition at timed intervals [10]. A microcontroller can be defined as a simplified
computer where all components and interfaces are integrated and collected on a single circuit
board. They are generally designed to execute a program in repetition at timed intervals [10].

F gure.5: The Arduino Nano microcontroller used for the exoskeleton elbow, outside
the exoskeleton frame and unconnected [2]

The Arduino Nano microcontroller, as seen in figure 2.5, is a wildly used microprocessor
known for being a compact, low-cost design while providing a balance between processing
power, memory capacity, low power consumption, and number of I/O pins (input/output). It
includes 14 digital input and output pins and 8 analog input pins [11] [12]. These pins allow the
microcontroller to control the cozen hardware wired to it, which includes reading sensor data
from encoders and generating PWM signals to control servomotors. The board also provides a



Mini-B USB port to allow communication between other electrical components, such as a PC
to control or change its programing [13].

2.1.4 Actuator: Analog feedback Servomotor

Actuators are fundamental components in robotic systems, responsible for converting electrical
energy into mechanical motion. In exoskeletons, actuators drive the movement of joints to
replicate or assist human motion. This project utilizes an analog feedback servomotor, which
integrates a DC motor, a control circuit, and a positional feedback mechanism, typically a
potentiometer within compact housing.

/
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Figure 2.6: A Batan S1213 Servo

‘s

The servomotor used in this system, a Batan S1213 Servo as seen in figure 2.6, operates within
a closed-loop control architecture, where the motor's output (angular position) is continuously
monitored and corrected based on feedback. When a position command is issued via a PWM
signal, the internal controller compares the desired position with the actual position detected by
the feedback sensor. The motor adjusts accordingly to minimize the error, allowing for precise
and stable angular control [14] [15].

The analog feedback servomotor is particularly suited for low-cost and compact robotic
applications due to its simplicity, reliability, and ease of integration. In this context, it is used
to actuate the elbow joint of the exoskeleton, providing one degree of rotational motion. Its
built-in potentiometer generates an analog voltage corresponding to the shaft angle, which is
read by a microcontroller and used for real-time control.

While analog feedback systems may not offer the high resolution and noise immunity of digital
encoders, they are advantageous in systems where moderate precision and low system
complexity are acceptable. Moreover, the integrated design reduces the number of external
components required, simplifying the mechanical and electrical layout of the exoskeleton.

In summary, the analog feedback servomotor provides a cost-effective and efficient solution
for controlling joint movement in exoskeletons, enabling responsive and accurate actuation
while maintaining system simplicity and compactness [16].



2.1.41 Potentiometer Function and Encoder

Accurate motion sensing and position feedback are essential in modern exoskeleton systems,
where adaptive interaction between the user and the robotic structure depends on reliable sensor
technology. Two core components used for feedback control in such systems are potentiometers
and encoders, both of which convert mechanical motion into electrical signals that enable
precise regulation.

In the S1213 servomotor, a built-in potentiometer serves as an angular position sensor,
measuring the shaft's rotation and providing real-time feedback. The potentiometer functions
as a voltage divider with three terminals—supply (Vs), ground (GND), and output (Vour). As
the motor shaft rotates, the wiper moves along a resistive track, altering the resistance ratio and
producing a voltage proportional to the angular position. This voltage is read by a
microcontroller via an analog input and used in a closed-loop control system. The motor is
controlled by PWM (Pulse Width Modulation) signals, where pulse duration specifies the
desired position, as explained in the following figure 2.7. The potentiometer's analog feedback
confirms the actual angle, enabling continuous adjustment [17].
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Figure 2.7: Voltage-time graph of how the desired motor angle is encoded using pulse
width modulation (PWM) from the Arduino to the servo, based on the voltage-time
graph in the AUXIVO EduExo handbook [17].

