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ABSTRACT

Tremor is a neurological disorder characterized by involuntary oscillations and poses a
functional problem to a large number of patients. The most preferred description for tremor
is an involuntary movement that is an approximately rhythmic and roughly sinusoidal
movement. It results from a neurological disorder which can affect many daily activities.
People who are affected by Parkinson’s diseases (PD) have tremor on their upper limb
especially in the forearm and hand. Difficulties associated with tremor in patients with PD
have motivated the researchers to work on developing various methods for tremor
suppression. There is some medical and non-medical treatment for tremor reduction.
Despite the considerable experience in tremor management, current treatment based on
drugs or surgery does not achieve an effective reduction in 25 % of patients.

For such case, many researchers concentrated on finding non-medical treatments for
tremor diminution. Active force control (AFC) or active vibration control (AVC) is one of
the most famous non-medical methods for tremor suppression and control. Active vibration
control is an alternate way to control and attenuate the vibration. In this method a counter
force which is equal to the original vibration force but in the opposite direction is applied to
the vibrating structure to supress the vibration. Finally, the vibration of structures will be
stopped as two opposite forces cancel each other. The AFC method for tremor attenuation
in the human forearm and hand is considered in this thesis. An AFC system is proposed
which has a piezoelectric actuator and a classic proportional-derivative (PD) controller.
Tremor behavior is investigated in three different models. The first model is a four degrees-
of-freedom (4-DOF) biodynamic model of the human hand, which is the combination of
mass-spring-damper system. The second model is a one degree-of-freedom (1-DOF)
musculoskeletal model of the elbow joint with two links and one joint which includes two
muscles, biceps, and triceps as the flexor and the extensor of the elbow joint. The third
model is a three degrees-of-freedom (3-DOF) musculoskeletal model including wrist
flexion-extension (FE), radial-ulnar deviation (RUD), and pronation supination (PS). The

musculoskeletal model contains four muscles; extensor carpi radialis longus, extensor carpi
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ulnaris, flexor carpi ulnaris and flexor carpi radialis. First, simulation of the tremor
generation in the model is performed and then the performance of the AFC system for
suppressing tremor is investigated in all three models. A single piezoelectric actuator is
embedded in the AFC system for controlling the behavior of the PD controller. MATLAB
Simulink is used to analyze the model. Results show that the proposed AFC-based system
with a piezoelectric actuator and a PD controller is very effective in suppressing the tremor
for the three models.

Using piezoelectric material as a smart material for AVC has been of interest to many
researchers. Human forearm is modelled as a continuous beam which has a layer of
piezoelectric actuator on its top surface and tremor is controlled actively. Also using
piezoelectric material as an actuator and sensor in the closed loop control system has a very
significant effect on tremor suppression. A closed loop active control system is developed
and the human forearm is modeled as a beam which has two layers of piezoelectric on its
top and bottom surface as an actuator and sensor respectively. Tremor behaviour of the
model is studied in this control system to identify the effect of piezoelectric material on
tremor suppression. Hamilton principle is used to obtain the equation of motion of both
beam model. Thus, by employing the Galerkin procedure, the governing equation of motion
which is a second order ordinary differential equation in time is derived. An external force
as a tremor disturbance is applied to the beam by a sinusoidal force to analyse the beam
behaviour. The response of the system to the force stimulation gives the analytical relations
for natural frequency and amplitude of the vibration. Using the obtained analytical
relations, the effects of different factors and piezoelectric properties on the vibration of this
beam are examined. The results indicate that the piezoelectric layer as an actuator provides
an effective tool for active control of vibration. Also using a piezoelectric layer as a sensor
and actuator on the closed loop control system has a significant effect on tremor
suppression.

