
Shahrukh K
han

C
ontrol and D

evelopm
ent of a W

earable Sem
i-A

ctive Trem
or Suppression D

evice

N
TN

U
N

or
w

eg
ia

n 
U

ni
ve

rs
ity

 o
f S

ci
en

ce
 a

nd
 T

ec
hn

ol
og

y
Fa

cu
lt

y 
of

 In
fo

rm
at

io
n 

Te
ch

no
lo

gy
 a

nd
 E

le
ct

ri
ca

l
En

gi
ne

er
in

g
D

ep
ar

tm
en

t o
f E

ng
in

ee
ri

ng
 C

yb
er

ne
tic

s

M
as

te
r’

s 
th

es
is

Shahrukh Khan

Control and Development of a
Wearable Semi-Active Tremor
Suppression Device

Master’s thesis in Engineering Cybernetics
Supervisor: Jan Tommy Gravdahl

January 2019





Shahrukh Khan

Control and Development of a Wearable
Semi-Active Tremor Suppression Device

Master’s thesis in Engineering Cybernetics
Supervisor: Jan Tommy Gravdahl
January 2019

Norwegian University of Science and Technology
Faculty of Information Technology and Electrical Engineering
Department of Engineering Cybernetics





 

NTNU Fakultet for informasjonsteknologi, 
Norges teknisk-naturvitenskapelige matematikk og elektroteknikk 
universitet Institutt for teknisk kybernetikk 
 

 
   

0BMSc thesis assignment  
 

Name of the candidate: Shahrukh Khan 
Subject:   Engineering Cybernetics 
Title:  Control and Development of a Wearable Semi-Active Tremor 

Suppression Device 
 

1BBackground 

This thesis work aims for the use of a robotic manipulator to emulate a prototype semi-active tremor 
suppression device.  

Tasks:  
• Review different scales used to assess tremors 
• Based on [1,2], design a method and a setup to test a semi-active tremor 

suppression device by emulating it with the UR5 robotic manipulator located at the 
Dept. of Engineering Cybernetics 

• Based on [1,2,3], implement a dynamic vibration absorber (DVA) as an admittance 
controller on the UR5 robotic manipulator.  

• Investigate if it is possible to test the set-up on patients 
• Design an experimental procedure to test the method and the set-ups ability to 

suppress tremors. 
 
 
To be handed in by:  27/1-2019 
Co-supervisor: Mathias Hauan Arbo 
   
  

           _____________________ 
Jan Tommy Gravdahl 
Professor, supervisor 

 

 

[1] Ida Estenstad. “Design and Validation of a Wearable Device for Upper Limb Tremor Suppression”, MSc thesis. 
Department of Mechanical & Industrial Engineering, NTNU 2018. 
[2] Bjarte Mehus Sunde. “Estimation of multiple frequencies in pathological hand tremor for a semi-active 2DOF 
dynamic vibration absorber designed for tremor suppression”, MSc thesis. Department of Engineering Cybernetics, 
NTNU, 2018. 
[3] Mads Johan Laastad. “Robotic rehabilitation of upper-limb after stroke”, MSc thesis. Department of Engineering 
Cybernetics, NTNU, 2017. 





To my parents, my sister, family and friends. For all your love and everlasting support.





Summary

Tremors are one of the most prevalent movement disorders in the world. They cause invol-
untary rhythmic shaking of parts of the body, such as the hands. The most common types
of tremors are essential tremor (ET) and tremors caused by Parkinson’s disease (PD). The
tremors often impede daily activities, and many people experience the shaking as embar-
rassing. Treatment today consist of medications and neurosurgery, however they are often
not perceived as adequate enough by patients.

This thesis is a part of an ongoing student project on the development of a wearable device
for tremor suppression. The goal of the project is to create an aid that can be used as a
supplement by people who suffer from tremors. As a part of the development process, this
thesis aims to implement a previously developed tremor suppression concept on a robot
manipulator. The concept, called a dynamic vibration absorber (DVA), was tested as a
passive device in preceding master theses. In this thesis the concept is extended into a
semi-active device. To be able to test the concept more efficiently, a robotic manipulator
was utilised.

The work done in this thesis consists of a literature review on tremor assessment; test-
ing and validation of an earlier implementation of a compliance controller for the robotic
manipulator; system design of the tremor suppression system; design, implementation,
test and validation of a complete control system for a robotic tremor suppression sys-
tem, including implementation of an admittance controller on the robotic manipulator;
implementing and establishing real-time communication between an Arduino Uno and the
robotic manipulator to expand the system from a passive to a semi-active system; and a
design of an experimental procedure to test the method and the setup’s ability to suppress
tremors and investigate the effect of a semi-active system opposed to a passive one.

The work yields a successful implementation of the system, but the setup is still in a
working phase, and must be improved. A new and improved design of the hardware inter-
face is suggested as future work, in addition to a suggestion to develop a hybrid controller
for compliance and admittance.
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Sammendrag

Skjelvinger er en av de bevegelsesforstyrrelsene med høyest prevalens. De er definert som
ufrivillig, rytmisk skjelving av kroppsdeler, som for eksempel i hender. De mest typiske
formene for skjelvinger er essensiell tremor (ET) og skjelvinger forårsaket av Parkinsons
syndrom (PD). Skjelvingene er ofte hemmende for dagligdags aktivitet, og mange op-
plever skjelvingene som sjenerende. I dag blir skjelvinger behandlet med medikamenter og
nevrokirurgi, dessverre oppleves denne behandlingsformen ofte som inadekvat av pasien-
tene.

Denne masteroppgaven er en del av et pågående studentprosjekt som utvikler et bærbart
hjelpemiddel for å forhindre skjelvinger i hender. Målet med prosjektet er å lage et produkt
som kan fungere som et supplement for personer som lider av skjelvinger. Som en del av
utviklingsprosessen, søker denne masteroppgaven etter å implementere et tidligere utviklet
skjelvedempende konsept på en robot manipulator. Konseptet, kalt dynamisk vibrasjons
absorbere (DVA), ble testet som en passiv enhet i tidligere masteroppgaver. Denne mas-
teroppgaven har som mål å videreutvikle konseptet til en semi-aktiv enhet. En robot ma-
nipulator har blitt tatt i bruk for å teste enheten og konseptet mer effektivt.

Arbeidet som er gjennomført i denne oppgaven består av et literatursøk på evaluering
av skjelvinger; testing og validering av en tidligere implementasjon av en ”compliance”-
kontroller for robotsystemet; systemdesign av dempesystemet; design, implementasjon,
testing og validering av et komplett kontrollsystem for et robotisk dempesystem for skjelvinger,
som inkluderer implementasjon av en ”admittance”-kontroller på robot manipulatoren;
implementering og opprettelse av kommunikasjon i sanntid mellom en Arduino Uno og
robotsystemet for å utvide systemet fra et passivt til et semi-aktivt system; og design av et
ekseperimentell prosedyre for å teste metoden og oppsettes evne til å dempe skjelvinger
og videre utforske effekten av et semi-aktivt system i motsetning til et passivt system.

Arbeidet viser til en vellyket implementasjon av systemet, men oppsettet har fortsatt et
forbedringspotensial. Et nytt og forbedret hardware interface design er foreslått som et
punkt under fremtidig arbeid, i tillegg til blant annet å utvikle en hybrid kontroller for
compliance og admittance.
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Preface

This thesis was carried out at the Department of Engineering Cybernetics (ITK), at the
Norwegian University of Science and Technology (NTNU), in Trondheim during the fall
of 2018. It was supervised by Prof. Jan Tommy Gravdahl and co-supervised by Mathias
Hauan Arbo.

The thesis is the culmination of a 5 year masters program in the field of engineering cyber-
netics. Working with this thesis has both been challenging and frustrating, but at the same
time fun and rewarding. Being able to work with such a diverse assignment, combining so
many fields within the field of cybernetics has been enjoyable and shown me how much I
have learned the last five years.

The idea of the thesis was established during the interdisciplinary course, Experts in Team-
work (EiT). After the course was completed, the team kept working with the idea, with the
hope and goal of establishing a tech-company and develop a wearable device for tremor
suppression. During our research we met with many people suffering from tremor dis-
eases, e.g. members of The Norwegian Parkinson Foundation. Knowing that our work
might help and ease these peoples everyday life was the greatest motivation in this project.
All current development of the wearable device has been done through several master the-
ses.

During the work some challenges and limitations have presented themselves, and altered
the course of the thesis. Originally, the development done in this thesis was meant to be
conducted on real patients. A remit assessment was applied for to the Regional Commit-
tees for Medical and Health Research Ethics (REC/REK). They concluded that the project
needed REK approval through a larger project application. A reassessment was done, and
due to shortage of time, a risk assessment of the robotic system, and the development be-
ing in the initial phases, my supervisor and I assessed that a virtual patient should be used
instead.

This paragraph lists all the contributions to the work of the thesis. The F/T sensor utilised
in this thesis is made available by SINTEF trough a collaboration with ITK. NTNU has
provided access to the robot manipulator system, desktop computers and virtual patient
equipment. They have also provided student access to various software, e.g. MATLAB.
The code is mainly based on work by Mads Johan Laastad [1], who utilises UR drivers,
called ur modern driver, developed by Thomas Timm Andersen [2]. The BMWFLC code
is written and developed by Bjarte Sunde [3].

The remaining hardware, like the Arduino and accelerometers are self-acquired, funded by
prize money won by Inalto through pitching competitions and Spark NTNU’s TrønderEnergi-
bidraget (TEB).

v



vi



Acknowledgements

While working with the thesis I sought out help and advice from a few people who cer-
tainly deserve credit for their contribution. First of all, I want to show my gratitude to my
supervisor Prof. Jan Tommy Gravdahl who was kind enough to take it upon himself to
supervise this thesis when I came to him with the idea. His input has been important to me
and I appreciate the feedback and motivation he has given me during our meetings.

I also want to thank my co-supervisor, Mathias Hauan Arbo, for all the help he has pro-
vided in the lab. Even though he joined the project late, the thesis would not have been
what it is without him. His help and time means so much more given that he, at the time,
was finishing his own PhD thesis. For this I am forever grateful.

Further, I would like to thank Prof. Øyvind Stavdahl who suggested to test the idea not by
prototyping, but by using a robot manipulator. This gave the thesis a direction. I also want
to acknowledge Mads Johan Laastad for meeting with me over skype to explain his thesis
and lab experiments in depth.

Additionally, I would like to thank Stefano Bertelli and Terje Haugen at ITK. They pro-
vided technical assistance at the lab; notably: access to the manipulator, mounting of
sensor and building of virtual patient. Even at short notice they provided maintenance and
equipment.

Special gratitude goes to my Trondheim-family, for more things than what I can list. Thank
you for all the emotional support, laughs, conversations, cups of tea, and not to forget for
proof reading this thesis. Without your friendship, these last five years would never have
been the same.

As for proof reading, I would also like to thank Adrian Meidell Fiorito and M. Hassan
Shafiq for their feedback.

A special gratitude goes out to the members of Inalto. Your desire to help people made
this thesis a possibility, and keeps inspiring me every day.

Furthermore, a huge thank you goes out to my fellow MSc. students. Thank you for
all the fun, the great discussions, the support and the shared frustration these last five years
have brought. From which a small, but special acknowledgement goes to the sixth graders.

Finally I would like to thank my family. Thank you for supporting me every step on
the way.

vii



viii



Table of Contents

Summary i

Sammendrag iii

Preface v

Acknowledgements vii

Table of Contents xi

List of Tables xiii

List of Figures xvii

Abbreviations xix

1 Introduction 1
1.1 Background and Motivation . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Thesis Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Contribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Previous Work 5
2.1 Real-Time Frequency Estimation Filter . . . . . . . . . . . . . . . . . . . 6
2.2 Dual Dynamic Vibration Absorbers . . . . . . . . . . . . . . . . . . . . 6
2.3 Results - Previous Work . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3 Basic Theory 11
3.1 Tremors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.1.1 Essential Tremor . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.1.2 Parkinson’s disease . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.1.3 Comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.2 Fourier Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

ix



3.2.1 Fourier Series . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.2.2 Short-Time Fourier Transform . . . . . . . . . . . . . . . . . . . 16

3.3 Vibrations and Vibration damping . . . . . . . . . . . . . . . . . . . . . 16
3.3.1 Dynamic Vibration Absorber . . . . . . . . . . . . . . . . . . . . 18

3.4 Signal Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.4.1 Power Spectral Density . . . . . . . . . . . . . . . . . . . . . . . 20

4 Preliminary Study 21
4.1 Tremor Assessment Literature Study . . . . . . . . . . . . . . . . . . . . 21

5 System Overview 25
5.1 Universal Robots UR5 . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
5.2 Force/Torque Sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
5.3 Microcontroller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
5.4 Hardware Interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
5.5 Complete System Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

5.5.1 Laboratory Safety . . . . . . . . . . . . . . . . . . . . . . . . . . 31

6 System Design and Implementation 33
6.1 Specifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
6.2 Implementation Challenges . . . . . . . . . . . . . . . . . . . . . . . . . 34

6.2.1 Unwanted Oscillations . . . . . . . . . . . . . . . . . . . . . . . 34
6.2.2 Bias . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

6.3 Gravity Compensation Calibration and Validation . . . . . . . . . . . . . 37
6.4 Controller Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

6.4.1 Low-level control strategy . . . . . . . . . . . . . . . . . . . . . 39
6.4.2 High-level control strategy . . . . . . . . . . . . . . . . . . . . . 41

6.5 Force Control Validation and Tuning . . . . . . . . . . . . . . . . . . . . 43
6.5.1 Testing setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
6.5.2 Force Controller . . . . . . . . . . . . . . . . . . . . . . . . . . 44
6.5.3 Torque Controller . . . . . . . . . . . . . . . . . . . . . . . . . . 48
6.5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

6.6 DVA implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
6.6.1 Step Response . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
6.6.2 Impulse Response . . . . . . . . . . . . . . . . . . . . . . . . . 58

6.7 Frequency Feedback Implementation . . . . . . . . . . . . . . . . . . . . 60
6.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

7 Experiment 63
7.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
7.2 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
7.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
7.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
7.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

8 Conclusion 73

x



9 Future Work 75

Bibliography 77

Appendix 85
A BMWFLC Algorithms and Equations . . . . . . . . . . . . . . . . . . . 85
B BMWFLC Flowchart . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
C Design Proposals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
D UR5 Denavit Hartenberg . . . . . . . . . . . . . . . . . . . . . . . . . . 95
E Code . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
F Additional Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

F.1 Step Response Results . . . . . . . . . . . . . . . . . . . . . . . 99
F.2 Impulse Response Results . . . . . . . . . . . . . . . . . . . . . 103
F.3 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . 107

G Lab Risk Assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

xi



xii



List of Tables

2.1 PSD results and percentage reduction when adding DVA and mass [22] . 9

3.1 Various tremor syndromes and their corresponding frequencies [38] . . . 12
3.2 Comparison of ET and PD [38] . . . . . . . . . . . . . . . . . . . . . . . 14
3.3 Fundamental Terms of Vibration Theory (Information gathered from [62,

59, 60, 63]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

5.1 Calibration details of the ATI Gamma F/T sensor [80] . . . . . . . . . . . 28

6.1 Bias in the F/T sensor [Author] . . . . . . . . . . . . . . . . . . . . . . . 35
6.2 Firmware limiting safety mechanisms [Author], based on [21] . . . . . . 40
6.3 External controller limiting safety mechanisms [Author], based on [21] . 40
6.4 Step response reference signal for each iteration [Author] . . . . . . . . . 55

D.1 DH parameters for UR5, values taken from [86] . . . . . . . . . . . . . . 96

xiii



xiv



List of Figures

2.1 System Design of Previous Theses [Author], Inspired by [23, 22] . . . . . 5
2.2 BMWFLC [Author], inspired by [23] . . . . . . . . . . . . . . . . . . . 6
2.3 Dual DVA [Author], Inspired by [22, 23] . . . . . . . . . . . . . . . . . . 7
2.4 Test rig by [22] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.5 Recorded Signal from Test Rig [23, 22] . . . . . . . . . . . . . . . . . . 8
2.6 Linear PSD of simulated tremor on test rig. Plots with nothing, weight and

DVA attached; blue, green and red line respectively [23] . . . . . . . . . 9

3.1 Visual example of a time function of a square wave, its first three har-
monics and its representation in the frequency domain [Author], based on
figure in [23] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.2 Vibration Absorber Types [Author], inspired by [23] . . . . . . . . . . . 18
3.3 Free-Body Diagram of DVA [Author] . . . . . . . . . . . . . . . . . . . 18

5.1 Overview of the Universal Robots UR5 Robot system. It consists of three
components: The robot manipulator, the controller box centred on the ta-
ble, and the teach pendant attached to the controller box. Picture in cour-
tesy of [79] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

5.2 UR5 Control Hierarchy [Author], Inspired by [21] . . . . . . . . . . . . . 26
5.3 Gamma F/T sensor by ATI Industrial Automation [80] . . . . . . . . . . 27
5.4 Schematics of the Microcontroller setup, used to implement the BMWFLC

algorithm [23] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
5.5 Hardware interface with F/T sensor attached to the UR5 end-effector [Au-

thor] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
5.6 System architecture of the tremor suppression system [Author] . . . . . . 30