Technically, the potentiometer is classified as a resistive sensor, since it generates output based
on changes in electrical resistance. Although it is not a digital encoder, it performs a similar
role to an analog encoder, delivering continuous position feedback. Compared to optical or
magnetic encoders, which rely on light or magnetic fields, the potentiometer offers a simpler,
more cost-effective, and reliable analog alternative.

Encoders, on the other hand, play a vital role in advanced exoskeleton control. They are
categorized as incremental encoders, which measure relative movement, and absolute encoders,
which retain positional information even after power loss. Optical encoders are preferred for
their high resolution, whereas magnetic encoders are better suited for harsh environments.
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These sensors are typically mounted at joint axes or actuator shafts to capture precise
information about limb flexion or rotation. The data helps synchronize actuator movement with
the user's biomechanics, supporting both ergonomic load distribution and rehabilitative
guidance.

In conclusion, sensors such as potentiometers and encoders are fundamental to the operation,
safety, and responsiveness of exoskeleton systems. By enabling real-time feedback and
accurate motion tracking, they support intelligent control strategies that enhance user
experience and biomechanical performance [18].

2.2 Arduino IDE

Arduino IDE is a computer programming software used for developing and uploading codes to
the Arduino family of microcontroller boards. With a USB cable connecting the microcontroller
and a computer with the software, it enables users to write, edit, compile, and upload codes to
Arduino boards. The program is used wildly for educational and prototyping purposes, mainly
for its accessibility and ease of use [19] [20].

The programming language for Arduino IDE is known as the Arduino API. The language is
based on a simplified version of the programming language C++, in its functions, variables,
and structure [21].

The program provides a text editor, uploader, compiler, and a serial monitor. The text editor is
used for writing and editing source code (referred as sketches in Arduino), which then can be
compiled to create a binary file of the code and uploaded to the microcontrollers flash memory
[22]. The serial monitor allows data to be sent between the computer and the microcontroller
and can then be used as a debugging tool for the code [23].

2.21 Servo Library

Arduino IDE allows users to access and include official, and community-created libraries from
the Arduino network. Libraries are C or C++ files that provide sketches that include them with
additional functions, which is done by importing the files in Arduino IDE and then writing in
the code a #include statement, followed by the header (.h) file name in the library’s folder [24].

For this project, it requires the use of the Servo library. The Servo library allows Arduino boards
to control a variety of servomotors, including analog feedback servomotors [25]. The library
includes six functions, however in this project, only three of them are important to understand.

e attach()

o write()

o writeMicroseconds()
The attach() function attaches the servo variable to a pin. The functions write() and
writeMicroseconds() both allow the Arduino microcontroller to write a value to the attached
servo to move and set angle of the servo shaft. When using the write() function, the input value
for the function is an integer angle in degrees [°] between 0° and 180°. The writeMicroseconds()
function uses and accepts specific pulse width modulated (PWM) microseconds to move the
servo shaft. The range of values for writeMicroseconds() depends on the servomotor, however
it most commonly accepts inputs between 1000 ps and 2000 ps, which corresponds to the
degree angles between 0° and 180° [25].
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Because the writeMicroseconds() functions have a wider range of acceptable input values
compared to the write() function, writeMicroseconds() provides a higher resolution of control
of the servomotor.

2.3 MATLAB

MATLAB (matrix laboratory) is a high-level programming software used for engineering,
mathematics and scientific applications. It was developed by MathWorks and is designed for
numeric computations, algorithm development, and data analysis [26]. The platform provides
built-in support for serial communication, which allows real-time reading and writing of data
to and from external hardware, such as microcontrollers.

Serial communication is a method of digital data transmission where data is sent sequentially
in bites, bit by bit, over a single communications line such as a USB connection. It is commonly
used in embedded systems, such as microcontrollers, due to its simplicity, low hardware
requirements, and its applicability for long-distance communication [27].

This allows MATLAB to plot data from the Arduino nano microcontroller, such as variables
used as command inputs for the servomotor and feedback signals from the encoder. This creates
a live visualization of the system that provides insight into its behavior and performance.