Tremor characteristics help researchers to find the best treatment for its suppression. The

frequency and amplitude of tremor have different level in patients. Some patients
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experience a severe kind of tremor compared to others who have weak tremor. As a result,
tremor classification for PD subjects provides beneficial information for the researchers.
Human hand tremor is recorded using electromyography (EMG) from 14 patients who
are affected by Parkinson’s disease. Different signal-processing including filtering and data
segmentation, feature extraction, feature reduction and classification are applied to the raw
EMG signal to get accurate and useful information from recorded signals. Extreme learning
machine (ELM) was used to classify data into three different classifications; severe,
moderate and weak. The results illustrate that the proposed system which consists of the
PCA, ELM and the majority vote is successful to recognising the tremor severity in three

different classes; weak, moderate and severe.
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Abbreviations

AFC Active Force Control

ANN Artificial Neural Network

AR Autoregressive

AVC Active Vibration Control

BaSTO Barium Strontium Titanate

CR Crossing Rate

DBS Deep Brain Stimulation

DOF Degree of Freedom

ECG Electrocardiography

ECRL Extensor Carpi Radialis Longus
ECU Extensor carpi ulnaris

EEG Electroencephalography

ELM Extreme Learning Machine
EMG Electromyography

EMG-PR EMG-based Pattern Recognition
EMG-non-PR EMG-based non-Pattern Recognition
EOG Electrooculography

ET Essential Tremor

EWT Empirical Wavelet Transform
EWPT Empirical Wavelet Packet Transform
FCR Flexor Carpi Radialis

FCU Flexor Carpi Ulnaris

FD Frequency Domain

FE Flexion-Extension

FES Functional Electrical Stimulation

FGM Functionally Graded Material
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FNN Feed-Forward Neural Networks
FP Feature Projection

FS Feature Selection

HAL Hybrid Assistive Limb

HMM Hidden Markov Model

HTD Hjorth Time Domain

I controller Integral controller

IEMG Integrated EMG

IMU Inertial Measurement Unit

KKT Karush-Khun-Tucker

KNN K-Nearest Neighbour

LDA Linear Discriminant Analysis
LFP Local Field Potentials

LH (Biceps) Long Head

LtH (Triceps) Lateral Head

MAV Mean Absolute Value

MDF Median Frequency

MES Myoelectric Signal

MLP Multiple Layer Perceptron
MNF Mean Frequency

MNP Mean Power

MU Motor Unit

OFNDA Orthogonal Fuzzy Neighbourhood Discriminant Analysis
P controller Proportional controller

PCA Principle Component Analysis
PD Parkinson’s Disease

PD controller Proportional-Derivative controller
PI controller Proportional —Integral controller
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PID controller Proportional-Integral-Derivative controller
PKF Peak Frequency

PLZT Lead Lanthanum Zirconate Titanate

PNN Probabilistic Neural Network

PS Pronation-Supination

PSD Power Spectral Density

PT Physical Therapy

PVDF Polyvinylidene Fluoride

PW Pulse Width

PZT Lead Zirconate Titanate

RBN Radial Basis Function Network

RUD Radial-Ulnar Deviation

SCI Spinal Cord Injury

sEMG Surface Electromyography

SLFNs Single-Hidden-Layer Feed-Forward Networks
SOM Self-Organizing Map

SRDA Spectral Regression Discriminant Analysis
SSC Slope Sign Changes

SVD Singular Value Decomposition

SVM Support Vector Machine

TD Time Domain

TFD Time-Frequency Domain

TMS Transcranial Magnetic Stimulation

WBV Whole Body Vibration

WL Waveform Length

WOTAS Wearable Orthosis for Tremor Assessment and Suppression
ZC Zero Crossings

2D Two-Dimensional
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Nomenclature

A Area of cross-section

As Area of the piezoelectric sensor

A(s) Transfer function of the actuator

a Muscle activation without fatigue

ar Normalized muscle recruitment curve

a, Muscle activation with fatigue

ap Feature vector

b Dimensionless frequency of the beam

bi Threshold for the i#4 hidden neuron

c User-specified parameter

¢ Damping coefficients

D Displacement vector

Dr Delay time for electromyography control system
d,, Piezoelectric constant that relates the mechanical tension to

electrical displacement

E Modulus of elasticity of the beam /Elasticity coefficient
matrix

el Eigenvectors

e(t) Error in PD controller

e, Piezoelectric constant

Actuator force
Dissipative force
Disturbance force

F' Estimated disturbance force
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J(x)