6.1 Gravity compensation test, without a compensating bias vector [Author] . 37
6.2 Gravity compensation test, with compensating bias vector [Author] . . . . 38
6.3 Controller Hierarchy [Author] . . . . . . . . . . . . . . . . . . . . . . . 39
6.4 System control scheme with force/torque controller [Author], inspired by

[21] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

xv



6.5 Complete control system with both low- and high-level strategies imple-
mented [Author] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

6.6 Force/Torque Controller Gain Estimation Test Setup [Author] . . . . . . . 43
6.7 Experimental testing of the force P-controller [Author] . . . . . . . . . . 44
6.8 Experimental testing of the force PI-controller [Author] . . . . . . . . . . 45
6.9 Experimental testing of the force PD-controller [Author] . . . . . . . . . 46
6.10 Experimental testing of the force PID-controller [Author] . . . . . . . . . 47
6.11 Experimental testing of the torque P-controller [Author] . . . . . . . . . . 48
6.12 Experimental testing of the torque PI-controller [Author] . . . . . . . . . 49
6.13 Experimental testing of the torque PD-controller [Author] . . . . . . . . . 50
6.14 Experimental testing of the torque PID-controller [Author] . . . . . . . . 51
6.15 Overview of a generalised admittance controller [Author], based on [84] . 53
6.16 Mass-Spring-Damper behaviour of an generalised admittance controller in

joint space [Author] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
6.17 Step Response of Z-axis Admittance Controller [Author] . . . . . . . . . 56
6.18 Impulse Response of Z-Axis Admittance Controller [Author] . . . . . . . 58
6.19 Ideal impulse response of mass-spring-damper system [Author] . . . . . . 59
6.20 Step response of an admittance controller with variable stiffness [Author] 60
6.21 Impulse response of and admittance controller with variable stiffness [Au-

thor] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

7.1 Experimental Lab Setup [Author] . . . . . . . . . . . . . . . . . . . . . 64
7.2 Tremor Measurment Setup [Author] . . . . . . . . . . . . . . . . . . . . 65
7.3 Tremor data of the virtual patient [Author] . . . . . . . . . . . . . . . . . 66
7.4 Plots of critical damped system with fixed frequency, f = 15 [Author] . . 67
7.5 Plots of heavily underdamped system with fixed frequency, f = 15 [Author] 68
7.6 Plots of critical damped system with variable frequency [Author] . . . . . 69
7.7 Plots of critical damped system with 4x variable frequency [Author] . . . 70

B.1 Flowchart of the BMWFLC [Author], inspired by [23] . . . . . . . . . . 91
C.1 Cross-sectional view of arm with DVA[22] . . . . . . . . . . . . . . . . . 93
C.2 Sketch of design proposals of the implementation of DVA systems [22] . 93
C.3 Render of how the above design might be implemented [22] . . . . . . . 93
D.1 Reference Frames for the UR5 manipulator based on its DH-parameters

[Author] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
F.1 Step response for X-axis with fixed frequencies [Author] . . . . . . . . . 99
F.2 Step response for Y-axis with fixed frequencies [Author] . . . . . . . . . 100
F.3 Step response for X-axis with variable frequency [Author] . . . . . . . . 101
F.4 Step response for Y-axis with variable frequency [Author] . . . . . . . . 102
F.5 Impulse response for the X-axis with fixed frequencies [Author] . . . . . 103
F.6 Impulse response for the Y-axis with fixed frequencies [Author] . . . . . 104
F.7 Impulse response for the X-axis with variable frequency [Author] . . . . 105
F.8 Impulse response for the Y-axis with variable frequency [Author] . . . . . 106
F.9 Plots of critical damped system with fixed frequency, f = 10 [Author] . . 107
F.10 Plots of critical damped system with fixed frequency, f = 6 [Author] . . . 108
F.11 Plots of critical damped system with fixed frequency, f = 3 [Author] . . . 109

xvi



F.12 Plots of mildly underdamped system with fixed frequency, f = 15 [Author] 110
F.13 Plots of mildly underdamped system with fixed frequency, f = 10 [Author] 111
F.14 Plots of mildly underdamped system with fixed frequency, f = 6 [Author] 112
F.15 Plots of critical damped system with 2x variable frequency [Author] . . . 113
F.16 Plots of mildly underdamped system with 4x variable frequency [Author] 114
F.17 Plots of mildly underdamped system with 2x variable frequency [Author] 115

xvii



xviii



Abbreviations

EiT = Experts in Teamwork
MTP = Department of Mechanical and Industrial Engineering
ITK = Department of Engineering Cybernetics
REK/REC = Regional Committees for Medical and Health Research Ethics

ET = Essential Tremor
PD = Parkinson’s Disease
DBS = Deep Brain Stimulation
ADL = Activities of Daily Living
FTM = Fahn-Tolosa-Marin Tremor Rating Scale
TETRAS = The Essential Tremor Rating Assessment Scale
CGI-S = Clinical Global Impression Scale
ACT = Active Cancellation of Tremor

STFT = Short-time Fourier Transform
PSD = Power Spectrum Density

DVA = Dynamic Vibration Absorber
DH = Denavit-Hartenberg
DOF = Degree(s) of Freedom
F/T = Force/Torque
MCU = Microcontroller Unit

FLC = Fourier Linear Combiner
WFLC = Weighted FLC
BMFLC = Band-limited Multiple FLC
E-BMFLC = Enhanced BMFLC
BMWFLC = Band-limited Multiple WFLC

xix



xx



Chapter 1
Introduction

This master thesis is conducted in the fall of 2018. It is a part of a project begun during
the course Experts in Teamwork (EiT) in 2017, with the aim to develop a wearable device
for tremor suppression. There have been two theses written on this project thus far: one
at The Department of Mechanical and Industrial Engineering (MTP), with focus on the
development process of a wearable device for upper limb tremor suppression; and one at
The Department of Engineering Cybernetics (ITK), with the focus on tracking and estima-
tion of tremor frequencies. This project is thought to be the next step from previous theses
towards a final product.

The thesis presents initial studies on the development and implementation of a mechani-
cal tremor suppression concept through an UR5 robotic manipulator. It further extends a
formerly passive system to a semi-active system by the feedback of filtered accelerome-
ter/gyroscope data.

1.1 Background and Motivation
Hands are essential tools in human life. They enable us in many of our daily activities,
like drinking and eating or writing and typing; anything from pushing, pulling, grasping
or touching. They provide us with a powerful grip, but at the same time they are precision
tools allowing us to manipulate small and fragile objects.

However, there is a vast number of people suffering from tremors. Tremors are, as de-
fined in [4], involuntary, rhythmic oscillations of one or more body parts. Hence, tremors
in the upper extremities of one’s body may inhibit or impede certain daily activities to
various degrees.

Essential Tremor (ET) and Parkinson’s Disease (PD) are the two diagnoses with the high-
est prevalence of tremor in the upper limbs [5, 6]. In Norway, it is estimated that about
8000 people suffer from PD [7]. Worldwide, the number is more than 10 million [8, 9].
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Chapter 1. Introduction

For ET, the prevalence is between 0.4 − 6% of the world population [10]. As the world
population is ageing and increasing, the patient group is expected to increase.

People are affected in different ways by different types of tremor in different stages of
life. A survey conducted by The International Essential Tremor Foundation [11], among
3000 of their members, shows that as many as 80% of the respondents had a hard time writ-
ing, while between 66% and 68% of the respondents found it difficult to either eat, drink
or hold items. Studies also show that many people suffering from tremors experience the
shaking as embarrassing and restraining [12], and social anxiety is reported among people
with ET [13].

Today, tremors are treated with either medication or neurosurgery. In addition, there exists
a variety of assistive technology that may aid a person in specified daily tasks. Unfor-
tunately, side effects are common with medication and many patients abandon their treat-
ment because of this [14, 15, 16]. On the matter of neurosurgery, the most common method
is Deep Brain Stimulation (DBS). It is a neurological procedure that involves implanting a
medical device in the brain [17]. The method has shown to be effective in treating tremors
caused by PD, but patients in Norway are only considered for the operation when symp-
toms cannot be treated sufficiently through medication [18]. DBS may also lead to severe
side effects [19, 20].

This issue was first addressed by the team during the course (EiT) at NTNU in 2017.
After a successful project, the team did not wish to give up the project and proceeded to
establish a start-up that would continue to work on the project. The long-term goal is to
develop a product that can reduce tremors, in a non-embarrassing way, and enable people
to accomplish daily tasks by themselves without the need for help.

1.2 Thesis Structure
The background and motivation presented in this chapter describes the problem that forms
the basis of the following work. Chapter 2 presents the previous work done on the project,
focusing on the work in the preceding master theses. In Chapter 3, basic theory on tremor,
and relevant mathematical and technological concepts are established. A literature review
on tremor assessment is performed in Chapter 4. In Chapter 5 the system components
and the system overview is presented. Chapter 6 presents the work done related to the
system design and implementation. In Chapter 7 the conducted experiment is presented,
while Chapter 8 and Chapter 9 presents the conclusion and future work, respectively.

1.3 Contribution
Several contributions are directly related to the task description presented in the master
thesis assignment.
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1.3 Contribution

• Review of current tremor assessment scales. A literature review of current tremor
assessment methods are used to analyse how to validate a tremor suppression device.

• System design. A system design has been made by choosing and compiling various
components for a semi-active robotic tremor suppression system.

• Validation of preceding implementation. Test setup and experiment conducted by
Laastad [21] has been replicated to verify a force controller implementation on a
UR5 robotic manipulator.

• Design, implementation, and validation of a control system for robotic tremor
suppression. A control system was designed, based on a set of specifications made
from an analysis of the desired system behaviour. Said control system was further
implemented on a robotic manipulator, including implementation of an admittance
controller. Each component of the control system was tested and validated.

• Implementation of communication between an Arduino Uno and the robotic
manipulator in Linux C++. Communication between an Arduino Uno and the
robotic manipulator was established to feedback the peak frequencies calculated by
the BMWFLC algorithm.

• Design and implementation of experimental procedure. An experimental proce-
dure was designed to test the complete system.

The thesis has, to a great extent, revolved around the design and the implementation of
the system. This includes identifying, analysing and solving numerous implementation
challenges, some of which are described in the thesis. Other notable contributions include
performing a risk assessment of the intended application and interaction between the UR5
robot manipulator and humans. A remit assessment was applied to REK, who concluded
that a larger project application is needed in the case of patient testing.
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Chapter 2
Previous Work

As stated in the introduction, the project on the development of a tremor suppression de-
vice began during the course EiT in the spring of 2017. During the course, a user group
was defined along with a product demand specification; a choice of actuator to suppress
the tremors was made; and several designs were proposed. Finally, a device that demon-
strated the concept was developed. Even though the initial technological concept has later
been dismissed, the course laid a foundation for further development of a solution.

In the spring of 2018 Ida Estenstad [22] and Bjarte Mehus Sunde [23] wrote their re-
spective master theses on the development of a tremor suppressing device. Some parts
were written in collaboration, while the rest were specific for their respective fields. Fig-
ure 2.1a and 2.1b illustrate the total system design of both Estenstad and Sunde’s theses.
Here, the sensors return real-time position value, xk, to the filter. The filter uses these
values to return the two fundamental frequencies, ωn1 , ωn2 of the signal. From the fre-
quencies, the stiffness, ka1 and ka2 , of the mass-spring-damper systems are calculated for
optimising the Dual DVA parameters. The sensor and filter part of the system design were
the main focus of Sunde’s thesis, while the other half of the design was the main focus of
Estenstad’s thesis.

Sensor Filter
Parameter

Optimization
Dual DVA

sk
!n1

!n2

ka1

ka2

(a) General Tremor System Design [Author], inspired by [22, 23]

Gyroscope BMWFLC
H2−

Optimization
Dual DVA

sk
!n1

!n2

ka1

ka2

(b) Final Tremor System Design [Author], inspired by [22, 23]

Figure 2.1: System Design of Previous Theses [Author], Inspired by [23, 22]
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Chapter 2. Previous Work

2.1 Real-Time Frequency Estimation Filter
In his master thesis, Sunde developed and validated a real-time frequency estimation filter
for tracking of multiple frequencies in pathological hand tremor. The filter is shown in
figure 2.2, while its process is shown in the flowchart in figure B.1 in appendix B.
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b1k

b2k

bnk

LMS

P P

WFLC 1

WFLC 2

WFLCn

−

+
yk

sk

"k

Figure 2.2: BMWFLC [Author], inspired by [23]

This filter is called the Band-limited Multiple Weighted Fourier Linear Combiner (BMWFLC)
and is based on other filters for tremor frequency estimation; namely the Fourier Linear
Combiner (FLC) [24], the Weighted Fourier Linear Combiner (WFLC) [25], the Band-
limited Multiple Fourier Linear Combiner (BMFLC) [26] and the Enhanced Band-limited
Multiple Fourier Linear Combiner (E-BMFLC) [27]. The main difference between the fil-
ter developed by Sunde and the other filters is that the BMWFLC is able to track multiple
frequencies.

The core equations, and other important definitions of the BMWFLC are stated together
with the filter algorithms in appendix A.

2.2 Dual Dynamic Vibration Absorbers
Estenstad, on the other hand, investigated various mechanical concepts for tremor suppres-
sion in her thesis. An analysis of the existing solutions and technology was conducted, and
a concept similar to Gebai et al. [28] was developed. A Dual Dynamic Vibration Absorber
(figure 2.3) was suggested, but unlike the passive system by Gebai et al., Estenstad suggest
a semi-active one. This concept is further explained in chapter 3.3.1.
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2.2 Dual Dynamic Vibration Absorbers

mp

ma1 ma2

xp

xa2xa1

ka1 ka2
ca1 ca2

cp
kp Primary System

Figure 2.3: Dual DVA [Author], Inspired by [22, 23]

A single DVA system was tested and validated through a constructed test rig. The test
rig is illustrated and depicted in figure 2.4a and figure 2.4b. A total of nine different setups
were used to validate the concept. Estenstad elaborated on the Dual DVA concept. Her
thesis presents suggestions regarding design, parameter optimisation technique, and regu-
lation of the damper’s stiffness tuning.

Estenstad found indications that tuning a DVA to the two frequencies of highest power
will dampen the tremors more effectively, than by only focusing on the frequency with the
highest power not all the power of the tremors is suppressed. Hence, the choice of Dual
DVA was made. The design of the DVA was chosen to be a parallel DVA, because of the
simplicity and space saving characteristics, even though a serial DVA shows slightly better
performance. In addition, according to Estenstad a damper should be added to the design.

Compax 3
linear drive

PVC pipe Ball joint 

DVA

Box

(a) Test setup illustration [22] (b) Picture of test rig [22]

Figure 2.4: Test rig by [22]

The theory behind the vibration dampening and DVA is further explained in section 3.3.1.
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2.3 Results - Previous Work
The test rig was used to validate both the DVA concept and the BMWFLC algorithm. The
percentage reduction with respect to Power Spectral Density (PSD) are presented in table
2.1. The signal and PSD plots for an example test, are shown in figure 2.5 and figure 2.6.

The results presented show unaccounted for effects, however, these results are not of an
optimal setup. The DVA system is a single DVA system; it is passive and will not adapt
the spring stiffness to the fundamental frequencies from the BMWFLC like a semi-active
system will; in addition, the system has only been made for 1 Degree of Freedom (DOF),
and the resolution and the window size of the microcontroller utilised in the test was not
good enough to track the 2nd harmonic of the signal. Despite these limitations, the results
are promising and motivate taking these concepts of mechanical tremor suppression and
frequency tracking to further development.
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(a) 30 sec recording from test rig [23]
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(b) 30 sec recording, zoomed view [23]

Figure 2.5: Recorded Signal from Test Rig [23, 22]
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2.3 Results - Previous Work

Figure 2.6: Linear PSD of simulated tremor on test rig. Plots with nothing, weight and DVA
attached; blue, green and red line respectively [23]

PSD PSD w/DVA PSD w/mass % reduction w/DVA % reduction w/mass
Test 1 66.69 38.01 34.93 43.00 % 47.62 %
Test 2 230.8 55.65 107.3 75.89 % 53.51 %
Test 3 189.3 146.3 168.4 22.72 % 11.04 %
Test 4 571.1 106.2 327.3 81.40 % 42.69 %
Test 5 274.7 109.9 135.6 59.99 % 50.64 %
Test 6 78.41 61.96 73.09 20.98 % 6.78 %
Test 7 116.5 7.864 39.91 93.25 % 65.74 %
Test 8 74.52 22.08 50.64 70.37 % 32.05 %
Test 9 170.1 108.1 100.3 36.45 % 41.03 %

Table 2.1: PSD results and percentage reduction when adding DVA and mass [22]
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Chapter 3
Basic Theory

The basic theory of the most important aspects of the project is established in this chapter.
The chapter begins with an overview of tremors from a medical point of view, then moves
on to the theory behind vibration damping. Further, methods of time-frequency analysis
will be presented.

3.1 Tremors
Tremors are rhythmic oscillatory movements of one or more body parts about a fixed plane
in space [4, 29, 30, 31]. These rhythmic oscillatory movements occur more specifically
in reciprocally innervated, antagonistic muscle pairs, usually in the upper extremities and
head/neck area [31]. Tremors themselves are not a disease, rather, they are symptoms
of many other diseases; and finding the cause of tremors is important because both the
prognosis and the treatment varies [29, 31, 32, 33]. Table 3.1 lists various syndromes that
cause tremors and their frequencies. Evidently, the range of the tremors depends on the
diagnosis.