MATLAB provides additional toolboxes and add-ons that can be downloaded during or after
installation of the program. These toolboxes and add-ons expand the capabilities and
functionality of MATLAB and allow for a variety of additional uses of the program. For this
project, only the essential base toolboxes were used, without additional add-ons.

2.4 Splines (or polynomial functions)

Splines are piecewise defined functions of polynomial segments that are connected at specific
points known as knots. The segments are defined over finite intervals and join adjacent
segments that share function value and derivatives to form continuity.

Mathematically, splines S(t) can be expressed as:

Py (1), to<t<t

P (1), te—1 St <ty

where P;(t) is a polynomial function of degree n, defined over variable intervals [t;_4, t;].
The polynomial function can be defined as:

B,(t) = ag + a;t + ayt? + -+ a,t" (2.2)

with a; being polynomial coefficient that are determined based on interpolation or boundary
conditions of the polynomial [28]. The process of determining these will be covered in the
following methodology section.

In robotics or motion control, splines are useful to generate smooth motion trajectories of an
object or device that adhere to both positional and dynamic constraints.
In the context of moving an object, these constraints often include

e Position

e Velocity

12



e Acceleration

o Jerk
The number and type of constraints to adhere to determines the minimum degree of the
polynomial function required.

To give some examples, with the coefficients based on boundary conditions at both the start
and at the end of the movement path. A 3"-degree polynomial function allows for continuous

position and velocity, while a 5%-degree polynomial function adds continuous acceleration to
the motion.

In this project, the splines and polynomial functions are based on a time variable.

13



3
METHODOLOGY

This chapter of the report describes the methods, techniques and processes used for the
development of the exoskeleton elbow.

3.1 Architecture

The architecture shown here is to better understand how the systems are connected to one
another, and how they interact and affect one another.

MATLAB

Input data
(t, targetAngle, currentPos)

Convert:
currentPos (Analog volt) =>

Funetion {us volt ) => degrees

tltong]
Funetion(t) {int]
Output graph

tfs], functionfdegrees], curre

——————————

N Output Data
Analog t [long], targetAngle[int], current pos [int]
feedback

»
&

rial output:
leng, int, int)

Servomotor

Encoder

__________

Figure 3.1: Data flow architecture of the exoskeleton, connected to a computer with a
USB cable.

Figure 3.1 shows a diagram detailing the connections between Arduino and MATLAB, as well
as the electrical components of the exoskeleton. It gives an overview of the data flow within
and between components and programs, as well as a simplified description of the processes.

3.2 Software development process

To write, understand, and learn the programming languages and their codes, Al tools like
ChatGPT were used for both Arduino APl and MATLAB, due to the group’s lack of experience
with both programming languages.

3.3 Determining Arduinos and the servos resolution

To better understand the Arduino nano microcontroller and the servomotor’s capabilities and
limitations, several tests were performed to this endeavor.

What needed to be known was:

e The servos shaft maximum rotation speed

e The servos movement resolution (the smallest change of position possible).

e The shortest time for the servo to receive and complete a command
Rotation speed and the shortest time for the servo to complete a command requires a
measurement of time. This measurement was done in the Arduino Microcontroller with the
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usage of the mills() and micros() functions, which measures the time from the point when the
program started.

3.3.1 Determining the servos rotation speed

The project began by identifying the range of motion required for the exoskeleton arm. The
current design uses an existing arm with a single degree of freedom, operating between 0 and
90 degrees. The goal is to achieve smooth acceleration at the start of motion and smooth
deceleration when stopping.

To measure rotation speed, a test program was developed for Arduino that would send a single
command to the servomotor to reach a destination angle. The program allowed the user to press
a touch sensor ten times, recording the time required for the servo to move between 0-90
degrees each time. The program then calculated the average time and frequency. Result showed
an average movement time of approximately 0.58 seconds which is used for the next step.