Muscle force

Restoring force

Muscle maximum isometric force
Excitation force

Stimulation frequency
Normalized factor

Frequency of EMG signal
Force -Velocity Factor
External force on the beam
Shear modulus

Feedback control gain
Amplifier gain

Control gain

Gravitational constant
Activation function of the hidden node
Hidden layer output matrix
Moore—Penrose generalized inverse of the matrix G
Heaviside function

Coupling coefficients matrix
Piezoelectric actuator thickness
Beam thickness

Piezoelectric thickness
Piezoelectric sensor thickness
Second moment of inertia
Vibratory inertia

Polar moment of inertia

Shear correction factor
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Ka Derivative gain
K. Integral gain
K Proportional gain

Linear stiffness

k, Spring stiffness

[ Length

la Piezoelectric actuator length

I Beam length

ls Piezoelectric sensor length

I Normalized muscle length

M Bending moment

M’ Estimated Mass

m, Mass of the piezoelectric actuator

m, Mass of the Euler- Bernoulli beam model
m, Mass in 4-DOF palm model

m, Mass of the piezoelectric sensor

m(x) Mass of the Timoshenko beam model
Nj Number of samples in class j

P Order of the AR model

Pi Linear transformation for features

Pn Frequency power spectrum

PWa Threshold pulse width

PW; Saturation pulse width
V% Muscle fatigue factor
Pmin Minimum fitness

P Applied voltage to the piezoelectric actuator

0 Electrical field vector
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Oc Covariance matrix

On Non-linear piecewise continuous function

o) Closed circuit charge

q Actual position in AFC system

q Measured acceleration of the AFC system

q(f) Frequency characteristic factor

q(t) Time-dependent function

v Moment arm

S, Elastic constant of piezoelectric material

T Kinetic energy

TF Transfer function of piezoelectric actuator

T, Gravitational Moment

T'inc Increment of the window

T, Internal passive moment

T, Muscle generated Moment through active electrical
stimulation

Twl Length of the window

t Time

ti white noise error term

U Potential energy

Ua Potential energy piezoelectric actuator

Up Potential energy of the beam

Us Potential energy of the piezoelectric sensor

Uspring Potential energy of the spring

A% Shear force

Va Applied external voltage to piezoelectric actuator

Vs Applied external voltage to piezoelectric sensor
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Yy

max

=

V= Wi Voo Vil
Z

Z(x)

,Bj z[ﬂl,...,ﬂn]

:BjL = [:lea ﬂj2""’ ﬂj ]T

ﬂS

Volume of the piezoelectric actuator
Volume of the beam

Maximum contraction (shortening) velocity

Volume of the piezoelectric sensor

Normalized muscle velocity
Work

Beam width

Piezoelectric actuator width
Piezoelectric sensor width

Vector of the weight for the it4 hidden and input neurons

Weighted window function
Piezoelectric width
Feature set matrix with ~-dimensional space

The ith sample of class j
Input for SLFN

Vertical deflection in Euler-Bernoulli beam
Fundamental vibration mode shape for Euler-Bernouli beam
Lateral displacement in Euler-Bernoulli beam

Target for SLFN

Electrical Pulse width

Fundamental vibration mode shape in Timoshenko beam
Output weight linking the hidden layer and the jth output
node

Weight vector of j¢4 hidden and output neuron

Shaping factor
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Bs Impermittivity coefficients
Ve Shear strain for Timoshenko beam
£ Strain vector