However, not all tremors are symptoms of diseases. Everyone can experience tremors,
e.g. when doing precision work with their hands, or when feeling nervous. These kind of
tremors are called physiological tremors and are considered normal, and not of inconve-
nience for people [30, 34].

The tremors associated with diseases, that noticeably impair normal functioning and are
visible for the naked eye are called pathological tremors [35, 36]. These are further classi-
fied as either rest tremors or action tremors. Rest tremors are prevalent when the affected
limbs are at rest, supported against gravity [29, 30, 31, 32, 37]; and the tremors usually
stop or are reduced when the limb is in motion. Action tremors work in the opposite way
of rest tremors, the tremors are prevalent when the affected limbs are in motion, and re-
duced when the limbs are at rest [29, 30, 31, 32, 37]. Action tremors can be further divided
into postural and kinetic tremors. Postural tremors are prevalent when a limb is maintain-
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Chapter 3. Basic Theory

ing a posture against gravity, and kinetic tremors are prevalent when the affected limb is
performing a voluntary motion.

Tremor Syndrome Frequency [Hz]
Enhanced physiological tremor 10-14
Essential tremor syndrome 4-12
Primary orthostatic tremor 14-18
Task spesific tremor 4-8
Holmes tremor 3-5
Tremor of Parkinson disease 3-7
Cerebellar tremor 5-7
Palatal tremor 2-6
Dystonic tremor 5-7
Alcoholic tremor 3-4
Toxic and drug induced tremor 5-10
Psychogenic tremor Variable

Table 3.1: Various tremor syndromes and their corresponding frequencies [38]

3.1.1 Essential Tremor

Essential Tremor (ET) is the most common movement disorder in adults [29, 30, 31, 32,
33, 39, 40]. It is an action tremor, where kinetic tremor is more common than posture.
Stress, tiredness and nervousness are all typical triggers of the tremors, in addition to
intentional movements. The tremors usually affect the arms/hands or the head and are
typically bilateral [29, 30, 31, 33, 39, 40, 41]. The movement of the tremors in the wrist is
characterised by a flexion-extension movement [42].

The exact prevalence of ET is uncertain, since there does not exist any diagnostic cri-
teria in terms of pathological or biochemical markers to make a confident diagnosis [34,
39]. Yet, several diagnostic criteria through tests have been proposed (see section 4.1). It
is however, estimated that between 0.4 and 6% of the world population suffers from ET
[30], but according to [43, 44] up to 90% of ET patients does not seek medical attention.
Thus, these numbers are expected to be higher. The progression of the disease is slow, and
as with most tremor syndromes the prevalence increases with age [31, 36]. It is estimated
that as many as 6 - 9% of the population over the age of 60 experience tremor due to ET
[38]. The inheritance of ET is transmitted in a autosomal dominant fashion, but the pen-
etrance within families is variable [29, 30, 31, 32, 39, 40, 41]. Use of betablockers is a
treatment that helps many ET-patients [45, 46], also alcohol has shown to reduce tremors
in ET significantly [45, 46].

The tremor frequency of ET range between 4 and 12 Hz (table 3.1), but the highest preva-
lence is in the range of 7 - 10 Hz [38]. It has been shown that the frequency decreases by
0.06 - 0.08 Hz each year, and that it correlates with an increase in amplitude [47].
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3.1 Tremors

3.1.2 Parkinson’s disease
Parkinson’s Disease (PD) is the second most common neurodegenerative disease after
Alzheimer’s Disease, and the main cause of parkinsonism [48, 49, 50, 51]. The cause
of PD is due to a disruption of dopamine [31, 41, 48, 52], which is a neurotransmitter,
a hormon that is used as a mean of communication between the substantia nigra and the
basal ganglia in the brain [48, 52]. Due to the biochemical imbalance that arises, PD is
manifested by six features: tremor, rigidity, bradykinesia, loss of postural reflexes, flexed
posture and freeze [6, 38, 48, 49, 53]. The tremor of PD is a resting tremor in limbs,
commonly constituted in the extremities and initially unilateral. As the disease progresses
it commonly evolves to an asymmetric bilateral tremor [32, 38, 53]. The tremors are
also characterised by a pronation-supination movement [41, 54]. Levodopa therapy and
dopamine agonists are commonly used treatments of PD symptoms, however, they are
only used to slow down the disease, prolong life expectancy and better quality of life. No
cure to PD is presently available [30, 31, 41, 48, 49, 53, 54].

The prevalence of PD is estimated to be about 1% of the world population between the
age of 50 and 70 [35, 38, 49, 54]. The prevalence is expected to increase as the life ex-
pectancy is increasing [48, 49], and it is expected to double by the year 2030 [35].

The tremor frequency of PD is estimated to be in the range of 3 to 7 Hz [38], but many
studies operate with the range 4 - 6 Hz as well [31, 41, 54, 55].

3.1.3 Comparison
A summary of the previous sections and a comparison of the two most prevalent diseases
associated with tremor, ET and PD, is done in table 3.2.
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Essential Tremor Parkinson’s Disease

Common Limbs Affected Hands, Head & Voice Upper & Lower Extrem-
ities and Chin

Accompanying Symptoms None Rigidity, Bradykinesia
and Postural Instability

Frequency Range from 4 - 12 Hz,
but mainly 7 - 10 Hz 3 - 6 Hz

Tremor Classification

Action Tremor, Kinetic
more than Posture, may
have a slight resting
component if severe

Resting, may have a
slight action component
if severe

Symmetry Bilateral, can be mildly
asymmetrical

unilateral initially, then
bilateral and asymmetri-
cal in advanced stage

Course Progressive Progressive

Response to alcohol Significant None

Effect of caffeine, stress and
other stimulants Increases Increases

Inheritance Autosomal Dominant
with variable penetrance

Sporadic or related to ge-
netics of Parkinson’s dis-
ease

Table 3.2: Comparison of ET and PD [38]
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3.2 Fourier Analysis

3.2 Fourier Analysis

3.2.1 Fourier Series
A Fourier series is a representation of any arbitrary periodic function through an infinite
sum of weighted sinusoids [56, 57, 58]. This series can be expressed in three different
ways: amplitude-phase, exponential, and trigonometric. Only the latter will be discussed
further. Let f(t) be any periodic signal with period T0. Then f(t) can be written as a
trigonometric Fourier series of the form

f(t) = a0 +

∞∑
n=1

[an cos(2πnf0t) + bn sin(2πnf0t)] (3.1)

with

a0 =
2

T0

∫ t0+T0

t0

f(t)dt, (3.2)

an =
1

2T0

∫ t0+T0

t0

f(t) cos(nf0t)dt, (3.3)

and

bn =
1

2T0

∫ t0+T0

t0

f(t) sin(nf0t)dt, (3.4)

From which it can be seen that a0 is the time averaging component of the signal f(t),
and an and bn is the amplitude component of its cosinusoid and sinusoid, respectively. In
Eq.3.1, Fourier proved that the signal f(t) can be represented by a sum of scaled sines
and cosines at multiples of the fundamental frequency f0, which is defined as f0 = 1/T0.
These multiples, or scaled sines and cosines, are called harmonics, and a sinusoid or cosi-
nusoid at frequency nf0 is called the nth harmonic [57, 58].
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Figure 3.1: Visual example of a time function of a square wave, its first three harmonics and its
representation in the frequency domain [Author], based on figure in [23]
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3.2.2 Short-Time Fourier Transform

Using the Fourier series (or the Fourier Transform for non-periodic signals) one can repre-
sent the time-series in the frequency domain. However, the spectral content is not always
stationary, so a method to represent a signal’s frequency over time is found in the Short-
Time Fourier Transform (STFT). With the STFT it is possible to analyse a signal that has
a frequency content that is changing over time. It is defined as

F (τ, ω) =

∫ ∞
−∞

f(t)w(t− τ)e−jωtdt, (3.5)

Basically, with the STFT one defines a window, the overlap between windows and a win-
dow function (the form of the window). The original signal is then multiplied with the
window to generate smaller, filtered segments of the original signal. For each segment, the
frequency content is found and the result is usually represented as a spectra of time and
frequency.

3.3 Vibrations and Vibration damping

Already from the first year, engineering students are introduced to the world of vibrations.
Vibrations are a common phenomenon, and they occur in everything from numerous func-
tions in the human body to most mechanical and structural systems. They are commonly
introduced in subjects concerning differential equations, e.g. in linear algebra or physics
courses, mostly known in the form of oscillations of mass-spring-damper systems or pen-
dulums.

A vibrating system in general consists of three elements. A means of storing potential
energy, commonly through an elastic/stiffness property (e.g. a spring); a means of storing
kinetic energy, commonly through an inertia property (e.g. a mass); and a means of de-
pleting energy from the system, commonly through a damping property of (e.g. a damper)
[59, 60, 61].

There are several ways to classify vibrations. Vibrations can be seen as free or forced.
Free vibrations are vibrations where the system is in motion due to its own properties,
whereas forced vibrations are the vibrations subjected onto a system by an external force.
They may be deterministic (periodic), where the value of the excitation is known at any
given time; or completely random. If energy dissipates from the vibration, due to e.g.
friction or other resistance, the vibration is damped, else the vibration is an undamped
vibration. The final distinction between vibrations is whether or not they are linear or
nonlinear, which has to do with the three elements of vibration and if they behave linearly
or not [59, 61].

In its simplest form a vibrating system can be described by its equation of motion (EoM):

mẍ+ cẋ+ kx = F (t). (3.6)
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3.3 Vibrations and Vibration damping

ω0 =
√

k
m Natural Frequency

cc = 2mω0 Critical damping Coefficient

ζ = c
cc

Damping Ratio/Factor

ωd = ωn
√

1− ζ2 Damped Natural Frequency

Table 3.3: Fundamental Terms of Vibration Theory (Information gathered from [62, 59, 60, 63])

This is derived directly from Newton’s 2nd law of motion. The generalized position is rep-
resented by x, and the dots represent differentiation with respect to time t; hence ẋ and ẍ is
velocity and acceleration, respectively. The mass is given by m, c represents the damping,
while k represents stiffness. For more complex systems, other methods like Lagrange’s
EoM are more suited to find the differential equation of the system.

The solution of Eq. 3.6 consists of two parts, the solution to the homogeneous equation
(F (t) = 0), xh(t); and the solution to the particular equation, xp(t):

x(t) = xh(t) + xp(t). (3.7)

Introducing the terms in table 3.3, and rearranging Eq. 3.6, the rewritten equation yields:

ẍ+
c

m
ẋ+

k

m
x =

1

m
F (t) (3.8)

ẍ+ 2ζω0ẋ+ ω2
0x =

1

m
F (t) (3.9)

For vibrations to occur and last, the system needs to be either a free (ẋ term = 0), or
a forced underdamped (ζ < 1) system; else the system will eventually come to a stop.
More often than not, vibrations are not desired; may it be in structures, buildings, engines,
transportation systems, and so on. Stiffening, damping and isolation are several methods
of avoiding vibrations. However, vibration damping is the most relevant method when it
comes to suppression of vibrations [64, 59].

The vibration damping may be differentiated in three ways: passive, active or semi-active
damping. A passive damper does not take into account any measurements from the pri-
mary system (see figure 3.2), other than what was used to tune it initially. It relies solely
on its non-adjustable properties to dampen the vibrations. On the other hand, an active
damper will use sensors to measure the signal from the primary system, and use some
sort of actuator to produce an output, e.g. force, which will counter the vibrations. A
semi-active solution will combine the passive and active solutions where the properties of
a passive damper can be adjusted to measurements from the primary system using sen-
sors and actuators. These methods are exemplified in figure 3.2, where the dampers are
vibration absorbers [59, 23].

17



Chapter 3. Basic Theory

m1

m2

k1
c1

k2 c2

m1

m2

k1
c1

k2
c2

m1

m2

k1
c1

k2 c2 u(t)

a) Passive b) Semi-Active c) Active
8

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

:

8

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

:

Vibration Absorber

Primary system

Figure 3.2: Vibration Absorber Types [Author], inspired by [23]

3.3.1 Dynamic Vibration Absorber

The dynamic vibration absorber (DVA) is a mechanical device, used to reduce or cancel
vibration. Essentially it is a mass-spring-damper system that is connected to a primary
system which is not desired to vibrate [59, 64, 65]. For simplicity, both the primary sys-
tem and the DVA are modelled as a single DOF each, resulting in a two DOF system (See
figure 3.3) with two natural frequencies.

m1

m2

k1
c1

k2
c2

x1

x2

f(t)

Figure 3.3: Free-Body Diagram of DVA [Author]

Typical areas of application of the DVA include reciprocating tools, for instance electric
saws, sanders, or combustion engines. Without a vibration damper in these systems, the
device might be impossible to hold or control due to the reciprocating forces. Other ap-
plications of DVA are civil engineering structures, such as high-rise structures or bridges,
where wind and load may cause unwanted vibrations [59, 64, 65].
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3.4 Signal Processing

The behaviour of the DVA can be explained by looking at the equations of motion:[
m1 0
0 m2

]{
ẍ1
ẍ2

}
+

[
c1 + c2 −c2
−c2 c2

]{
ẋ1
ẋ2

}
+

[
k1 + k2 −k2
−k2 k2

]{
x1
x2

}
=

{
f(t)

0

}
.

(3.10)

These equations are derived by considering the free-body diagram (figure 3.3. Further, the
Laplace transformation gives the EoM as functions of frequency:[

m1s
2 + (c1 + c2)s+ (k1 + k2) −c2s− k2

−c2s− k2 m2s
2 + c2s+ k2

]{
x1
x2

}
=

{
f(t)

0

}
(3.11)

{
x1
x2

}
=

1

∆(s)

[
m2s

2 + c2s+ k2 c2s+ k2
c2s+ k2 m1s

2 + (c1 + c2)s+ (k1 + k2)

]{
f(t)

0

}
(3.12)

Eq. 3.12 gives the displacement of the system masses, where ∆(s) is the determinant of
the matrix in Eq. 3.11. Now, the DVA parameters (k2 and c2) needs to be tuned. The
tuning depends on the nature of the excitation and whether the suppression device is to act
in a narrow or wide frequency band..

Given a narrow bandwidth, which will be the focus of the thesis, the absorber is tuned
to one particular frequency [59, 64]. Assuming an excitation of harmonic nature, the force
and the related displacement can be expressed as:

f(t) = Fejωt

x1(t) = X1e
jωt

x2(t) = X2e
jωt

then Eq. 3.12 can be rearranged as:

X1

F
=
k2 + jωc2 − ω2m2

∆(jω)
(3.13)

X2

X1
=

k2 + jωc2
k2 + jωc2 − ω2m2

(3.14)

Looking at Eq 3.13, if the excitation frequency ω is constant, then c2 = 0 and
√
k2/m2 =

ω are the best choice of parameters.

3.4 Signal Processing
In this thesis, Power Spectral Density (PSD) is the main analysis tool used to evaluate the
tremor signal data.

The tremor data to be analysed is a time series of accelerometer/gyroscope data that mea-
sures the angular velocity [deg/sec] of flexion-extension or pronation-supination move-
ment of the wrist. Traditionally, accelerometers have been used for measuring tremors,
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Chapter 3. Basic Theory

however, in the previous work done by Sunde and Estenstad, the choice to use gyroscope
sensors was made due to the gyroscope’s property of compensating for the orientation
change caused by gravity.

An example of the data from the gyroscope can be seen in figure 2.5.

3.4.1 Power Spectral Density
The Power Spectral Density is defined as:

Sx(ω) = lim
T→∞

1

T
E
[
|F{ω}|2

]
, (3.15)

where, Sx(w) is the PSD, and F{x} is the Fourier transform of the time signal per unit
time.

The PSD is the frequency response of a random or periodic signal, and is used to ob-
tain the distribution of power across frequencies.

Since PSD is a density function, if the process x(t) has the unit [m] (meters), then the
PSD will have the unit [m2/Hz]. This is because the frequency with unit [Hz] is the inde-
pendent variable. For accelerometer data the PSD unit is often [g2/Hz], where g is g-force
(acceleration at free fall).

There are two types of PSD plots, linear and logarithmic. The linear scale provides the
same level of detail for all frequency values, from which it is easy to distinguish the high-
est peaks of the signal. However, smaller peaks and the details of the signal are lost. The
logarithmic scale ”compresses” the signal, so that details of the higher harmonics (smaller
peaks) are shown.

Welch-Barlett method of PSD estimation is the most common method of PSD analysis
used on tremor signals [66, 67, 68]. A duration of 5-10s window is recommended for most
tremor signals, with an overlap of 50% [66]; consenquently, a Hanning window of 10s
with an overlap of 10% is used for all plots in this thesis. The plots are made with the
scipy.signal.welch module from the open-source software SciPy.
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Preliminary Study

This chapter presents a literature study on the assessment of tremors. To be able to verify
or reject the technology in a forthcoming experiment, it is important to know how tremors
are evaluated.

4.1 Tremor Assessment Literature Study
When evaluating assistive devices there are several aspects to consider. Whether or not the
effects of the assistive device are positive is one of them. The answer to that is in many
cases subjective to the user, however, the effect needs to be verified. In this study, the goal
is to be able to answer two main questions:

• What method should be utilised to analyse the collected data?
• What tests should be performed when testing on humans?