3.3.2 Determining the servos resolution

In this project, a program was developed to study the relationship between a servo motor’s
control signal, given as pulse width in microseconds (us), and its angular movement from 0—
90 degrees. Measurements showed that a pulse of 551 ps corresponded to 0°, and 1471 ps
corresponded to 90°. This gave a total range of 920 us (1471 — 551). In theory, this means the
control signal could be changed in 920 steps of 1 us, giving 920 possible angles.

However, a servo motor’s actual resolution is not only determined by the smallest change in
the control signal. Mechanical and electronic limits inside the servo decide the minimum pulse
change that produces movement. To find this limit, an additional program was created. It
increased the pulse width by 1 ps at a time and displayed “yes” if the servo moved and “no” if
it did not.

The results showed a repeating pattern: “no, no, no, no, yes.” This meant that the servo only
moved after a change of 5 us. Therefore, even though the signal could be changed in 1 us steps,
the servo’s effective resolution was 5 ps. Dividing the 920 us range by 5 gave 184 distinct angle
positions, which is about 0.49° per step.

This demonstrates the difference between signal resolution (the smallest step the controller can
send) and mechanical resolution (the smallest step the servo can perform). The lower
mechanical resolution can be caused by factors such as gear backlash, inertia, and the accuracy
of the internal position sensor.

The Arduino Servo library was used to send control signals to the servo. This library controls
the timing of PWM (Pulse Width Modulation) signals, sending a HIGH pulse every 20 ms. The
length of the HIGH pulse (for example 551-1471 ps) determines the target position. The library
handles this process automatically, which allows precise control without the need to write low-
level timing code.

Overall, the study showed that while the control signal can be adjusted with high precision, the

servo’s actual performance is limited by its mechanical and electronic resolution. This must be
considered when designing systems that require accurate positioning.
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3.3.3 Determining the shortest command time

By using the results from the previous two tests, it was possible to determine the shortest
command time. In the first test, the shortest time measured was 0.58 seconds. The second test
showed that the servo had 184 distinct angular positions, corresponding to approximately 0.49
degrees per step. By dividing 0.58 seconds by 184 positions, the smallest time required for a
single angular change was obtained.

3.4 Defining spline functions

The Splines used for the movement controller requires defining the coefficients of the
polynomial functions.
To ease the development of the movement, the spline only uses one polynomial function, which
defines the elbow exoskeleton joints angular position. The polynomial function was of a 5%-
degree, and integrates boundary constraints for joints positional and dynamic properties:

e angular position 8 [deg°] = Ps(t)

e angular velocity 8 [deg®/s] = Ps(t)

e angular acceleration 8 [deg®/s?] = P5(t)

Ps(t) = 0(t) = ap+ait+ at? + aztd + agt* + ast®
Ps(t) = 6(t) = 0+ a;+2a,t +3ast? + 4a,t3 + 5ast? (3.1)
Ps(t) = 6(t) = 0+0+2a, + 6ast + 12a,t? + 20ast3

Each of these properties are determined by the movement time t [us] of the exoskeleton to
complete its motion. Movement time is relative from the initial time t; [us] of the movement
(t; can be treated as being equal to 0 ps), and the time it takes to reach its destination tf [us].
The destination time cannot be lower than the minimum time determined in chapter 3.3.1 and
is for this project assigned as 3 seconds (3,000,000 ps).

Table 3.1: Table of boundary conditions for the polynomial function.

Boundary conditions ti(=0s) | tr (=35)
Angular position: 8(t) 0; Or
Angular velocity 8(t) 0 0
Angular acceleration: 6 (t) 0 0

With the polynomial function and its boundary constraints defined, define it as the matrix
equation:

Ps=TxA (3.2)

Where Ps is a vector containing the boundary conditions, T is a matrix containing the function
variables, and A4 is a vector containing the polynomial coefficients.
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Determining the coefficients in vector 4 requires the inverse matrix of 7 (= T~1). Since the T
matrix has a size of 6x6, calculations of the inverse matrix were done through the computational
knowledge engine Wolfram alpha [29], to simplify the process.