¢ =1< $asens €))7 Output vector error

0 Joint angle

2] Angular acceleration

A Frequency factor on fatigue

A, Eigenvalue associated with the eigenvector ei
7 Mean of the class j

& Dielectric constant

P Density

2, Density of piezoelectric actuator

£ Density of beam

P, Density of piezoelectric sensor

o Stress vector

T Processing time of pattern-recognition system
T. Activation time constant

Ti De-activation time constant

T Fatigue time constant

T e Recovery time constant

T, Shear stress for Timoshenko

) Estimated disturbance torque

g Angle of rotation of the cross section due to bending
o(x) Fundamental vibration mode shapes
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Bending slope of the beam
Natural frequency

Electric intensity in the z-direction

Lateral displacement in Timoshenko beam
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| CHAPTER 1: INTRODUCTION

Hand tremor suppression is one of the important research areas which is of interest to
many researchers. This thesis discusses human hand and forearm tremor suppression
especially in Parkinson’s disease (PD). As an introduction, this chapter presents the
background of this doctoral research. The next two sections discuss objectives of the
research and thesis contributions. The organisation of the thesis is given afterwards. The

last section provides some publications produced during this doctoral study.
1.1 BACKGROUND

Today, there are some diseases that are related to the human nervous system. One of these
disorders is Parkinson’s disease (PD). In PD the nerve cells which are in the special region
of the brain that produces dopamine are damaged. Dopamine is a chemical which is
essential for the smooth control of muscles and movement. As a result, PD patients have
some symptoms such as tremor or shaking in the arm or hand, muscle rigidity or stiffness,
stooped posture, slowing of movement, problems in balance and control movement. PD is
progressive and its symptoms over time become worse and finally cause disabilities in the
patients.

Tremor as one of the PD symptoms is a kind of annoying shaking in the human body
especially in the forearm and hand. The most famous characteristics for tremor disability are
involuntary, approximately rhythmic, and roughly sinusoid. There are many difficulties
associated with tremor in PD patients’ daily life such as eating, drinking, writing, walking
and other activities which are related to the movement.

Medical and surgical treatments such as drugs therapy, surgery, deep brain stimulation
(DBS) and thalamic stimulator are used to suppress hand and forearm tremor. However,
medical treatments such as drug therapy decrease the progress of tremor, but most drugs
have their intrinsic drawbacks on the human body. Also, surgery is not of interest to many

patients as it is associated with a risk of operation on brain. In this regard, several
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researchers are motivated to investigate and control the human tremor using non-medical
and non-surgical treatments.

Today, active vibration control (AVC) which is called active force control (AFC) too, is
one of the areas of interest for movement control. This thesis aims to investigate and to
define and develop an adequate AFC system to control and supress human tremor.

AFC is an intermittent way to control and supress the vibration of structures. In this
method a counter force is applied to the vibrating structure to reduce the vibration. This
applied force is equal to the original vibration force but in the opposite direction as it is out
of phase. Therefore, the vibration of structures will be stopped as two opposite forces
cancel each other.

Tremor characteristics including tremor amplitude and frequency, have valuable
information for researchers to find the best treatment for its suppression. These
characteristics have different values in patients. Some patients experience a severe kind of
tremor compared to others who have weak tremor. Tremor -classification using
electromyography (EMG) for PD subjects provides beneficial information for the

researchers.

1.2 OBJECTIVES

Considering problems associated with human hand and forearm tremor, the main purpose
of this research is to develop a control system especially an AFC system to the control and
suppress the tremor.
The main aim of this research is supported by specific research objectives, which are given
in the following section.
i.  The first objective of this research is developing a model for human hand and
forearm to analyse the tremor behaviour in the model.
ii.  The second objective of this research is deriving mathematical equations of the hand
and forearm model to find an analytical solution and investigating MATLAB

Simulink result for tremor control in the model.
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The third objective of this research is determining an effective control system for
tremor control in the human hand and forearm. Using active vibration control
system to suppress the tremor is of great benefit in this area.

The fourth objective of this research is using smart materials as anti-vibration
materials to suppress the tremor in the developed model of human hand and
forearm.