As stated in section 2, Sunde and Estenstad utilised PSD (see section 3.4.1) to evaluate the
vibration’s frequency estimation. These tools for spectral and time-frequency analysis are
well established in the literature and commonly used in vibration or tremor analysis [66].

In the paper by Arnold et al. [69], the effectiveness of a controlled-energy-dissipation
orthosis prototype, CEDO 1, for persons disabled by pathological intention tremors were
assessed. The system is built up by an orthosis that mounts to a wheelchair or table for
”table-top” activities. The investigation was conducted on five tremor-disabled and five
able-bodied subjects. Their forearms were secured to the CEDO 1 and they were given
pursuit tracking tasks on a computer to verify that the dampening load the CEDO 1 ap-
plied did selectively dissipate upper-extremity intention tremor. In addition, to determine
the range of dampening loads needed, both linear and nonlinear damping trials were done.

The data from the trials were analysed in both time and frequency domains. In the
time domain the 2D X and Y positions of the target and response markers were recorded
as functions of time, in addition to the angles and angular velocities of the CEDO 1 brake
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axes and commanded brake torques. In the frequency domain a MATLAB R© spectral anal-
ysis algorithm, based on the Welch method of power spectrum estimation was utilised;
much like in [22, 23].

The results were assessed in terms of tremor power and tracking performance. Tremor
power was computed by summing the tremor position spectrum, while the tracking perfor-
mance was assessed based on a ratio of signal power, the sum of cross-power spectra; and
the tremor power. Furthermore, subjective responses from test subjects were provided in
addition to an analysis of the repeatabilitiy of the results based on multiple test sessions.

Yusop et al. [70] aim to evaluate an assistive device for hand tremor suppression dur-
ing writing. The device acts as the pen and tremor suppressor by passively absorbing hand
vibrations when writing. The device is mainly developed to suppress tremors vibrating
perpendicular to the forearm, as it is in the general direction vibrations occur during writ-
ing. It consists simply of two springs functioning to absorb the vibrations, and a centre
core functioning as the system mass. As the system is completely passive, the springs need
to be chosen correctly.

The system is validated through a test conducted by one clinical diagnosed ET pa-
tient, and two healthy individuals. They were to perform two tasks during two different
conditions: sitting with arm resting on the table, and standing when the arm is prevented
from resting on the table. The tasks the subjects needed to perform were to trace the
Archimedes Spiral and to trace the phrase ”Hello World”. The results were evaluated by
time-frequency analysis by utilising PSD to compare the data, and they base the evaluation
on the reduction of the signals.

Despite the fact that PSD is seemingly a good measure of tremor frequency a more clin-
ical way of assessing tremors exists in the medical world. Several scales and screening
instruments exist with the purpose of evaluating the tremor severity, and the disability and
quality of life of the patients due to tremor.

The paper of Bain et al. [71] presents the assessment of a proposed clinical rating scale
which measured the severity of tremor in total 28 patients, from which 20 suffered from
ET and 8 from dystonia. The purpose of the study was to decide if a clinical rating scale
could be used, reliably, to assess the severity of tremor in individuals with ET or dystonia.
This evaluation was done for both inter and intra-rater reliability with four raters. A score
between 0 and 10 was assigned based on the tremor severity in each of the patient’s head,
vocal, right upper limb, left upper limb, right lower limb and left lower limb. These scores
were compared to upper limb accelerometry, an activity of daily living self-questionnaire
and two written test: handwriting and drawing of an Archimedes Spiral.

Another clinical rating scale is proposed by Fahn et al. [72], namely the ”Fahn-Tolosa-
Marin Tremor Rating Scale” (FTM). The scale aims to evaluate the severity of several
forms of tremor: rest, postural, action and intention. In addition, it aims to evaluate tremor
during specific tasks like handwriting, contrary to scales like Sweet et al. [73], which eval-
uates body parts more generally.

The assessment is divided into three parts: A, B and C. Part A rates the severity of
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tremors in the body for three situations: rest, maintaining a posture and performing an
activity. Part B rates the action tremor of the upper extremities, by exposing the subjects
to writing and pouring liquid tasks. Also here the Archimedes Spiral is used as one of the
drawing tasks, in addition to straight lines. Part C assesses the functional disability, that
is, it assesses the daily life activities like eating, hygienic care, dressing and working.

The scores are given on a scale between 0 and 4, but each part has its own definitions.
Part A gives score based on amplitude, and has a subtotal score of 80 points. Part B has a
subtotal of 36 points. The handwriting task is rated based on legibility, while the drawing
task is based on the number of times the patients cross the lines they are supposed to draw
between. The water pouring task is rated based on amount of water spilled. The scores of
Part C are provided by the subjects themselves. The subtotal of Part C is 28 points. This
makes the maximum possible score 144 points.

In addition to these three parts, a subjective overall severity assessment for both ex-
aminer and subject is allowed. Moreover a subjective comparison assessment, where the
patients can state the severity of the tremors compared to last visit is allowed. The latter is
incorporated to scale for evaluating the effectiveness of the treatment.

This clinical rating scale was not statistically evaluated for validity and reliability at
the time it was proposed, however, as stated in [74], the Fahn-Tolosa-Marin scale was ”the
most widely used scale” until 2003. It was also assessed for inter and intra-rater reliability
by Stacy et al. [75], with mixed results.

Both [71] and [72] are two of many scales that are assessed by a task force established
by the Movement Disorder Society [76]. The task force seeks to review a set of rating
scales for the assessment of tremors. In all, seven tremor severity scales, six activities
of daily living (ADL) scales, four quality of life scales and five screening instruments
were assessed. They were classified as either recommended, suggested or listed based on
whether 3, 2, or 1 of the three criterion were met:

• Used in the assessment of tremor
• Used in published studies by people other than the developers
• Successful clinimetric testing

Clinimetric testing was considered successful if the scales were proven to be reliable, valid
and sensitive to change.

Out of the seven severity scales five were classified recommended, including the FTM
and the Bain and Findley Clinical Tremor Rating scale in [71]. The Essential Tremor Rat-
ing Assessment Scale (TETRAS) by the Tremor Research Group in Elble [74] was also
one of the recommended severity scales. This scale is similar to the FTM, but it handle
what it refers to as limited validation in ET and too low upper extremity tremor ampli-
tude anchors for severe ET in the FTM. Like the FTM TETRAS requires little equipment,
mainly pen and paper, to rate the tremors. The assessment can also be completed in about
10 minutes.

The scale has two sections, one performance section which resembles Part A of FTM,
and one ADL section which resembles Part B of FTM. Each of the sections has a 5-points
rating scale and they include 12 and 9 items/tasks for performance and ADL rating, re-
spectively.
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Although evaluation of assistive technology usually has more focus on signal processing
and less focus on these types of rating scales, there are certain similarities in the assess-
ment tasks. What the scales provide is a clinical measure that makes more sense to the
common man.

Pathak et al. [77] have conducted a pilot study on a handheld assistive device, that works
as a spoon that stabilises while eating. The device utilises Active Cancellation of Tremor
(ACT) technology, which consists of the spoon, the controller/sensors, the motion gener-
ating platform and the power supply. The assessment of the device was done through three
tasks on fifteen ET subjects, with the ACT device both turned on and off. The tasks the
subjects were required to perform were holding, where the subject held the device mid-
way between the table and their mouth; eating, where the subjects lifted the filled device
to their lips; and transferring, where the subjects transferred the content of the spoon to a
cup. The severity of the tremors was rated by the FTM, however, a subjective improvement
scale was also utilised, namely the Clinical Global Impression Scale (CGI-S). The results
yielded improved scores with the ACT device turned on in all three tasks. Time-frequency
of the accelerometer data was also provided and analysed, in addition to statistical analysis
of the FTM scores.

Based on this literature study, it is safe to say that there are many ways to assess tremors.
However, some scales, like TETRAS, is specific for certain diagnosis; while other are
more general. It is therefore important to understand what is to be evaluated and the extent
of the evaluation when choosing in what way to assess a tremor. The flexibility of the rat-
ing scale also needs to be evaluated with regards to whether or not it is possible to remove
tasks and still have a valid result. Nonetheless, some tasks seem well established for their
purpose, such as drawing of the Archimedes Spiral as a written/drawing task.

In conclusion, two ways to assess the effects seems prominent. Either by

1. Looking at the tremor signal before and after wearing the device.

2. Looking at the ability to perform certain tasks before and after wearing the device.

or a combination of them. However, the subjective opinion of the patient must not be for-
gotten, neither must the opinion of a trained professional. The FTM scale seems promising
and is recommended for further use.
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Chapter 5
System Overview

This chapter presents the hardware foundation and system architecture of the tremor sup-
pression system. The various components and the complete system setup is described. In
addition, laboratory safety is mentioned. To be able to test several setups more efficiently,
the development is done on a robotic manipulator rather than a fixed prototype. However,
design proposals for a prototype by Estenstad is presented in appendix C.

5.1 Universal Robots UR5
All hardware information in this chapter is acquired from [78], if not stated otherwise.

The development in this thesis is done on a Universal Robots UR5 robot provided by
ITK at NTNU. The entire robotic system is made up by the 6-axis industrial manipulator,
the Controller Box and the teach pendant, illustrated in figure 5.1.

The manipulator is applicable in most industries, especially due to its many built-in safety
mechanisms. The UR5 is classified as a collaborative industrial robot, meaning it was
made to work in environments consisting of humans, and still be safe. It complies to arti-
cle 5.10.5 of the EN ISO 10218-1:2006 standard, which states that the robot can operate as
a collaborative robot, without safety guards between the robot and the user/operator. The
manipulator weighs 20.6 kg, has a reach of 850 mm and a maximum payload of 5 kg. A
maximum of 150N is allowed for a collaborative operation.

The control hierarchy of the UR5 is presented in figure 5.2. There are three different meth-
ods to control the manipulator: through the user interface Polyscope, preprogrammed and
embedded in the teach pendant; utilising Universal Robot’s own script called URScript;
or through a C-API for the manipulator. All three methods have a maximum joint servo
updating rate limited by hardware to 125 Hz.

This thesis will utilise drivers based on URScript to program the UR5, for several rea-
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Figure 5.1: Overview of the Universal Robots UR5 Robot system. It consists of three components:
The robot manipulator, the controller box centred on the table, and the teach pendant attached to the
controller box. Picture in courtesy of [79]

URScript over TCP/IP

URScript over TCP/IP

Polyscope GUI

External Computer

Controller box

[C-API]UR5

Control socket client interfaces:

Primary client: 10 Hz
Secondary client: 10 Hz
Real Time client: 125 Hz
Real Time Data Exchange: 125 Hz

Figure 5.2: UR5 Control Hierarchy [Author], Inspired by [21]
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5.2 Force/Torque Sensor

Figure 5.3: Gamma F/T sensor by ATI Industrial Automation [80]

sons. Firstly, the Polyscope interface on the teach pendant lacks the flexibility that is
provided through programming. It is a simple GUI mainly developed for users without
programming background, even though it can in provide fast implementation, debug and
prototyping. The Polyscope can also be used to program the robot sequentially through a
combination of URScript commands.

Secondly, the C-API, a C library provided by Universal robots, is not suitable either. The
reason for that is the fact that the C-API does not support direct low-level joint torque
control [21], which is probably a security measure to prevent override of the safety mech-
anism firmware. In addition, the library is not maintained and poorly documented [21].

The URScript on the other hand, is constantly being maintained and developed since it
was developed specifically for controlling their manipulators. The robot is controlled by
establishing a TCP/IP socket connection, and programmed using drivers which are written
in modern programming languages like Python or C++.

5.2 Force/Torque Sensor
Hardware information in this chapter is acquired from [80], if not stated otherwise.

The force/torque (F/T) sensor used in this thesis is the ATI Industrial Automation Gamma
F/T sensor. It was made available by ITK through a collaboration with SINTEF, who owns
the sensor. The sensor, which is illustrated in figure 5.3, comes with a F/T Net Box which
processes and further communicates the sensors readings to an external computer. The Net
Box draws power and communicates trough a power over Ethernet switch, which enables
users to establish a socket connection to the F/T sensor.

Through a network configuration interface it is possible to specify sensor settings e.g.
the broadcasting frequency can be set between 1 and 7000 Hz, that is the sampling rate
of the sensor. As the real-time interface for the UR5 is 125 Hz, and the F/T sensor is
capable of running significantly faster, the manipulator can run at a higher frequency than
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the tremors. Hence, according to Nyquist’s sampling theorem, the minimal sampling fre-
quency should be at least twice as fast as the quickest dynamic in the system [81, 82], we
get that

fsampling ≥ 2× fmax,
fsampling ≥ 2× frobot,
fsampling = 2× 125Hz = 250Hz

The calibration settings are presented in table 5.1. It displays the embedded sensing range
and resolution of the sensor.

The purpose of the force sensor in this thesis is to measure force to ensure a compliant
manipulator. When the users are to execute different tasks, the manipulator must, at any
time, be able to follow the hand.

Calibration Sensing ranges Resolution

Fx, Fy Fz Tx, Ty Tz Fx, Fy Fz Tx, Ty Tz

SI-165-5 65 N 200 N 5 Nm 5 Nm 1
80 N 1

40 N 10
13333 Nm 10

13333 Nm

Table 5.1: Calibration details of the ATI Gamma F/T sensor [80]

5.3 Microcontroller

To implement the BMWFLC algorithm developed by Sunde (see section 2 and appendix
A) a microcontroller and two sensors are used. The microcontroller is an Arduino Uno
rev3 developer board, based on the ATmega328P Microcontroller Unit (MCU); and the
sensors are of the Sparkfun LSM6DS3 type. The sensor board is an Inertial Measure-
ment Unit (IMU) equipped with both accelerometer and gyroscope sensors. Traditionally,
tremors have been measured using accelerometers, however, Sunde [23] argued for using
gyroscope sensors instead. Hence, using the same setup as Sunde, only the gyroscope
sensors on the board are activated. These sensors are used to measure the tremors on the
wrist of the user, and possibly on the tremor suppression device, i.e. the UR5. In a final
prototype device, only one sensor will be needed.

The Arduino Uno will process the data from the sensors with the BMWFLC algorithm
and direct the processed data to an external computer.
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(a) Wiring Diagram of the Arduino Uno and two
LSM6DS3 breakout boards [23]

(b) Connection between the Arduino and the
two LSM6DS3 [23]

Figure 5.4: Schematics of the Microcontroller setup, used to implement the BMWFLC algorithm
[23]

5.4 Hardware Interface

The interface between the robot manipulator and the user is depicted in figure 5.5. It is a
simple velcro-band attached to a metal disk, which connects the F/T sensor to the band.
The disk will provide a more even distribution of pressure to the sensor. The hardware
interface was designed and made in collaboration with the technical staff at the mechanical
workshop at ITK.

Figure 5.5: Hardware interface with F/T sensor attached to the UR5 end-effector [Author]
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ur modern driver

controller

controller

UR5 Robot

F/T Sensor

User

LSM6DS3

Arduino Uno

Strap

F/T Net Box

UR5 Firmware

External

PD/ET Patient

Hardware Interface

Sensors

Processing

Suppression

External Computer

Device
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Figure 5.6: System architecture of the tremor suppression system [Author]
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5.5 Complete System Setup
The complete system setup, combining the hardware and software components is illus-
trated in figure 5.6. Most of the architecture components can be changed out with other
components, making the system highly modular. This will make the transition to proto-
typing of the actual wearable device smoother. The software is explained in greater depth
in chapter 6.

5.5.1 Laboratory Safety
The hardware components of the complete system setup is depicted in figure 7.1c. When
working in an environment like this, particularly with human interaction in mind, questions
regarding safety arise. Consequently, a risk assessment has been performed to minimise
damage to both humans and equipment. The assessment can be found in appendix G.
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Chapter 6
System Design and Implementation

The behaviour of the UR5 as a tremor suppression device is realised through an exter-
nal controller. This chapter presents the development and implementation of the control
system design, strategy, calibration, tuning, and validation.

6.1 Specifications
Before implementation and analysis of the control system on the robot manipulator, it is
important to establish the desired behaviour of the manipulator. The desired behaviour can
be divided into two parts. Firstly, the patient strapped to the manipulator should be able
to execute various tasks related to a chosen tremor assessment scale explored in chapter
4.1, hence the manipulator needs to be able to follow the movement of the patient’s arm.
Secondly, the manipulator needs to be able to dampen the tremors in the arm. In her the-
sis, Estenstad suggested to implement a form of semi-active DVA system. Consequently,
a mass-spring-damper behaviour is desired, where the stiffness of the spring may be con-
trolled.

In addition to these main concepts of behaviour, some additional specifications are neces-
sary. These are as following

• Quick response

• Safe

• Smooth and precise

It is important that the manipulator follows the arm movements sufficiently fast. It should
not be more difficult for the patient to execute tasks like writing or drinking due to inertia
or delay in the manipulator. Hence, a quick response is necessary. It is equally, or more
important, that the manipulator acts safely. The patient should not at any time feel unsafe
while strapped to the robot. This is elaborated further in the risk assessment in appendix
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G, however, no implementation should weaken the safety of the manipulator. At the same
time unnecessary extra safety mechanisms that slow the system down should be avoided.
Smooth and precise movements also have to do with safety. A manipulator moving in fits
and starts will not be safe for the patients, additionally, the purpose of utilising the robot
manipulator is lost. The manipulator should not apply any excessive force on the patient
apart from what is necessary and required for the demonstration of the behaviour of the
device.