A=T1xpP, (3.4)
T (t; =0) T!
2 0 0 0 0 0 7
0 0 2 0 0 0
1 0 O 0 0 0 7 0 0 0 0 0 0
1 ¢t tj? tf tf tj:’ 20 20 12 8 3 1
-3 3 T2 T2 T i
0 1 0 02 O3 04 . 1* tr tr tf tf tr  tr |(3.5)
0 1 2t 3ty 4t; 5tf 2 | 30 30 16 14 3 2
oo 2 0 0 0 7 7 B B B R
2 3 f f f f f f
0 0 2 6t 12tf 20t7] 12 12 6 6 1 1
T35 5 4 T4 T3 3
t? ot t tt ]
With T~ defined, determine the coefficients with matrix vector multiplication.
( ao == Ql
a, = 0
az S 0
10
as =t—3*(9f—9i)
f (3.6)
—15
Ao == * (67— 6:)
f
6
as =t—5* (Gf —Hl-)
\ f

With determined coefficients, implement them in the polynomial function. When implementing
the polynomial coefficients to the polynomial function, and then breaking out variables and
simplifying it, you get a movement function with a “Smooth” path that can go to any one point
to another.

10 15 6
P5(t)=9i+(0f—9i)*<¥*t3—E*t4+§*t5> (3.7)
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3.5 Testing different polynomial grades

Since the movement of the arm is required to be “smooth”, testing different degrees of
polynomial functions were essential. The degrees of polynomial were based on three criteria:
e How “smooth” the motion felt.
e Can the Servomotor move with the required precision?
e Can the Arduino microcontroller handle the calculations without difficulties or
processing issues?
The tests were done by creating different polynomial grade functions into the Arduino
microcontroller through Arduino IDE, testing each of them with the exoskeleton, and
comparing the results. To get a general idea of the motion paths, Wolfram alpha [29] was used
to plot the motion paths, to better compare them directly.
The experiments and their results are detailed in chapter 4.

3.6 Creating the final control code

With the Spline function defined, the next step is to implement the function into and creating
the final code, “Full control model final”.

The program begins with the standard setup explained in chapter 3.3, and aligning the
servomotor shaft and exoskeleton arm to 0 degrees (straight down).

The exoskeleton then waits for one of the two touch pads to sense register an input. Once an
input has been detected, it will check if the button was pressed or held. Afterwards, it will then
assign what the next position of the servo joint will be, based on which touch sensors were
triggered and whether if it was pressed or held. If one of the touch sensors is pressed, then it
will assign the next angular positions to be an increase (touch 1) or decrease (touch 2) of the
current position by 30°. If one of the two sensors were held, then the program will assign the
next position either 90° (touch 1) or 0° (touch 2).

Once a destination is assigned, a timer starts that counts in microseconds (micros()). When the
timer has exceeded the “minimum time interval” (se chapter 3.3.3), it will then use the spline
function to calculate the next position the servo is to take at that current time. Once calculations
are done, the program sends the next position to the servomotor, and then the program prints
out the serial data on what the current time is, the calculated position of the function, and the
current position read from the encoder. This process loops until the time arrives or exceeds the
defined time of arrival (tr), which for this project is 3 seconds.

Once the defined time of arrival has been reached, the program sets its current angular position
as the initial angle and waits for the next input from one of the touch sensors.

3.7 Real-time graph with MATLAB

This part goes over how the MATLAB code works to create the plot for the exoskeleton
movement graph.

Work on the MATLAB code began after the completion of the “Full control model final”
Arduino code. For the MATLAB real-time plotting code to create graphs based on the output
serial data from the microcontroller without overriding the previously uploaded code from
Arduino IDE, it only reads the USB serial data from the microcontroller.