The forth objective of this research is determining tremor characteristics to classify
patients into different classes. To develop any kind of tremor reduction system,

defining the most important features of tremor is noteworthy.
1.3 CONTRIBUTION OF DOCTORAL THESIS

1. In this research human hand and forearm were modelled in discrete and
continuous format to analyse the effect of control system on the tremor reduction.
In the first section of chapter 3, human hand was modelled as a 4-DOF mass-
spring- damper model, in the second and third section of chapter 3, tremor in
elbow and wrist joint were investigated in 1-DOF and 3-DOF musculoskeletal
models respectively. An AFC system was developed to supress the tremor in all
three models as part of an active force control system. In the AFC loop, a PD
controller controls the piezoelectric actuator for tremor damping. MATLAB
Simulink was used to investigate the effect of AFC on the tremor control. Results
showed that for 4-DOF mass- spring- damper model during simulation time, the
peak-to-peak amplitude of the hand tremor decreases from 7x10° m to 3x10” m.
For 1-DOF musculoskeletal model of elbow joint, tremor peak-to-peak amplitude
declines considerably from 12 degrees to 12x107 degrees. For the 3-DOF wrist
joint model, tremor peak-to-peak amplitude was reduced from about 10 degrees to
about 2x102 degrees in FE, from about 12 degrees to about 13x10~ degrees in
RUD and from about 5 degrees to about 2.7x10 degrees in PS using AFC system.

Comparison between the tremor of all three models with and without AFC system
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showed that using AFC has a great significance on tremor suppression. This part
of the research was covered in objectives i to iii.

In the first part of chapter 4, the forearm was modelled as a continuous beam to
analyse the effect of smart materials on tremor suppression in the human forearm.
Beam model complies with Timoshenko beam theory which considers the effect
of both rotary inertia and shear deformation. Beam model has a layer of
piezoelectric material on its top surface as an actuator and an external force is
applied to the beam by a sinusoidal force to investigate the beam behaviour.
Piezoelectric materials are a smart material that can control the vibration of
structures. The equation of motion of the beam with respect to the effect of a
piezoelectric actuator was obtained using Hamilton principle. Finally, Galerkin
procedure was used to derive the governing equation of motion which is a second
order ordinary differential equation in time. The response of the system as an
analytical solution was found to give the analytical relations for natural frequency
and amplitude of the vibration. Using the analytical response, the effects of
material properties such as density and modulus of elasticity of the piezoelectric
layer and the piezoelectric coefficient on the vibration of this beam were
investigated. The system response decreased almost three times faster when the
beam is covered with a piezoelectric layer. The results indicate that the
piezoelectric layer as an actuator is an effective tool for vibration control in the
beam model. In the second section of chapter 4, human forearm was modelled as
an Euler-Bernoulli beam that has two layers of piezoelectric material as a sensor
and actuator on its top and bottom surface respectively. The aim of this part is to
analyse the effect of active vibration control on human forearm tremor in the
closed loop control system to suppress the human forearm tremor. A harmonic
force was applied to the model to simulate the forearm tremor in the model. The
equation of motion of the beam and second order ordinary differential equation of
motion was attained using Hamilton principle and Galerkin procedure. Finally,

the effect of closed loop control system as an AFC system was investigated on
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the model. For four different control gains of 0, 600, 1200 and1800, when the
control gain was increased the vibration of the beam was decreased. Results
showed that the proposed loop including piezoelectric sensor and actuator has a
very significant effect on tremor suppression. This part of the research is covered
in objectives 1, ii and iv.