When analysing the control system and the response of the manipulator, an evaluation
of the manipulator’s ability to adhere to these behavioural specifications should be per-
formed.

6.2 Implementation Challenges
During implementation of the control system and tuning of the manipulator, several chal-
lenges occurred and should be addressed. Here, the two main challenges are identified and
analysed, before a solution and its effect on the system is presented. Workspace limita-
tions are not discussed, as the area of interaction in the experiment is limited well inside
the boundaries of the manipulator workspace.

6.2.1 Unwanted Oscillations
Early testing of the force controller developed by Laastad [21] revealed unwanted shaking
movement in the manipulator. It was suspected that this was due to an untuned controller,
however, as this was addressed by Laastad as well, that hypothesis was discarded. Laastad
implied that several sources generated these unwanted movements, including an unwanted
feedback loop due to human arm inertia. However, this is more likely a reason for the
unwanted movement to persist rather than the source of the movement. A more probable
reason as a source may be noise and bias in the sensor.

Nevertheless, the movements can be identified as high-frequency oscillations. These are
not dangerous for the patients, but may have an impact on the perception of safety by the
patient and also feel uncomfortable.

The easiest way to counteract these oscillations is by low-pass filtering the sensor data.
This can be done through an option in the F/T Net Box web interface. Several prede-
fined cut-off frequencies are provided as option, ranging between 5Hz to 837Hz. Various
frequencies were tested, and a cut-off frequency of 5Hz was clearly the frequency that
provides best stability to the system.

There are both positive and negative sides to choosing a cut-off frequency of 5Hz. On
one side, the delay caused by low-pass filtering 5Hz is ≈ 36ms, whereas a higher cut-off
frequency would yield a lower delay. On the other side, the 5Hz provides a smooth and
safe motion. Ultimately, the safety of the patient is more important, and a frequency of
5Hz is chosen.
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6.2.2 Bias

Initial implementation also uncovered a bias in the sensor. It was speculated that this bias
was a mounting bias, due to either the centre of mass of the hardware interface not aligning
with the sensor origin, or because of the mounting screws. However, after corresponding
with Mathias Hauan Aarbo, it was further speculated if this bias existed due to an internal
bias in the sensor. The total bias in the sensor is presented in table 6.1. The risk of this bias
creating any serious injuries is assessed to be small, however it is also assessed that the
bias will generate unwanted movement, in the form of a constant drift. Hence, preventive
measures should be taken.

Forces [N] Torques [Nm]

Fx Fy Fz Tx Ty Tz

3.529 -0.391 5.886 0.154 -0.1008 -0.0637

Table 6.1: Bias in the F/T sensor [Author]

Using a software offset in the external controller the mounting bias can be removed. The
F/T Net Box web-interface also has settings that compensates for bias within the sensor.
However, this method masks both the bias and the gravity components of the equipment in
initial tool frame. Any rotational movement in the end-effector will expose the equipment
weight in the F/T sensor measurements.

When this was addressed by Laastad [21], both methods of removing bias were imple-
mented as a double security measure. Due to the masking of the gravity components using
the F/T Net Box bias remover, the external controller used a dead-band filter to compen-
sate for the consequences of possible gravity compensation faults. In addition, an artificial
gravity vector was introduced to separate the F/T mounting bias and the gravity compo-
nents.

Since it was established that the bias exists due to, not only a mounting bias, but also an
internal bias, a reconsideration of how the bias was going to be handled was done. Laastad
used the initial raw data as an offset, essentially performing an estimation of the bias with
the robot in its initial pose. However, when the dead-band filter was disengaged, some end-
effector poses resulted in drift of the manipulator. An offline estimation was attempted,
averaging the bias for two different poses of the end-effector and adding those values to an
offset vector. Also this method resulted in drift for certain poses of the manipulator. Given
that the bias in the force/torque sensors may be time-varying due to temperature varia-
tions in the metals in the F/T sensor, an estimation of the bias should be done before each
use of the manipulator. An optimal solution would probably be an initialisation routine,
where the raw data from multiple positions would be used to estimate the bias. Instead,
the method of Laastad seemed sufficient, and was implemented along with other measures.

Firstly, the gravitational component was calculated as in Eq.6.1 and compensated for with
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an artificial gravity vector, as done by Laastad,

Fequipment = m× a ≈ 0.150kg× 9.81
m
s2

= 1.472N (6.1)

τequipment = F × l ≈ 1.472N× 0.005 = 0.000375Nm

Next the centre of mass was calculated and added to the DH-parameters. This was done
according to eq.6.2.

τx,y = Fz × zcomx,y (6.2)

zcomx,y =
τx,y
Fz

For x:

zcomx =
0.55

6.641
≈ 0.083cm

For y:

zcomy =
0.56

6.641
≈ 0.084cm

The force Fz is read directly from the F/T Net Box web interface when the end-effector
was pointing downwards, parallel with a vertical line in the world frame. The end-effector
is then rotated about the respective axes, x or y. Here, τx,y is read directly from the web
interface from which the bias momentum is first subtracted. zcom is then averaged and
added to the DH-parameter, to compensate for the position of the mass centre.

A ”dead-band” filter was also incorporated to remove drift. The filter implemented by
Laastad was a simple on/off filter, where the force or torque input would be divided by a
number if it measured 1N and 0.5Nm respectively. Here, an upgraded filter using a type
of a complement Gaussian filter is implemented:

Ftresh = (1− e−
F2
input

σ2 )Finput. (6.3)

Where σ is the window size, set to be σ = 0.3. This filter gives a more smooth transition
while still removing drift.

Summarised, the measures taken to deal with bias in the sensor are gravity compensa-
tion, mass centre estimation, initial estimation by initial raw data offset and a dead-band
filter. Most of the measures were also taken by Laastad, with exception of mass centre
estimation. This thesis excludes the use of the F/T Net box bias reset, as it is considered
unnecessary. The methods presented significantly reduce the effect of the bias, but if ac-
curate force measurements are to be used in scientific trials where they are to represent the
forces exerted by the patient, adaptive, online bias estimation techniques may be required
as well as further calibration of the sensor itself.
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6.3 Gravity Compensation Calibration and Validation
To compensate for the mounting bias, the F/T mounting bias and the gravity component
was separated. An artificial gravity vector, tool bias vector, was implemented in the soft-
ware and is experimentally verified here. The experiment is built up the same way as done
in Laastad [21], by three individual verification tests for each rotation. The manipulator
wrist is manually rotated two times in 90 degrees increments about each axis. There is no
contact between the operator and the manipulator after each rotation, and each test has the
same initial position and orientation. Figure 6.1 and 6.2 shows the response without, and
with the bias vector implemented, respectively.
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Figure 6.1: Gravity compensation test, without a compensating bias vector [Author]

Looking at figure 6.2, where the bias vector is implemented, the rotations are performed
at the following times:

• X-axis: 2s→ 5.7s and 11.4s→ 14.9s

• Y-axis: 1.6s→ 6s and 11.8s→ 14.9s

• Z-axis: 3.6s→ 7.7s and 11.5s and→ 14.5s

The gravity compensation for the rotation about the X-axis is more or less exact, only
a small deviation in the X-axis is observed after the first rotation, Fx,Rx,90◦ ≈ −0.25,
and in the Y-axis after the second, Fy,Rx,180◦ ≈ 0.15. Rotation about both the Y- and
Z-axes show some deviation from 0 after the first rotation, but both these deviations are
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Figure 6.2: Gravity compensation test, with compensating bias vector [Author]

compensated after the second rotation. The deviations after the first rotations are as fol-
lows: Fx,Ry,90◦ ≈ 0.5, Fz,Ry,90◦ ≈ 1, Fx,Rz,90◦ ≈ 1, and Fy,Rz,90◦ ≈ −1. None of the
deviations are larger than the estimated equipment weight force Fequipment = 1.472N,
however, figure 6.1 shows that the largest deviation is larger then 2N.

The discrepancy is believed to stem from calibration problems associated with mounting
and sensor bias. Laastad argued that this would pose a problem with a heavier interface
design, our interface being approximately 0.1kg heavier than his. This would require an
alternative to the simple dead-band filter. In practice, the complement Gaussian filter,
Eq.6.3, suppresses the effect of the error.

Overall the gravity compensation is sufficient to carry out experiments. Further increasing
the accuracy by on-line estimation of the sensor bias is considered future work.
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6.4 Controller Design

This section presents the control strategy of a compliant manipulator with a mass-spring-
damper behaviour. The controller may be divided into a low-level and high-level strategy,
where the low-level controller ensure compliance of the manipulator. The DVA makes up
the high-level strategy, which builds on the compliance mode.The controller hierarchy is
illustrated in figure 6.3. Each level is elaborated further in the next sections.

Compliance Mode

Dynamic Vibration Absorber

Low-level control strategy

High-level control strategy

Figure 6.3: Controller Hierarchy [Author]

6.4.1 Low-level control strategy

The low-level system control scheme with an external force/torque controller is illustrated
in figure 6.4; it is based on the work of Laastad [21]. It is comprised of both an external
and an internal controller, where this section aims to develop the design of the external
controller. The internal controller is lowest level of control, the direct servo control. These
are largely proprietary, and descriptions of the lowest level controller in manipulators are
not readily available. The internal controller is therefore regarded as a black box, meaning
that all development should proceed with caution and in line with the risk assessment. The
lowest control interface available for the external controller is a joint velocity interface.
This is modified with safety limitations and motion buffers before being sent to the in-
ternal controller. It is assumed that it regulates the joint acceleration by manipulating the
individual motor voltages. The joint accelerations are also modified with security mea-
sures before they are executed by the manipulator.
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Figure 6.4: System control scheme with force/torque controller [Author], inspired by [21]

The safety limitations are summarised in the tables below. These are based on internal
firmware limitations, and choices made to maximise safety in the external controller, re-
spectively.

Manipulator Function Description Limitation
Joint position Min. and Max. angular joint position ±360◦

Joint speed Max. angular joint speed 180◦

Force Max. pushing force of the robot 150N
Momentum Max. momentum of the robot arm 25 kg×m

s

Power Max. applied robot arm power 300W

Table 6.2: Firmware limiting safety mechanisms [Author], based on [21]

Manipulator Function Description Limitation
TCP force Max. pushing force on robot TCP 50N

TCP torque Max. rotating torque on the robot TCP 8Nm
Time Max. controller run-time 200s
fm/τm Low-pass filter 5Hz
eF Dead-band filter force ±1N
eτ Dead-band filter torque ±0.5Nm

Table 6.3: External controller limiting safety mechanisms [Author], based on [21]

The compliance mode aims to follow any movement generated by the patient in six DOF.
The F/T sensor measures the generated movement, compares it to the reference value, and
passes the error to the external controller. In the system developed by Laastad, the force
and torque controllers are separated since one set of gain parameters did not yield a de-
sired behaviour for both transitional and rotational forces. Essentially, both controllers
are the same with different gain parameters. This could have been solved with the gain
parameters in a block-diagonal matrix, but for the sake of visualisation, they are separated
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in figure 6.4. The resulting control values are added to a task space vector, which con-
sist of of three linear velocity parameters, and three angular velocity parameters for the
end-effector. Utilising Jacobian of the end-effector, the desired velocity control inputs are
generated by inversion of the differential kinematics.

The controller itself needs to be chosen. Since the internal controller is unknown, it is
unclear how the system will respond to an external controller. The worst case scenario is
a conflict between the control signals of the respective controllers. The results of such a
conflict is unpredictable. Because of the unknown outcome, in addition to non-linearities
related to human-machine interaction, it is difficult to model the system, simulate and tune
the parameters beforehand. Laastad suggested and conducted an incremental controller
tuning process. The processes involves first implementing a P-controller, PI-controller,
PD-controller and lastly a PID-controller for each force and torque. This is done to inves-
tigate the best solution with limitations imposed by the internal controller. The work of
Laastad is validated by replicating his work in chapter 6.5.

6.4.2 High-level control strategy
Upon designing the high-level control strategy, new challenges emerged. These challenges
are mainly related to the fact that a robot manipulator must have a compliant behaviour,
while a wearable device does not. Initially, the thought was to build the DVA behaviour
onto the compliance controller, the problem is that implementing a mass-spring-damper
behaviour would need an initial position, an equilibrium point, about which the manipu-
lator would oscillate. This means that the initially considered control strategy would only
result in oscillations about the position the manipulator would be initialised in; any deviat-
ing movement from that point would only act as an external force that would introduce an
inertia to the movement and when let go off would oscillate back to said point. Essentially,
one would implement a system that would act like pulling a spring that is fixed to a wall.

To cope with this problem, the compliance and the DVA behaviour must be divided. To en-
sure compliance, it is assumed that a virtual wearable device is attached to the end-effector
of the manipulator. This way, the equilibrium point can be attached to the end effector and
the manipulator would be able to follow movement. When DVA is needed, the position
the manipulator is in would initialise as equilibrium.

This, however, introduces a new problem; What is an intended movement and what is
not? This problem is not solved in this thesis, but theoretically the solution is discussed.

A solution is to filter the F/T sensor data. The optimal filtering solution would be to
band-pass filter the signal with the BMWFLC frequency as the cut-off frequency, as the
BMWFLC is shown to separate intended and unintended movement. Hence, every move-
ment with a frequency but the BMWFLC frequency would act as intended movement. For
simplicity the system should be tested with a band-pass filter with frequencies within the
range of the tremor, and let the residual frequencies be compliant movement. Another
simple solution is a low pass filter with a cut-off frequency of e.g. 5Hz, if the manipulator
displays safe movement with a F/T sensor cut-off frequency of 18Hz. Then all movement
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with frequency below the cut-off frequency is assumed to be intended movement, while
all movement above 5Hz is assumed to be tremors. This problem would of course not
be a problem in a wearable device, hence it should only be implemented for the sake of
testing on the manipulator. Theoretically, the solution of low-pass filtering is chosen in the
development.

The resulting high-level control strategy is illustrated in figure 6.5. In addition to gen-
erating a force directly on the manipulator’s end-effector, the patient will generate a move-
ment. This movement, in form of acceleration is sensed by the IMU’s accelerometer/-
gyroscope (LSM6DS3). The data is forwarded to an Arduino Uno where the BMWFLC
algorithm processes the data and forwards the frequency with the most power to DVA. To
be able to provide compliance, the DVA takes in all sensed F/T sensor data with frequen-
cies over 5Hz in addition to the position and velocity of the manipulator end-effector. The
F/T sensor data beneath 5Hz is sent to the F/T controller. The velocity from the DVA, ˙̃x,
and the control output signal is then used to calculate a desired joint velocity, q̇d.

F/T sensor

DVALSM6DS3 Arduino

LP filter
F/T

Controller

Safety

Limitations

Safety

Limitations

Internal
Controller

Inverse
Jacobian

−

+

_~x

wsensed
w _qd

Robot

Manipulator
Patient

a c

q; _q

_qsq̈rq̈s

Figure 6.5: Complete control system with both low- and high-level strategies implemented [Author]
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6.5 Force Control Validation and Tuning
This section aims to validate the controller parameters chosen by Laastad by replicating
his experiment. The parameters will also be subjectively assessed, in terms of the specifi-
cations in chapter 6.1.

6.5.1 Testing setup
To validate and tune the controller the test setup used in Laastad is replicated. A simple
cardboard box is placed on the table and the end effector is placed with the Z-axis point-
ing down, parallel with the vertical axis. For tuning of the force gains, the end effector is
placed 1cm above the box. A reference of 2N pointing downwards is given for the duration
of 5s. The setup for the torque gains are similar, however, the torque controller is given a
reference of 1Nm about the Y-axis for the same duration.

It must be noted that the end-effector of the respective experiments are different, hence
some discrepancy in the results are expected. The experimental testing, for instance, is not
possible to recreate entirely in this thesis due to the design of the end-effector hardware
interface. In Laastad’s experiment an aluminium handle was made that pointed out of the
end-effector. This handle was placed horizontally above the box, such that the Z-axis of
the end-effector was parallel with the horizontal axis. The end-effector was then given a
1Nm torque about the Z-axis, so that the contact made between the handle and the box
would generate torque measurements in the F/T sensor. As seen in figure 5.5, the hard-
ware interface in this thesis does not have a handle, so a torque about the Z-axis in the
same way, would not generate any measurements in the F/T sensor.

During the validation and tuning most of the safety features were turned off. A low-
pass filtration with cut-off frequency in the F/T sensor was enabled. The cardboard box
was used so that neither persons nor equipment would be damaged during experimental
testing.

(a) Starting position for both force and torque
gain estimation experiment.

(b) The torque gain estimation is estimated by
the end effector rotation about the Y-axis. Hence
the edge of the end effector generating torque in
the F/T sensor.