While Arduino IDE code “Full control model final” is uploaded to the microcontroller, and
the board is connected to a USB port with the MATLAB software download, run the real-time
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graph plotter code in MATLAB. When running the MATLAB code, it will launch a MATLAB
figure window with the x-axis representing time and y-axis representing the angle in degrees.

100 — Servo Motion in Degrees
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20
15—
10

|
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Time [s]
Figure 3.2: MATLAB plot of the exoskeleton motion, using the code
"Continous_plotter V4".

With the figure window open, seen in figure 3.4, MATLAB will then wait for serial data output
from the microcontroller to read. Once the microcontroller detects serial data from the board,
MATLAB will use the values read to plot out the graph in real time. The data used to plot out
the graph is the polynomial functions result value sent to the servomotor (the Command Angle
line in figure 3.4 colored blue), and the encoder reading (the Feedback Angle line in figure 3.4
colored red), at the respective timeframe they were read based on the time variable from the
output data of the Arduino microcontroller. Once a motion is completed and the data is plotted
in the graph, the MATLAB code stops updating the graph and waits for new data to be read
from the exoskeleton. The x-axis was set to include time intervals of 9 seconds, done to limit
the size of the plot for readability. In figure 3.4, this means when it reads another output from
the exoskeleton, the graph will remove plotting between 0 and 3 seconds and update the graph
to visualize the plot between 3-12 seconds as an example.
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4
EXPERIMENTAL EVALUATION AND RESULTS

4.1 Encoder feedback angle filter

An issue encountered with the potentiometer encoder was its susceptibility to electrical noise.
While readings form encoder whenever the exoskeleton was still giving relatively accurate
value with little noise, readings during the motion of the exoskeleton arm resulted in an increase
of electrical noise, as demonstrated by the following figure 4.5

100 — Servo Motion in Degrees
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i . I n— |
0 3 6 9
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Figure 4.1: MATLAB plot of the exoskeleton motion without encoder filter, using the code
"Continous_plotter V4 raw _encoder".

This created difficulties with tasks where performance is dependent on encoder readings, such
as time measurement of the exoskeleton movement between two points as an example, since
the program would require a method to know when it arrived at its destination. These noises
were due to electrical noise around the potentiometer feedback encoder, of which it is
susceptible to. Usually, this problem can be remedied by implementing and altering
components that filter electrical noise, however due to the limitations imposed, tests were made
to implement filters within the uploaded Arduino code and MATLAB code.

For the Arduino code, the resulting experimental filters were unable to solve the noise issue
without compromising essential parts of the task that it was used in, namely time measurement
tasks. An example of these proposed filters was a function performing multiple readings in each
instance instead of only once, and then returning either the mean, median, or typical value for
that instance. While it would slightly reduce noise, the extra performance required of these
functions resulted in inaccurate time measurements. Adding manual delays to each reading in
the function would return more accurate results, however this naturally delayed the code itself
and would return inaccurate time measurements.

A filter code for MATLAB was decided to be implemented, because the raw values read
reduced the readability of the plot, as seen in figure 4.1. Since the encoder value aligned
relatively well with the command angle despite the noise, the filter implemented only removed
values that offset the command value with more than one percent. Refer to figure 3.4 for the
resulting graph with the implemented filter.
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4.2 Polynomial degree mathematical test

The test done here were to determine the most fitting polynomial degree to get the “smoothest”
possible movement path.

To evaluate this, the group made polynomial functions of 3™-, 5%-, and 7"-degree polynomial
functions with the same method described in section 3.4 of this report. The difference between
the Sth-degree and both the 3™- and 7"-degree functions is with the boundary conditions, where
3d_degree abstains the boundary conditions for angular acceleration, while the 7"-degree add
boundary conditions to jerk motion, with it being the third derivative of angular position and
set to 0 [deg®/s?] at the beginning and at the end of the motion.