In chapter 5 of this thesis tremor was recorded from PD patients at hospital to
identify its characteristics. Researches have shown that tremor amplitude and
frequency are different in PD patient groups. Some patients experience a severe
kind of tremor in their hands but others have less problem as their tremor is weak.
The main aim of this chapter is tremor classification for a group of Parkinson’s
patients. Electromyography was used to record data from 14 PD patients. Four
EMG electrodes were attached to the subjects’ forearm to record muscle activity.
Patients were asked to move their hand and forearm to do some special tasks and
EMG was recorded in different trials. After data recording, classification process
which includes filtering, feature extraction and feature reduction was applied to
the dataset. Finally, Extreme Learning Machine (ELM) was used to classify data
into three different classifications; severe, moderate and weak tremor. The
obtained results showed that the developed system which includes the PCA, ELM
and the majority vote is able to recognize the tremor severity with the
classification accuracy of 89.73% for picking up a cup activity using four EMG

channels. This part of the research is covered in objectives v.

1.4 THESIS ORGANIZATION

This thesis contains six chapters and references. The organization of chapters is as

follows:

Chapter 1: Introduction
Chapter 2: Review of Related Work
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Chapter 3: Active Force Control Method for Tremor Suppression in Human Hand
and Forearm

Chapter 4: Analytical Solution for Vibration of Human Forearm Beam Model
Chapter 5: Tremor Classification for Human Hand in Parkinson’s Disease

Chapter 6: Conclusion

1.5 LIST OF PUBLICATION BASED ON THIS RESEARCH

The publication outcomes during the doctoral study are as follows:

Journal papers:

S. M. Hosseini and A. Al-Jumaily, "Analytical solution for forced vibration of
piezoelectrically actuated Timoshenko beam," Journal of Intelligent Material
Systems and Structures, vol. 30, pp. 1276-1284, 2019.

S. Hosseini, A. Al-Jumaily, "Active vibration control in human forearm model
using paired piezoelectric sensor and actuator" (Under preparation).

S. Hosseini, A. Al-Jumaily, A. Ahmed, "Human hand tremor classification for

Parkinson’s patients using machine learning (Under preparation).

Conference papers:

S. Hosseini, A. Al-Jumaily, and H. Kalhori, "Tremor suppression in wrist joint
using active force control method," in 9th Australasian Congress on Applied
Mechanics (ACAM9), 2017, p. 349.

S. Hosseini and A. Al-Jumaily, "Active force control system for tremor
suppression in elbow joint," in Robotics and Intelligent Sensors (IRIS), 2016
IEEE International Symposium on, 2016, pp. 140-145.

S. Hosseini, A. Al-Jumaily, and S. A. Abboud, "Active force control system for

hand tremor suppression by different actuators," in Electronic Devices, Systems
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and Applications (ICEDSA), 2016 5th International Conference on, 2016, pp. 1-
4.
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| CHAPTER 2: REVIEW OF RELATED WORKS

2.1 INTRODUCTION

This chapter reviews some aspects of human body tremor. It also presents general
information about the human hand and forearm tremor, as well as some information about
tremor suppression method. This review does not aim at listing what has already been
published, however it aims at providing general details and concepts about the definitions

and related issues of the human hand and forearm tremor.
2.2 INTRODUCTION TO TREMOR

Tremor is defined as an involuntary oscillation of a part of the body. The most accepted
definition of tremor is as follows: “an involuntary, approximately rhythmic, and roughly
sinusoidal movement”[1, 2] . Tremor is one of the most general movement disorders that is
a significant source of functional disability. It is resulting from a neurological disorder
which can affect many of the daily living tasks. Some physical activities such as walking,
writing, eating and drinking become difficult in the presence of tremor [3-6]. In this case,
studying an effective way to supress the tremor is essential for affected people. Although
all healthy people exhibit a certain degree of tremor that is called physiological tremor,
there are several pathological tremors that affect 15 % of people with ages ranging between
50 and 69 years [7]. Moreover, among people suffering from upper limb tremors, 65 % of
them report severe disability to perform their activities of daily living [8]. In addition to
that, the mechanisms which are the main reason for tremor to happen in the human body

are yet not understood, which often leads to some problems in tremor treatment [9].
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2.3 CLASSIFICATION OF TREMOR