Figure 6.6: Force/Torque Controller Gain Estimation Test Setup [Author]
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6.5.2 Force Controller
Proportional Gain Estimation

Numerous proportional gain parameters are tested for the force P-controller. The most
relevant results are presented in figure 6.7.
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Figure 6.7: Experimental testing of the force P-controller [Author]

Comparison and performance analysis

These values are similar to those of Laastad. Although Laastad plotted other gain values,
the tendencies are alike. Laastad chose a proportional gain value ofKp = 0.005 as it yields
a stable response. In this work, a quick response is of higher importance. Hence a pro-
portional gain value between Kp = 0.0075 and Kp = 0.01 is more fitting. Values above
Kp = 0.01 returns a quicker response, unfortunately they also have small overshoots or
oscillations. Signal noise around the reference value is observed for all proportional gain
parameters.
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Proportional-Integral Gain Estimation

All PI-controller gain estimations were tested with a proportional gain of Kp = 0.008.
The most relevant parameter values are highlighted in figure 6.8.
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Figure 6.8: Experimental testing of the force PI-controller [Author]

Comparison and performance analysis

There are two notable differences between the response in this experiment and that of
Laastad. These differences also occur for two reasons. First of, in his experiment, Laastad
chose to use a proportional gain of Kp = 0.005. Secondly, Laastad plotted the responses
of the integral values between Ki = 0.001 and Ki = 0.0025. These values are not plotted
here. All the values plotted by Laastad, have a large overshoot of approximately 3.5N,
but no steady-state error. Already at an integral gain value of Ki = 0.000075 a small
overshoot can be detected. To demonstrate the response of a higher integral gain, the
response of a gain value of Ki = 0.005 is included. Evidently, first a overshoot and then a
standing wave is observed. A PI-controller with integral gain Ki = 0.0000001 is possible
to implement, however as it is does not add any extra advantage over a P-controller, the P-
controller seems safer to implement, as the behaviour of the internal controller is somewhat
unknown.
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Proportional-Derivative Gain Estimation

Like the PI-controller, all PD-controller gain estimation is done with a proportional gain
value Kp = 0.008. The most relevant results are illustrated in figure 6.9.
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Figure 6.9: Experimental testing of the force PD-controller [Author]

Comparison and performance analysis

Noticeably, there are not big differences in the responses, although the derivative gain
parameters span from Kd = 0.0000075 and Kd = 0.05. Generally, the derivative gain
introduces a significant amount of noise, and a slower response. Larger gain values only
slow the response. This tendency is also observed in Laastad’s result. Nevertheless, no
steady-state error is observed. Subjectively the PD-controller leads to a shaking behavior,
that could be perceived as scary, and possibly be pose a danger for the patient. Like the PI-
controller, the PD-controller is assessed to not possess any advantages over a P-controller.
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Proportional-Integral-Derivative Gain Estimation

Numerous gain parameters are tested for the PID-controller. A selection of responses is
highlighted in figure 6.10.
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Figure 6.10: Experimental testing of the force PID-controller [Author]

Comparison and performance analysis

The PID-Controller is difficult to tune as evidently seen in the figure. Compared to Laas-
tad’s results the PID-controller responses are much alike. Small variation in any gain pa-
rameter resulted in either overshoot, steady-state error, or even instability of the response.
The few stable responses were not able to reach the step in a timely matter. This suggests
that the PID-controller is not suitable.
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6.5.3 Torque Controller
Proportional Gain Estimation

The proportional gain was estimated with several values. In figure 6.11 the responses of
the values Kp = 0.1, Kp = 0.3, Kp = 0.4 and Kp = 0.6 are highlighted.
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Figure 6.11: Experimental testing of the torque P-controller [Author]

Comparison and performance analysis

Like the force controller, the torque P-controller shows promising responses. The signal
seems more affected by noise than the force signal most apparent seen in the slowest signal,
where Kp = 0.1. Subjective assessments, both visual observations and manual movement
of the end-effector, were performed to evaluate the noise, however, no unwanted behaviour
was observed. The variations in the signal might have to do with the testing setup. Either
due to the hardware interface not having any natural point to rotate about to create force
measurements in the F/T sensor, or the cardboard box not being a good enough for this
test. In comparison, the responses in Laastad’s test are both stable and quick. He chose a
proportional gain value between Kp = 0.25 and Kp = 0.75. These values appear feasible
here as well.
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Proportional-Integral Gain Estimation

The torque PI-controller is tested with the proportional gain value Kp = 0.45 and several
integral gain parameters. The most relevant responses are shown in figure 6.12.
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Figure 6.12: Experimental testing of the torque PI-controller [Author]

Comparison and performance analysis

As with the P-controller, the responses of the torque PI-controller are not smooth. Likely
due to the same noise reported previously. These findings are backed up by the responses
seen in Laastad’s tests. What is evident from the responses in figure 6.12, is the decrease
in rise time. However, indications in the response for integral value Ki = 0.00025 show
a small steady state error, which is made clear in the response of the integral value Ki =
0.001. This differs from the force PI-controller, which did not have a steady state error.
What is difficult to see here, but more clearly shown in the result’s of Laastad, is that the
PI-controller also has a small overshoot, before the steady state error.
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Proportional-Derivative Gain Estimation

The torque PD-controller is tested with a proportional gain of Kp = 0.45 and various
derivative gains. The responses of the derivative gain parameters Kd = 0.0005, Kd =
0.05, Kd = 1, Kd = 5 and Kd = 10 are illustrated in figure 6.13.
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Figure 6.13: Experimental testing of the torque PD-controller [Author]

Comparison and performance analysis

The responses of the PD-controller does not differ much from the P-controller responses.
As expected, small values of the derivative gain, like Kd = 0.0005 and Kd = 0.05 the
rise time does not change visibly. However, with an increase in the derivative gain, the
rise time increases as well. No steady state error is observed. The biggest challenge
facing the force PD-controller was its sensitivity to noise. In the torque PD-controller
this is more subtle, as the signal is not as noisy as the force PD-controller. However,
for derivative gain value Kd = 10 this becomes more apparent, since the signal is not as
smooth. This is also backed up by Laastad’s results, where a derivative gain value ofKd =
20 is plotted. From which it is visible that a high frequency noise has manifested, and
made the manipulator unstable. To verify these findings further a subjective assessment
of the controller was made by manual rotation of the end effector. This resulted in an
unpleasant shaking movement. For the smallest gain parameters, the PD-controller was
indistinguishable from the P-controller.
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Proportional-Integral-Derivative Gain Estimation

The torque PID-controller is tested with proportional gain Kp = 0.45 and several combi-
nations of integral and derivative gain parameters. The most relevant responses are shown
in figure 6.14.
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Figure 6.14: Experimental testing of the torque PID-controller [Author]

Comparison and performance analysis

The first noticeable response is that of Ki = 0.005 with Kd = 5. The gain parameters
decrease the response’s rise time to almost 0.5s, however the response has a dominating
overshoot and is saturated with noise. It does however converge to the reference torque,
meaning there is no steady state error. The signal with the smallest values,Ki = 0.000001
and Kd = 0.005 does not seem to be influenced by noise, however the signal seems
unstable, or at its best converging too slowly to the reference torque. The two last responses
do not seem to differ much from the torque PD-controller responses, hence either the PD
or P-controller should be used instead.
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6.5.4 Summary
The controller tuning process was performed for two reasons. The first reason was to find
a suitable controller with gain values that resulted in a satisfying manipulator behaviour
in terms of the specifications discussed in chapter 6.1. The other reason was to verify the
findings in Laastad’s thesis.

As Laastad points out, the experimental controller gain estimation process yields some
interesting results about the dynamics between the internal and external controller. This
is specially seen in the behaviour of both the P-controllers, where no steady state error
is found. By implementing a P-controller on a velocity q̇i, the manipulator acts as if a
PI-controller has been implemented on the position qi.

The PI-controller, PD-controller and PID-controller for both force and torque yields equally
good or in most cases worse results than the P-controller. The biggest problem with the
PI-controllers was introducing overshoots and for the torque PI-controller an additional
steady state error. The PD-controllers on the other hand, increased the rise time and am-
plified noise resulting in unwanted twitching movement in the manipulator. The PID-
controllers did not improve the results. Rather the manipulator became more sensitive to
small gain variations resulting in a more aggressive behaviour.

Even though the rotational axis was changed in the torque controller tests, and a differ-
ent hardware interface was used, these results compares well to Laastad’s.

Taking these results into account, the suggestion is to do as Laastad and implement a
P-controller for both force and torque. However, due to different desired specifications the
proportional gain values chosen are not the same. Here, the values of Kp = 0.0075 is
chosen for the force P-controller, and Kp = 0.5 is chosen for the torque P-controller. This
results in a slightly more aggressive manipulator, in terms of shorter rise time.
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6.6 DVA implementation

The robot manipulator is used to simulate the DVA system, giving a mass-spring-damper
behaviour to the end-effector. This can be done through numerous methods, but the most
prominent ones are by implementing an impedance or an admittance controller.

The terms ”impedance” and ”admittance” are often used interchangeably, even to the ex-
tent where certain control systems referred to as admittance controllers by some are called
impedance controllers by others. In this thesis, a clear distinction is made. Impedance
controller is thought of in the same manner as defined by Hogan [83]:

”Mechanical impedance at a port is a dynamic operator that determines an
output force (torque) time function from an input velocity (angular velocity)
time function at the same port.”

Where the term port is used for a point at which energy may be exchanged with the envi-
ronment. In other words, an impedance controller takes velocity as input and gives force
as an output. Mechanical admittance on the other hand is defined as an dynamic operator
that determines an output velocity from an input force [83]. Hence, an admittance con-
troller is often seen as the inverse of an impedance controller. It is also often referred to as
an impedance controller with inner motion control.

In this thesis, an admittance controller is implemented. The impedance controller requires
joint torque setpoints. Without a joint torque interface, or full knowledge of the joint dy-
namics and servo controllers, admittance controller is the better option [84]. The controller
is illustrated in figure 6.15 and 6.16.

Admittance

Controller

Internal
Position/Velocity Manipulator

Controller

wdesired

q; _q
w

q0; _q0 qd; _qd

Figure 6.15: Overview of a generalised admittance controller [Author], based on [84]
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Figure 6.16: Mass-Spring-Damper behaviour of an generalised admittance controller in joint space
[Author]

Which yields the following equation:

m(q̈d − q̈0) + c(q̇d − q̈0) + k(qd − q0) = τdesired (6.4)

This thesis has implemented the admittance controller in Cartesian world frame, and not
in angular joint frame. The desired position is also given in tool frame, not in base frame.
Hence, some conversion is done through rotational matrices. The system equations is
therefore given in following manner:

m(ẍd − ẍ0) + c(ẋd − ẋ0) + k(xd − x0) = τdesired (6.5)

where ẍ0 = ẋ0 = 0. Due to not having access to the joint acceleration in the controller
interface, the acceleration is calculated by inverting Eq.6.5:

ẍd =
1

m
(−cẋd − k(xd − x0) + f) (6.6)

then discretised and integrated to find the velocity for timestep ti by

ẋd,i+1 = ẋd,i + ẍd,i∆t (6.7)

where ∆t is the duration of the timestep. The desired joint speeds are then found by
inverting the differential kinematics:

q̇d,i = J−1ẋd,i (6.8)

which are sent to the robot. This is also demonstrated in the code snippet below.

e r r o r p o s [ 0 ] = t f k i n .O[ 0 ] − DESIREDXPOS ;

e r r o r p o s t o o l [ 0 ] = e r r o r p o s t o o l [ 1 ] = e r r o r p o s t o o l [ 2 ] =
0 ;
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6.6 DVA implementation

v e c t o r t r a n s b a s e t o o l ( q , e r r o r p o s , e r r o r p o s t o o l ) ;

x a c c = ( 1 . 0 /m) ∗(−c∗vw [ 0 ] − k∗ e r r o r p o s t o o l [ 0 ] +
f o r c e t r e s h [ 0 ] + r e f e r e n c e s [ 0 ] ) ;

vw [ 0 ] = vw [ 0 ] + x a c c ∗ i t e r a t i o n t i m e ;

Here, tfkin.O[0] is the actual Cartesian end-effector position in world frame. The
vector_trans_base_tool, rotates the error vector from world frame to tool frame.
And the vw[0] is the velocity vector, for which the inverse Jacobian is calculated, giving
the manipulator a joint space angular coordinate. The code itself is elaborated in appendix
E, and can be found as an attachment.

The mass-spring-damper coefficients, k and c are chosen according to the following equa-
tions, given a desired oscillation frequency f . The mass is chosen arbitrarily, which are
unless stated otherwise, chosen to be m = 1.

k = f2dm (6.9)

cc = 2
√
km (6.10)

c = ζcc (6.11)

Where cc and ζ is the same coefficients as stated in table 3.3.

6.6.1 Step Response
To verify that the manipulator has been programmed according to desired behaviour, two
sets of experimental verification tests have been conducted. In this section a step response
test is presented.

Axis Frequency Added reference for each iteration
X,Y and Z 3 [Hz] 0.007
X,Y and Z 7 [Hz] 0.01

Table 6.4: Step response reference signal for each iteration [Author]

The test setup is simple. The manipulator is positioned at an arbitrary position, in this case
the manipulator is positioned with the end-effector pointing downwards well above the at-
tached table, and no obstacles in its surroundings. A desired frequency for the manipulator
oscillations is then chosen. For this test, a frequency of f = 3 and f = 7 is chosen. A
reference signal is then added for each iteration for 250 iteration≈ 2s, before the reference
is reset to 0. The reference signal varies for each frequency and direction, the parameters
are summarised in table 6.4.

This reference signal is not a classic step response input signal. Instead of applying a
constant force for a given time period, the input signal gradually integrate the signal at a
rate of 0.01N per timestep, resulting in a step from 2.5N to zero after approximately 2s.
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Chapter 6. System Design and Implementation

The desired behaviour we would like to examine is the behaviour around the initial equi-
librium position, x0. If one could extract the intended motion from the patient, then x0,
ẋ0 and ẍ0 would correspond with the patient’s intended motion, and the DVA would act
around that. That is why we look at the response when dropping down to the equilibrium
position rather than when acted upon by a constant force.

The step response reference signal implementation can be summarised in the code snippet
below.

/ / For Z−a x i s w i t h f = 7
i f ( i <= 250) {

r e f e r e n c e s [ 2 ] += 0 . 0 1 ;
}
e l s e {

r e f e r e n c e s [ 2 ] = 0 ;
}

The step response result is presented in figure 6.17. Only the step response of the Z-axis
is presented, as the other responses are similar. These can be found in appendix F.
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Figure 6.17: Step Response of Z-axis Admittance Controller [Author]

Nearly all responses in both plots begin with a linear displacement between 0 and 2 sec-
onds. It is more clear from the plot where the desired frequency is set to 7 than from plot
with desired frequency equal to 3. This is due to the stiffness of the virtual spring being a
function of the desired frequency, see Eq.6.9 - Eq.6.11. The nonlinear start is likely due to
the complement Gaussian filter that reduces the input force when it is too low. At the point
of 2 seconds, the reference is reset to 0, and as a mass-spring-damper, the end-effector
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6.6 DVA implementation

seeks back to the equilibrium point.

The expected response is as following. For a critical damped signal, ζ = 1, the response is
expected to fall back to the equilibrium point without any overshoot, nor any steady-state
error. For a mildly underdamped signal, ζ = 0.6, a small overshoot is expected in the
response. Lastly, for an heavily underdamped signal, ζ = 0.2, oscillations are expected
before the signal falls to rest at the equilibrium. This expected behaviour is achieved in
both plots.

The difference between the two plots in figure 6.17, mainly concerns differences in am-
plitude and time. Even with a smaller force reference signal, the response of the plot with
f = 3 has larger amplitude, and slower response. This also has to do with the stiffness of
the virtual spring coefficient. A smaller stiffness needs less force to be displaced. For the
same reason, it will take longer time to go back to the equilibrium point.

Conclusively, the step response of the robot manipulator with the implemented control
system behaves as a mass-spring-damper.
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Chapter 6. System Design and Implementation

6.6.2 Impulse Response

The second experimental verification test conducted is an impulse response test. The test
setup is the same as for the step response test. Both f = 3 and f = 7 are tested here as
well. The reference signal is now modified. The manipulator now waits 250 iterations≈ 2
seconds before a reference signal is given for 5 iterations ≈ 0.04 seconds. This reference
signal is for both frequencies and all axes, apart from the Z-axis with frequency f = 3,
equal to 25N. The reference signal in the Z-direction with f = 3, a reference signal of 20N
is given. This is done so that the manipulator does not slam into the attached table. The
impulse response reference signal implementation can be summarised in the code snippet
below.

/ / For Z−a x i s w i t h f = 7
r e f e r e n c e s [ 2 ] = 0 ;

i f ( i >= 250 && i < 255) {
r e f e r e n c e s [ 2 ] = 2 5 ;

}

The Z-axis impulse response is presented in figure 6.18. The responses for the other axes
can be found in appendix F.
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Figure 6.18: Impulse Response of Z-Axis Admittance Controller [Author]

The plot shows how the manipulator first waits ≈ 2 seconds for the impulse signal. Com-
paring the two plots, one can see that the form of the response is alike, however, the
amplitude and response time is dissimilar. This, like for the step response, is likely due to
the virtual spring stiffness being dissimilar. A plot of ideal impulse responses is presented
in figure 6.19.
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Figure 6.19: Ideal impulse response of mass-spring-damper system [Author]

The impulse response has been modelled with MATLAB’s impulse() function. All the
values are similar to those tested on the robot manipulator, and the desired frequency is
set to f = 3. The only difference between the two plots and the respective responses
is the amplitude. The most probable cause of that is the fact that the input signal to the
MATLAB impulse() function is a Dirac pulse input, while the robot manipulator has a 20N
input. Apart from this difference, the responses are alike, and conclusively, the admittance
controller is implemented with the desired behaviour.
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6.7 Frequency Feedback Implementation

To achieve a semi-active system, where the spring stiffness may be regulated, some sort
of feedback is needed. As explained in the system overview in section 5, the BMWFLC
filter for tracking and estimation of tremors is implemented on an Arduino Uno using an
IMU as sensor. The IMU communicates with the Arduino Uno through I2C protocol. The
data is presented as a serial data stream, however, the data needs to be communicated to
the robot manipulator.