Calculated with wolfram alpha, the computation tool also the creation of plots as seen in the
following figure 4.1.
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Figure 4.2: Plot of 3, 5", and 7" degree polynomial functions of x = time (colored
blue, orange, and green respectively), calculated and plotted in Wolfram Alpha [29]

The plots were made to get a simplified overview of the motion, to better assess the appropriate
motion of the arm. Through observation, the group concluded that the function is best suited
for 5" and 7" degree function, as the 3™ degree motion path was too linear for the project goal,
in theory. The following experiment was a practical application of the functions calculated in
wolfram would later be used in the following test.

4.3 Splines function practical test

To better evaluate our observation, the next step was to implement the different degrees of
polynomial functions into the main control loop code “Full control model final”, running the
code for each polynomial degree (by having it go from 0 to 90 degrees), and then evaluate the
resulting motion based on how well they fulfill the goals of the project. The method was done
by observing the motion of the exoskeleton, as seen in the following figures 4.6, 4.7, and 4.8,
comparing them to the resulting MATLAB graphs of them, and taking note of the Arduino and
the servomotors performances.
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Through observation, the group confirmed their evaluation of the 3™ degree polynomial
function, as its movement compared to the other degrees were lacking in comparison. The test
of the 7™ degree polynomial exposed a few issues with its implementation to the exoskeleton.

Arduino IDE function to calculate exponentials has difficulties in outputting values with high
exponential values, and function is susceptible to returning overflow values (when the value of
a variable exceeds its maximum value limit). Since the function required for the project requires
the usage of microseconds in the function for better control, these factors together made it
difficult to implement while allowing altering the movement time. The group would eventually
find a solution to the issue, detailed in the “Full model code final” in the code repository (link
in appendix). Calculating the 7™ degree function for the microcontroller requires more
processing power, which increases the time it takes for it to calculate and send signal commands
to the servomotor.

The practical test results of the exoskeleton movement with 7% degree polynomial function does
improve theoretically and graphically, according to the figure 4.5, to the 5" degree motion.
However practically, the differences between the 7™ and 5% degree function movements were
observed to not have any noticeable difference by the group.

The results of the test led to the group using a 5™ degree polynomial function for the project.

5
CONCLUSIONS AND DISCUSSIONS

In this project, we began by learning about Arduino and ROS2. However, during the work, we
discovered that ROS2 would not be useful for our purposes. We ended up learning a lot of
things beyond what was needed, as we tested and worked with many different methods and
codes that turned out to be unnecessary for solving the main problem.

The goal of the project was to find a solution that would make the arm move smoothly at the
start and stop points. To achieve this, we needed to determine the minimum signal transmission
time from the Arduino to the servo. We came up with many different ideas for how this could
be done, which led us to write several complex and sometimes overly complicated programs to
measure the frequency and minimum time. Unfortunately, these tests did not produce precise
or consistent results, as the measurements varied significantly each time.

Eventually, we arrived at a simple but effective solution: we measured the time when the arm
began to move until it stopped and then divided this time by the number of angles changes the
servo could handle in microseconds.

We’re glad that we went through all these trials, as we learned a great deal along the way—
things we would not have had the opportunity to discover otherwise. At the same time, we’d
wish we had come up with the final idea earlier so that we could have saved time.

For the next group, we’d recommend that, if they want to determine the minimum time and
frequency, they should first gain a deeper understanding of how Arduino and programming
work or consult someone experienced. This would allow them to write more efficient code and
reach a solution faster. Personally, we believe that our ideas for measuring frequency and time
were good, but we needed more time and knowledge to reach a definitive answer.
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APPENDIX

Link to video demonstration of the elbow exoskeleton demo: https://yvoutu.be/RSOuFtCxUaA

Link to complete code repository: https://git.chalmers.se/veau/smartexo_smoothmotion.git
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