One of the most accepted classification for tremor is related to the hand position. The
positions include rest or during action or within a certain posture. Tremors can be

subclassified into the following categories:

e Rest
e Postural
e Kinetic

e Task-specific
2.3.1 A resting tremor

This kind of tremor is typically observed in Parkinson’s disease. Tremor occurs when the
affected body parts are not active and are completely supported against gravity, requiring
no voluntary contraction [10]. Resting tremor which is a rhythmic tremor is seen when the
limb is in a resting position. This tremor often occurs in the hands and forearms and with
less frequency in other parts of the body. The resting tremor might decline with intentional
movement and also disappear when the limbs are in extreme rest such as sleeping time.

This tremor might be seen in other parts of the body such as leg, eyelids, jaw and lips [11].
2.3.2 The postural tremor

This tremor occurs when the subject attempts to maintain a special posture and muscles
voluntarily contract. Postural tremor can be seen in the outstretched arms and become
worse when the limb is actively moved, for example, during drinking from a cup. However,

no tremor is observed when the limb is fully relaxed [10].
2.3.3 The kinetic tremor

This kind of tremor that occasionally is called action or intention tremor happens during

purposeful movement of the body part affected with tremor. For example, this occurs
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during the test when the patient is asked to put the index finger on the nose and is called the
finger-to-nose test. Generally, the kinetic tremor is seen in the patients with cerebellar

disorder [10] .
2.34 The task-specific tremor

This tremor appears when the patient begins to perform some activities such as standing,
handwriting and speaking that are goal-oriented activities. This group consists of primary
vocal tremor, writing tremor and orthostatic tremor. Task-specific tremor can be defined as

a form of kinetic tremor that appears during specific tasks [10].

2.4 TREMOR DETECTION

Discovering tremor characteristic is essential for doing research in this area and also for
developing any techniques for tremor reduction. Recording information about tremor
amplitude and phase by effective detection techniques such as kinematics or muscle
recordings is of great importance. To categorize tremor characteristic different methods of
tremor measurement have been established in the past. Most methods are based on
recording from mechanical devices such as potentiometers [12], velocity and displacement
transducers [13, 14], accelerometers [15] while others use surface electromyography
(sEMQ) [16].

In the following sections, some of the tremor detection methods are described.
2.4.1 Potentiometer

One of the methods for tremor recording is using potentiometers. Ackmann et al. applied
this method for recording tremor data with designing a system from two sites over long
time periods [12]. The method was developed to record Parkinson’s tremor over extended
time periods. The major objective, which was to obtain recording data from a patient in an

environment which was close to daily living conditions was one of the great objectives of
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this method. Figure 2-1 shows the designed potentiometer which measured angular

displacement of flexion-extension tremor at the wrist or metacarpal-phalangeal joints.

Figure 2-1. Potentiometers for tremor recording in flexion-extension

at the wrist or metacarpal-phalangeal joints [12].
2.4.2 Velocity transducers

Using displacement or velocity is not a common way for tremor recording, although
there are technologies that allow using accurate transducers for displacement or velocity
recording. Norman et al. studied a way to use velocity transducers to identify tremor
characteristics and different kinds of tremor. They used high precision techniques to record
the tremor in the form of highly accurate signals of movement. There is a history of using
velocity or displacement transducers for tremor recording but they have not been a
preferred way for tremor detection. [12, 17-19]. The acceleration transducers are more
commonly used for tremor data collecting as acceleration is a more relevant variable for

tremor than is velocity or displacement.
2.4.3 Accelerometer

Use of an accelerometer is another way for tremor recording. The effect of changes in

mechanical limb properties on the peak frequency of different tremor forms was analyzed
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by Homberg et al. Wrist tremor was recorded by an accelerometer in the research which
was done by Homberg et al. The accelerometer was fixed to the dorsum of the hand and
also surface EMG was recorded from the wrist extensors simultaneously while the heavier
weights were added to the hand. The hand tremor peak frequency was gradually decreased
when the load was increased as was expected from the properties of a passive spring-mass-

system [15].
2.4.4 Electromyogram signals (EMG)

Electromyography (EMGQG) is a technique for measuring and recording muscle activity as
electrical signals. EMG is achieved using an instrument called the electromyograph, to
produce a record called an electromyogram. When the muscle cells are activated
electrically or neurologically a signal is generated by muscle cells and an electromyograph
distinguishes these signals. The recorded signals are studied to detect the characteristics of
signals and analyze the biomechanics of human or animal movement [20, 21].