As the manipulator system communicates with the ur modern driver over TCP/IP through
an external computer with Linux Ubuntu OS, communication between Linux and Arduino
needs to be established in C++. In Linux, all connected devices are mounted to a given
directory. To connect to these devices, the directory needs to be accessed. This is then
implemented in the system, based on the code in [85]. Hence the Arduino is able to send
data to the robot manipulator as string variables.

Both accelerometer data and peak frequency are sent to the external computer. The string
variable containing these data is split up and converted to suitable types. The accelerome-
ter data is used solely for logging each test or session. While the peak frequency is set as
the desired frequency variable, continuously updating the spring stiffness variable.

Further, the behaviour of the mass-spring-damper with variable stiffness needs to be anal-
ysed. To do this, the step response test and the impulse test is conducted once more. The
results of these responses for the Z-axis are illustrated in figure 6.20 and figure 6.21. The
responses for axes X and Y may be found in appendix F.
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Figure 6.20: Step response of an admittance controller with variable stiffness [Author]
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Figure 6.21: Impulse response of and admittance controller with variable stiffness [Author]

Examining the step responses first, it is clear that the shape of the signal still resembles a
mass-spring-damper, and the desired behaviour is still present. For the test, the manipula-
tor is given a reference of 0.01N for each iteration for 250 iterations, before the reference
is reset to 0. The same reference value is given in every direction. This is, as stated in
table 6.4, the same reference given to step response test with fixed frequency of f = 7.
However, the response is closer to the response of the fixed frequency f = 3. Further
examination of the frequency log file, shows that even though the frequency varies, the
range of the variations is between f = 3.9 and f = 4.

As with the step response, both the shape and desired behaviour of the impulse response
with variable frequency resembles a mass-spring-damper. The test setup is equal to the
setup for fixed frequency impulse response test. The reference signal given in the Z-axis
is 15N, while X and Y axes is given a reference signal of 20N. The reference signal is
given at the same time and for the same amount of time as the fixed frequency impulse
responses. Given the input, it is clear that the response is more aggressive than its fixed
frequency counterpart. The behaviour of the response is closer to the response of fixed
frequency f = 7. However, a closer look at the frequency log file of the test reveals that
the range of frequency varies from f = 3.9 to f = 7.

The robot has a high displacement from the integrated force response, indicating that it
accommodates a constant signal and has a low stiffness in the virtual spring under con-
stant force. When the force resets, we have a slope back to zero (for the critically damped
system) similar to the higher frequency response in the previous experiment. Indicating
that the active strategy is trying to dampen the rapid change in force by increasing the
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virtual spring stiffness.

The variation of frequency in the impulse response is possible to see in the response plot,
especially in the response of ζ = 0.2. Examining the response around every local maxima
and minima of the signal, it becomes clear that the response is asymmetrical about the
point. The response uses more time reaching the point, than leaving. That is, the rate of
change is higher before the maxima and minima of the signal than after, like a nonlinear
spring. This response coincides with the subjective assessment of the semi-active manip-
ulator. During the subjective assessment, the manipulator was easy to pull away from
the equilibrium point, but upon release it seemingly went quicker back to the equilibrium
point.

At this point, it is assumed that the force input greatly impacts the behaviour of the ma-
nipulator. Further investigations on the behaviour of a manipulator with real-time tuneable
stiffness should be made, however the rest of this thesis will focus on what impact this
behaviour has on tremor suppression.

6.8 Summary
In this chapter, the specifications of the system was established, and implementation chal-
lenges were identified, for which solutions were found and tested. In addition, a system
controller were designed, and each part was implemented, tested, verified and analysed.

The compliance controller and the admittance controller were never tested together in a
completed system. However, given that the experimental tests will not be done on humans,
this does not prevent the experiments going forward.

The overall system implemented in this thesis will in the actual wearable device be un-
necessary. The device will mechanically have a mass-spring-damper behaviour and is
attached to the user’s hand, so compliance is a given. However, to be able to test the
system on a robot manipulator, the controller is needed.
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Chapter 7
Experiment

The designed and implemented system shows desired behaviour, this chapter aims to ex-
plore the effect and impact of the system.

Initially, the experiment was thought to be performed on human patients, using an as-
sessment scale from the literature study in chapter 4.1. However, before testing can be
performed on human patients, experimental testing is required. The purpose of these ex-
periments is to determine the effect of a semi-active system as opposed to a passive one.

7.1 Experimental setup
The experimental setup is shown in figure 7.1. To test the system, a virtual patient was
built in cooperation with the mechanical workshop at ITK. It consists of a drill that is at-
tached to a PVC pipe through a spring. These elements were secured to a piece of wood
for stability. The pipe is kept in place at an angle through a metal loop, mainly to elevate
the pipe, but also to limit the amplitude of the pipe movement. Whenever the drill was
activated, the spring motion caused random movement in the pipe.

Three clamps were used in the setup, two of which were used to secure the virtual pa-
tient to the table. In figure 7.1c, it can be seen that the patient is not secured to the table
attached to the manipulator structure, rather it is secured to the table with the external
computer and the UR5 controller box. The reason for this is that initial tests revealed se-
vere instability in the system when placing the virtual patient on the attached table. The
structure on which the manipulator is secured and table is attached is in itself unstable.
Manipulator shaking leads to shaking in the pillar which further leads to shaking in the
table. Securing the patient to that table only leads to a closed loop of shaking making the
system unstable.

The last clamp is used to apply steady pressure on the drill button, such that it has constant
velocity throughout the test. The rest of the experimental setup includes the implemented
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system described in chapters 5 and 6.

(a) Virtual Patient (b) Patient Attachment

(c) Complete Experimental Lab Setup

Figure 7.1: Experimental Lab Setup [Author]
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7.2 Method
The experiment starts by measuring the tremors in the virtual patient, without the manipu-
lator attached. The setup of the accelerometer can be seen in figure 7.2a. The manipulator
is then attached and a series of tests are conducted, where the stiffness and damping of the
manipulator is changed from test to test. All tests measures the tremor in the Z-axis only,
if not stated otherwise.

The tests are built up as follows. First, four different fixed frequencies are tested for a
critical damped, ζ = 1; mildly underdamped, ζ = 0.6; and highly underdamped, ζ = 0.2
system. Those frequencies are: f = 15, f = 10, f = 6 and f = 3. Then a feedback
frequency from the BMWFLC algorithm is used to adapt the manipulator stiffness to the
tremor frequency. This setup is then tested for the critical, mildly underdamped and highly
underdamped case.

The experimental method can be summarised in the following bullet points.

• Measure tremor data of the virtual patient.

• Measure tremor data of the virtual patient and manipulator with multiple fixed fre-
quencies and critical, mildly underdamped and highly underdamped dampening.

• Measure tremor data of the virtual patient and manipulator with feedback frequency
and critical, mildly underdamped and highly underdamped dampening.

(a) Accelerometer placement when measuring
without manipulator attached

(b) Accelerometer placement when measuring
with manipulator attached

Figure 7.2: Tremor Measurment Setup [Author]
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7.3 Results
The data presented in figure 7.3 is the tremor data from the virtual patient; where figure
7.3a is the estimated tremor signal, and 7.3b is the PSD plot of the estimated tremor. This
data is the reference data to which the experimental tests will be compared to. However,
this data will not be exactly the same in all the tests, as it is difficult to achieve the exact
same velocity twice with the drill setup.
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(a) Tremor Estimation of the virtual patient
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(b) PSD plot of estimated virtual patient tremor

Figure 7.3: Tremor data of the virtual patient [Author]

Most of the tests ended with an unstable system, where the oscillations only increased in
both amplitude and frequency. This was not surprising, and is elaborated further in chapter
7.4. For the heavily underdamped case, only a fixed frequency f = 15, was possible to
record, the other frequencies, even a variable one, were violently unstable, trigging safety
mechanisms instantaneously.

Yet, results from both the fixed frequency tests, and variable frequency are presented in
the following sections. The rest of the test results can be found in appendix F.
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Fixed Frequency Test
In this section, the best and worst cases for a fixed frequency are presented. This judge-
ment is based on the perceived movement of the total system. In figure 7.4 the PSD plot
and the movement plot of the system are presented. Here the manipulator is set to critical
damping, and a desired frequency f = 15. Evidently, there are major changes in the PSD
plot compared to the PSD plot of the reference. Only one peak remains, though this peak
is now 20 times larger. In other words, energy persists in the tremor. This can be explained
by the movement plot, which shows stable oscillations, with low amplitude.
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(a) PSD plot for critical damped system with fixed frequency, f = 15 [Author]
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(b) Movement plot for critical damped system with fixed frequency, f = 15 [Author]

Figure 7.4: Plots of critical damped system with fixed frequency, f = 15 [Author]

The worst fixed frequency case is presented in figure 7.5. Here, the manipulator is set
to heavily underdamped, and frequency f = 15. This was the only case were a heavily
underdamped manipulator was recordable, and as seen in the movement plot in figure 7.5b,
the system is shut down after 2 seconds by an internal safety mechanism. Several more
plots are added to appendix F, however, most of them result in an unstable or oscillating
behaviour, not providing new information to the discussion.
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(a) PSD plot for heavily underdamped system with fixed frequency, f = 15 [Author]
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(b) Movement plot for heavily underdamped system with fixed frequency, f = 15 [Author]

Figure 7.5: Plots of heavily underdamped system with fixed frequency, f = 15 [Author]
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Variable Frequency Test
The results of the variable frequency tests have the same tendencies as the fixed frequen-
cies. In figure 7.6, the manipulator is critically damped with a variable frequency. Al-
though it is seemingly able to suppress some frequencies, two frequencies, f = 1.5 and
f = 4.1 are heavily boosted. Large, but stable oscillations are also found with this setup,
as seen in figure 7.6b.
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(a) PSD plot for critical damped system with variable frequency [Author]
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(b) Movement plot for critical damped system with variable frequency [Author]

Figure 7.6: Plots of critical damped system with variable frequency [Author]

The best results with a variable frequency came when the measured frequency were multi-
plied with a constant gain = 4. It is assumed that this is a natural consequence of a higher
stiffness making it more difficult to move the manipulator in any case. The results of this
implementation are highlighted in figure 7.7. Once again the results show that even with a
critical damping the system has at best stable oscillations. The power certain frequencies
are decreased, while others are increased. However, the power of the largest frequency
f = 7.5 : PSD ≈ 0.003 is lower than the power of the two largest reference frequencies,
f = 1 : PSD ≈ 0.005 and f = 3.2 : PSD ≈ 0.005. Several more plots are added
to appendix F, however, most of them result in an unstable or oscillating behaviour, not
providing new information to the discussion.
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(a) PSD plot for critical damped system with 4x variable frequency [Author]
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(b) Movement plot for critical damped system with 4x variable frequency [Author]

Figure 7.7: Plots of critical damped system with 4x variable frequency [Author]
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7.4 Discussion
Generally, the experiment yields unsatisfactory results. The only certainty that can be
drawn from it, is that a higher desired manipulator frequency, which provides a higher
spring stiffness, produces the least amount of movement. A critically damped manipulator
also seems to keep the movement to a minimum, however as can be seen in figure F.11, a
critically damped manipulator does not ensure stable movement. Given this behaviour, the
PSD plots does not provide much insight to the system. Typically, the PSD plots show that
the peaks in the reference signal is lowered. However, due to movement still persisting in
the system, other peaks are increased, often to the point where the power of the frequency
is higher than the power of the reference signal frequency peaks.

There are many reasons why this experiment did not yield satisfying results. The main
reason, is due to initial phase problems with the experimental setup. The most substan-
tial flaw being the hardware interface. Due to the design of the hardware interface, the
total system does not become a DVA system with one mass-spring-damper system upon
another. Instead, the total system becomes one mass-spring-damper system, that is driven
by a force created by the movement in the drill. The total system is not representative of
the system we desired to simulate.

Another point of failure was the choice of using velcro straps for fastening the virtual
patient to the manipulator. This did not produce a rigid contact, and bouncing occurred
between the F/T sensor and the pipe which may have increased the noise. Rigidly attach-
ing the pipe by screwing it onto the F/T sensor was not possible either as the drill design
required the pipe to be able to rotate to exhibit the desired tremors.

In addition, the angular velocity of the the drill is not the same for every test. That is, there
are no guarantee that speed of the drill is the same from test to test, since even though a
clamp is used to secure that the button is pressed down constantly throughout a test, there
is no mechanism installed to ensure that the button is pressed the same amount every time.
This was done purposely as a test on a human would not have been repeatable either. The
battery of the drill also impacts this aspect, as the battery was not charged between tests.

Lastly, as explained in chapter 7.1 about experimental setup, the structure on which the
manipulator is placed is not stable. Even though the virtual patient was secured to another
table, the manipulator is still exposed to the instability. This may have had little impact on
the outcome of the experiment, however the effects of the instability are not positive.
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Chapter 7. Experiment

7.5 Conclusion
The experiments are inconclusive with regards to whether a semi-active system is better
at damping tremors in the virtual patient than a simple mass-spring-damper system. The
experimental setup and protocol is still seen as satisfying, hence the experiment should be
repeated after a redesign of the hardware interface. Conclusively, it could be said that the
virtual patient experiments suffered from initial phase problems. Certain hardware design
decisions early on defined the task before the controller was implemented. The controller
implementation proved to require a rigid connection between the virtual patient and the
manipulator. An aspect which was not taken into consideration during the initial hardware
design phase.
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Chapter 8
Conclusion

This thesis has focused on emulating a semi-active tremor suppression device on a robotic
manipulator. A literature study on tremor assessment has been conducted; in addition,
research and development of a tremor suppression system has been performed. A system
has been engineered by combining hardware and software components, for which commu-
nication has been established and a control system developed. Tests and validations have
been performed for every implemented system.

The literature review of the tremor assessment showed that there are several tremor as-
sessment scales, none of which are explicitly used to assess tremor suppression devices.
What did become clear was that both an objective assessment, through tests reviewing the
ability to perform certain tasks; and a subjective assessment, through e.g. a patient survey
reviewing the patients own perception of the device should be combined for an overall as-
sessment. The Fahn-Tolosa-Marin tremor assessment scale includes both assessments and
seems promising. The tremor scale should be combined with an assessment of the tremor
signal, through e.g. Power Spectral Density.

The complete system is a modular system, which allows modifications of components
within each module. In addition, some modules may also be removed completely, which
will be the case for a completed wearable prototype.

This is also the case for the designed control system. However, As the purpose of this
thesis is to emulate the wearable using a manipulator, both the high- and low-level control
system were necessary to investigate. The implementation of each element of the control
systems are considered successful, with the exception of the filter that separates intended
patient motion signal from the tremor signal, and distributes the signals to the compli-
ance and admittance controller.. Both the force controller and the admittance controller
behaviour were validated and tuned through experimental tests. The implementation of
the semi-active spring stiffness yielded a system that was easy to displace while quickly
returning to the equilibrium. The behaviour took the form of a nonlinear spring, which
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Chapter 8. Conclusion

should be further investigated.

The experiment verifying the whole system as a tremor suppressor lacks a satisfying hard-
ware interface. Even though the hardware interface was adequate for the purpose of devel-
opment and testing of each implemented element by themselves, it was clearly unsuitable
for a complete system test. The experimental setup and protocol should be repeated with
a new hardware interface, as they were not invalidated.

Overall, this thesis provides insight to the R&D of the concept, in terms of testing and
assessment, the development process and implementation. The work done will signifi-
cantly reduce future efforts in developing a system, and it is a right step towards an end
product. More research and development is needed before an end product is ready, some
of these are presented in chapter 9.

74



Chapter 9
Future Work

There is still a lot of work left to be done before a wearable semi-active tremor suppression
device may be realised. The main objective should still be to continue the progress and
the investigation of the concept choices made in the earlier theses and those made in this.
Some suggestions regarding work to do related to this thesis are listed below.

• Design of a hardware interface for the robot manipulator that ensures accurate rep-
resentation of the physics of the DVA.

• Implement a solution for a hybrid controller with compliance and admittance.

• After testing a complete system on the test-rig, a project application could be applied
to REK for testing on patients, using the FTM assessment scale.

Sunde also suggest improvements of the BMWFLC filter, some of these are listed below
together with some suggestion made by the author.

• Implement the BMWFLC filter on a better microcontroller (16-bit or 32-bit) to see
how much the performance improves.

• Expand the algorithm to estimate frequcencies for 3 DOF.

• Design and make a printed circuit board (PCB) of the arduino and sensor system,
with an optimal BMWFLC algorithm implemented.

• Optimize the stiffness coefficient tuning.

There is also work remaining regarding the prototype when the technology is tested and
validated. Some examples are listed.

• Perform an assessment on prototype components.

• Design and build a prototype.

• Test and validate the prototype in clinical trials.
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Chapter 9. Future Work

Unlike most dissipative approaches where there is active damping, the semi-active element
in this approach is a spring. Further work includes investigating whether this is able to dis-
sipate energy in the system, and accurately modeling the behaviour for different frequency
signals. One way to do this is by performing a force reference signal that sweeps over the
frequency spectrum, allowing the creation of a bode plot of the nonlinear spring
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Appendix

A BMWFLC Algorithms and Equations
The following sections are parts of chapter 5 in [23], some modifications for the sake of
readability and relevance have been done by the Author

Core Equations
Each n-WFLC in the BMWFLC has its own frequency and learning rate, enabling each
WFLC to adapt to the signal individually with its own speed. The learning rates are

µk =
[
µ1k µ2k · · · µnk

]
(9.1)

and the angular frequencies for the WFLC in the filter are

ωk =
[
ω1k ω2k · · · ωnk

]
(9.2)

where k is the sampling instance. When k = 0 we get the size frequency window, where
the frequencies have the distance ∆ω between them[

ω10 , ωn0

]
(9.3)

The frequency window is divided into a number of divisions

η =
ωn0
− ω10

∆ω
(9.4)

and n is then the number of harmonics in for the Fourier combiner model of yk.

yk =

n∑
r=1

ark sin(ωrkk) + brk cos(ωrkk) (9.5)

yk will not be used as an output for this filter, since it will not be tuned to have an accurate
estimate of the amplitude, only the frequencies (9.3) are of interest. Then xk and wk are
defined

xk =

[ [
sin(ω1kk) sin(ω2kk) · · · sin(ωnkk)

]ᵀ[
cos(ω1kk) cos(ω2kk) · · · cos(ωnkk)

]ᵀ] (9.6)

wk =

[[
a1k a2k · · · ank

]ᵀ[
b1k b2k · · · bnk

]ᵀ ] (9.7)
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Using 9.6 and 9.7 the linear combiner can be written as

yk = wk
ᵀxk (9.8)

and the error between the signal of the complete motion of the hand and the estimated
signal yk is

εk = sk − yk (9.9)

The recursive LMS algorithm used to update the weights of wk

wk+1 = ρwk + 2µkxkεk (9.10)

ρ = δ
√
α (9.11)

δ =
1

∆T
Tp (9.12)

This is the memory manipulation from the E-BMFLC algorithm. It makes the filter forget
past information, making it adapt faster when sudden changes occur in the signal sk, E.g., a
sudden change of frequency. Decreasing ρ increases the rate of forgetting past information.
∆T is the sampling time (in seconds), Tp is the width of the considered memory window
(in seconds), and α is the minimum amplification gain considered within the window.

The fundamental angular frequencies muk, are updated using multiple modified LSM
algorithms, one for each WFLC, each with its own adaptive gain ωk

ωrk+1
= ωrk + 2εkµrk

[
arkcos(rωrkk)− brksin(ωrkk)

]
, r = 1, 2, ..., n (9.13)

Equation (9.13) uses the LMS algorithm to descend the performance surface to minimize
the Minimum-Square-Error. If the learning rates muk, are too large all the frequencies
will try to reach the frequencies with the largest magnitude in the magnitude spectrum,
the global minimum on the performance surface. This is because the error εk looks at the
error between the input signal sk and the estimate of the entire signal yk, so each WFLC
in the BMWFLC wants to go for the dominant frequency in the signal. If the learning
rate muk, is set small enough, each WFLC will get stuck in its local minimum, this is
what we want, enabling each WFLC only converge towards the real frequency closest to
it. When tracking multiple frequencies, the learning rate needs to be small, resulting in
slow convergence, if only the frequency with the largest magnitude is being tracked, the
learning rate can be set much higher since only the global minimum is of interest, resulting
in faster convergence.

Adaptive Learning Rate
One of the drawbacks with the FLC, WFLC and BMFLC algorithms is that the learning
rate parameters µ and µ0 need fine tuning, and are sensitive to change in the amplitude of
the input signal. The two parameters also need to be tuned separately. When the tremor
is suppressed the amplitude of the signal will be decreased, and the sensitivity of the
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estimation will decrease. To solve this problem, we can use the amplitude of the input
signal to adapt the learning rate. We will use a queue data structure Q, which uses the
first-in, first-out, or FIFO, policy. The queue will have a fixed length L, a good value for
its length is to set it equal to the sampling rate of the signal, fs.

Algorithm 1: Max Amplitude Window
Input : The measured signal yk
Input : Max length of queue; L
Output: The peak amplitude from the time slice; Apeak
Q.enqueue(abs(yk));
if Q.length > L then

Q.dequeue();
end
Apeak = max Q

Algorithm 1 checks the L last samples from the tremor signal, and return the peak ampli-
tude. This value can now be used to adapt the learning rates. If the length L is set to 100
and our sample rate of the signal is 100 Hz, the window will contain the tremor values for
the past 1 second so that the learning rates can adapt relatively fast to any changes in the
amplitude of the tremor. The following equations adapt the learning rates.

µk =
κ

Apeak
(9.14)

The value for the scaling parameter κ can be found by tuning. The equation makes µrk
adaptive is

µrk = µkh+ µrkβe
−λt, r = 1, 2, ..., n (9.15)

Magnitude spectrum - extracting frequencies
To find the frequencies in the input signal, we will look at the magnitudes of the Fourier
components in the BMFLC, the magnitude of each FLC; the FLC with the highest mag-
nitude should contain the dominant frequency in the estimated signal, which then is the
estimate of the dominant frequency for the real signal

Mrk =
√
a2rk + b2rk, r = 1, 2, ..., n (9.16)

M =
[
M1k M2k · · · Mnk

]
(9.17)

With this method we can estimate multiple frequencies in the signal. To accomplish this,
we look for the magnitudes that are peaks in the magnitude spectrum. That is, the magni-
tude of interest should be larger than the magnitude to its immediate left and right in the
magnitude spectrum, Mr−1 < Mr > Mr+1. We want to be able to tell our algorithm
how many peaks it should track in the spectrum, each peak it tracks is an estimate of a
frequency, so we define a variable called ftt (frequencies to track). Instead of making all
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the FLC in the truncated Fourier series into WFLC, we can say that the ftt number of FLC
with the largest magnitude of Fourier coefficients are allowed to become WFLC. When the
learning rate is set to zero, µrk = 0, it becomes an FLC, and its respective frequency ωrk
lose its capability to adapt to the signal. When the BWMFLC starts to adapt to the signal,
all the magnitudes of the FLC are tracked, and the fft number of FLC with the largest peak
magnitudes in the magnitude spectrum become WFLC, by setting µrk > 0. We define
an array to store the peak magnitudes and their position in the spectrum. Mpeak1 is the
largest peak, Mpeak2 the second largest peak; and Posp1 and Posp2 are their position in
the spectrum respectively.

Mpeak =
[[
Mp1, Posp1

] [
Mp2, Posp2

]
· · ·

[
Mpr, Pospr

]]
(9.18)

Algorithm 2 shows how we can find the magnitude peaks, and return an array with all the
peaks, it should be sorted the same way as (9.18). It is now easy to get the estimate for the

Algorithm 2: Find peak magnitudes
Input : Magnitude spectrum; M
Output: Peak magnitudes; Mpeak

for i = 0; i < M.length; i = i+ 1 do
if i == 0 then

if M [i] > M [i+ 1] then
Mpeak.append([M [i], i])

end
else if i < M.length then

if M [i] > M [i− 1] and M [i] > M [i+ 1] then
Mpeak.append([M [i], i])

end
else if i == M.length then

if M [i] > M [i− 1] then
Mpeak.append([M [i], i])

end
end

end
Mpeak.sort()

frequencies; we use the positions from (9.18), and the estimates will be the frequencies in
(9.3) that correspond to them. E.g if Posp1 = 8, the estimate for the frequency with the
most power in the input signal will be ω8k .

Since the frequencies in ωk will change over time, there should be a mechanism to re-
set the frequencies to their original values ω0, if they no longer are present in the signal.
An easy way to do this is to make a threshold variable, η, and if any of the magnitudes in
Mk get under this threshold, their respective frequency in ωk should reset to their original
value ω0.
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Algorithm 3: Adapt and return ωk, the estimated frequencies
Input : Peak magnitudes sorted; Mpeak

Input : Number of frequencies to track; ftt
Input : Angular frequencies; ωk
Input : Learning rates; µk
Output: Estimated frequencies; ef
ef = []
for i = 0; i < ftt; i = i+ 1 do

positionOfPeak = Mpeak[i][1]
adaptLearningRate(µk[positionOfPeak])
adaptAngularFrequency(ωk[positionOfPeak])
ef.append(ωk[positionOfPeak])

end

ωrk =

{
ωr0 if Mrk < η

ωrk otherwise
r = 1, 2, ..., n (9.19)
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B BMWFLC Flowchart

Figure B.1: Flowchart of the BMWFLC [Author], inspired by [23]
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C Design Proposals

Spring

Mass

Arm

(a) Design proposal 1

Spring

Mass

Protective shield

Arm

(b) Design Proposal 2

Figure C.1: Cross-sectional view of arm with DVA[22]

(a) Design proposal for a single DVA system (b) Design Proposal for a dual DVA system

Figure C.2: Sketch of design proposals of the implementation of DVA systems [22]

Figure C.3: Render of how the above design might be implemented [22]
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D UR5 Denavit Hartenberg

Reference frames for Denavit-Hartenberg parameters of the UR5 ma-
nipulator

x0

z0

x1

z1 z2

x2
x3

z3

z4

x4

x5

x6

z5

z6

d1

a2 a3 d4

d5

d6

Figure D.1: Reference Frames for the UR5 manipulator based on its DH-parameters [Author]
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Denavit-Hartenberg parameters

Link θi[rad] di[mm] ai[mm] αi[rad]

1 q1 89.459 0 π/2

2 q2 0 -425 0

3 q3 0 -392.25 0

4 q4 109.15 0 π/2

5 q5 94.65 0 −π/2

6 q6 82.3 0 0

Table D.1: DH parameters for UR5, values taken from [86]
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E Code

This appendix briefly describes the source code and implementation files. It assumes fun-
damental of understanding of Linux OS and code compilation. The source code may be
obtained by contacting ITK.

Directory Structure

UR5−Maste r / − Main D i r e c t o r y
BMWFLC− f i l t e r / − BMWFLC f i l t e r code and f i g u r e
cArduino / − C++ and Arduino communica t ion

cArduino . cpp
cArduino . h

d a t a / − Raw l o g f i l e s
l o g l i b r a r y /
l o g s /

f o r c e / − E x t e r n a l C o n t r o l l e r
f o r c e . cpp
f o r c e . h
u j a c c . c
ufwdkin . c

MATLAB d a t a a n a l y s i s / − Matlab code and f i g u r e s
TremSup / − Main f i l e d i r e c t o r y

M a k e f i l e
TremSup . cpp
TremSup . h
s t a r t . exe

u r moder d r i v e r−m a s t e r / − D r i v e r f o r UR Robots

File Description

• Makefile & start.exe: These files contain the makefile and executable file for the
tremor suppression system developed during this master thesis.

• TremSup.cpp & TremSup.h: These files contain the main file, various robot mo-
tions and user interface for the tremor suppression system developed during this
master thesis. Parts of the framework seeks to re-use code developed by [21].

• force.cpp & force.h: These files contain the external controller and safety mech-
anisms developed and implemented during this master thesis. Parts of the code is
developed by [21].

• ujac u.c & ufwdkin.c: These files are the C implementation of the kinematics and
the Jacobian for the UR5. The DH parameters can be changed in order to fit the
Jacobian for the UR3 or UR10. This is re-used code from [21].
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• ur modern driver-master/: Drivers for the UR3, UR5 and UR10 from Universal
Robot developed by [2]. The driver documentation is developed by the same author
[87].

• cArduino.cpp & cArduino.h: These files are the implementation of the commu-
nication between Linux C++ and Arduino developed and implemented during this
master thesis. Code based on [85].

• BMWFLC-filter/: This folder contains code for the BMWFLC filter. Both for the
Arduino implementation and for plotting in python. Code is developed by [23].

Running the code
The tremor suppression system needs a non-standard Linux library before it can be utilised.
The GNU Scientific Library is utilized to calculate the inverse Jacobian. Follow the instal-
lation instructions and update the library before proceeding. Other essential preparations
require recreating parts of the laboratory setup utilised in this master thesis.

• Mount the F/T sensor Gamma transducer with the sensor frame identical to the tool
frame. Utilise the F/T Net Box web interface to configure the Gamma F/T sensor
with a 250Hz sampling frequency, low-pass filtration with a cut-off frequency of
5Hz.

• Contact the Department of Engineering Cybernetics at NTNU to obtain a copy of
the source code.

• The IP addresses of the UR5 and F/T sensor are defined in TremSup.cpp and force.cpp
respectively. Make sure to change them appropriately to fit your laboratory setup.

• Recompile the code, remember to do this every time the the code is changed. Enter
the directory NTNU-master-thesis/TremSup and run the terminal command ”make
clean && make”.

username@ubuntu:∼/NTNU-master-theis/rrulas$ make clean && make

• Be aware and make the workspace available for the predetermined initial pose the
manipulator moves to when the system is executed. The external controller is not
active during this initial movement.

• The robotic rehabilitation system can now be executed with the newly compiled ex-
ecutable start.exe file with the terminal command ”./start”.

username@ubuntu:∼/NTNU-master-theis/rrulas$ ./start

• Always keep the teach pendent with the emergency button available while running
the tremor suppression system and respect the power of the UR5 manipulator.
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F Additional Results
This appendix contains additional results of the experimental tests performed in this the-
sis.

F.1 Step Response Results
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Figure F.1: Step response for X-axis with fixed frequencies [Author]
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Figure F.2: Step response for Y-axis with fixed frequencies [Author]
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Figure F.3: Step response for X-axis with variable frequency [Author]
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Figure F.4: Step response for Y-axis with variable frequency [Author]
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F.2 Impulse Response Results
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Figure F.5: Impulse response for the X-axis with fixed frequencies [Author]
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Figure F.6: Impulse response for the Y-axis with fixed frequencies [Author]
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Figure F.7: Impulse response for the X-axis with variable frequency [Author]
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Figure F.8: Impulse response for the Y-axis with variable frequency [Author]
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F.3 Experimental Results
Fixed Frequency
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(a) PSD plot for critical damped system with fixed frequency, f = 10 [Author]

20 25 30 35 40 45 50 55 60 65 70

Time [s]

0

0.005

0.01

0.015

0.02

E
n

d
-E

ff
e

c
to

r 
P

o
s
it
io

n
 [

m
]

Experimental Test - Manipulator Movement

 = 1

(b) Movement plot for critical damped system with fixed frequency, f = 10 [Author]

Figure F.9: Plots of critical damped system with fixed frequency, f = 10 [Author]
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(a) PSD plot for critical damped system with fixed frequency, f = 6 [Author]
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(b) Movement plot for critical damped system with fixed frequency, f = 6 [Author]

Figure F.10: Plots of critical damped system with fixed frequency, f = 6 [Author]
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(a) PSD plot for critical damped system with fixed frequency, f = 3 [Author]
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(b) Movement plot for critical damped system with fixed frequency, f = 3 [Author]

Figure F.11: Plots of critical damped system with fixed frequency, f = 3 [Author]
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(a) PSD plot for mildly underdamped system with fixed frequency, f = 15 [Author]
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(b) Movement plot for mildly underdamped system with fixed frequency, f = 15 [Author]

Figure F.12: Plots of mildly underdamped system with fixed frequency, f = 15 [Author]
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(a) PSD plot for mildly underdamped system with fixed frequency, f = 10 [Author]
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(b) Movement plot for mildly underdamped system with fixed frequency, f = 10 [Author]

Figure F.13: Plots of mildly underdamped system with fixed frequency, f = 10 [Author]

111



��� ��� ��� 	�� ���� ���� ���� �	�� ����
��������������

�����
�����
�����
���	�
�����
�����
�����
���	�


�


��(
de

g/
se
c)

2 �
�
��

(a) PSD plot for mildly underdamped system with fixed frequency, f = 6 [Author]
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(b) Movement plot for mildly underdamped system with fixed frequency, f = 6 [Author]

Figure F.14: Plots of mildly underdamped system with fixed frequency, f = 6 [Author]
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Variable Frequency
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(a) PSD plot for critical damped system with 2x variable frequency [Author]
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(b) Movement plot for critical damped system with 2x variable frequency [Author]

Figure F.15: Plots of critical damped system with 2x variable frequency [Author]
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(a) PSD plot for mildly underdamped system with 4x variable frequency [Author]
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(b) Movement plot for mildly underdamped system with 4x variable frequency [Author]

Figure F.16: Plots of mildly underdamped system with 4x variable frequency [Author]
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(a) PSD plot for mildly underdamped system with 2x variable frequency [Author]
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(b) Movement plot for mildly underdamped system with 2x variable frequency [Author]

Figure F.17: Plots of mildly underdamped system with 2x variable frequency [Author]
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G Lab Risk Assessment
This appendix contains safety documentation relevant for the use of the UR5 manipulator
in this thesis. The risk assessment follows the template developed by [21], and is presented
in its entirety.
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