Todays EMG is used as an effective clinical and biomedical applications to diagnose
neuromuscular diseases and motor control disorders. Recording data using EMG techniques
is more effective on superficial muscles compared to deeper muscles as it is unable to
bypass the action potentials of superficial muscles and detect deeper muscles.The EMG
sensor is placed on the skin and the best location for that is the belly muscle [20].

A pair of electrodes or a set of multiple electrodes are needed for tremor recording with
the EMG method. Using at least two electrodes is essential as EMG recordings show the
voltage difference between two separate electrodes [20]. Bacher recorded long-term tremor
quantification under daily-life conditions by surface EMG [22]. Also a long-term EMG-

based procedure was done to separate Parkinsonian tremor from essential tremor [23].

2.5 DIFFERENT TREATMENT METHODS FOR TREMOR REDUCTION

Several research works have been carried out to investigate and control the effect of

human hand tremor. Tremor treatment methods are divided into two main parts: Medical
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and Surgical treatments and Non-pharmacological and Non-surgical treatments. These two

main parts include different ways for tremor suppression in the affected people.
2.5.1 Medical and surgical treatments

There are some medical treatments for tremor reduction such as deep brain stimulation
(DBS), a thalamic stimulator or using medicine. Although the medical treatment has a
positive effect on tremor reduction and tremor progress, this kind of treatments have their
disadvantages. In some cases, using drugs may cause irreparable drawbacks. Also, surgical
therapy is a kind of high-risk treatment as the brain is involved in the surgery. All these
problems cause the majority of patients who are affected by tremor to not use this kind of
treatment. All these issues motivate researchers to find alternative approaches for tremor

suppression in the human body [24].
2.5.2 Non-pharmacological and non-surgical treatments

There are some kinds of non-pharmacological and non-surgical treatments for tremor
reduction such as Tremor-suppressing orthoses [25], Physical therapy [26, 27], Limb
cooling [28, 29], Functional electrical stimulation [30-32], Vibration therapy [33, 34], Limb
weights [35, 36], Bright light therapy [37] and Transcranial magnetic stimulation [38].

Table 2 shows brief information about non-pharmacological and non-surgical treatments.

Table 2-1. Information about non-pharmacological and non-surgical treatments for tremor

reduction
Non-pharmacological and non- Brief explanation
surgical treatments
Tremor-suppressing orthosis An orthosis is a  device that is

externally applied to a part of the human
body to modify movement [25].

Physical therapy Physical therapy or physiotherapy (PT)
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is aphysical medicine that wuse
mechanical force and movements for
rehabilitation purpose. PT improves
mobility and quality of life through
examination, diagnosis, anticipation, and

physical interposition [26].

Limb cooling Limb cooling investigates a limb
behavior using different temperatures on

limbs [28].

Functional electrical stimulation Functional electrical stimulation (FES)
stimulates the nerves using electrical
currents. This technique is effective for
the patients who are affected by
neurological  disorders such as head
injury, stroke, spinal cord injury (SCI),
and other disorders [30].

Vibration therapy Vibration therapy makes whole body
vibration (WBV) to improve density of
bones and strengthen them [33].

Limb weights Limb weights helps to reduce tremor
with applying a weight to the distal
extremity is [35].

Bright light therapy Light therapy or phototherapy apply
some techniques to wuse light with
special kind of wavelengths as a
treatment for tremor suppression. Some
kinds of these techniques are lasers, light-

emitting diodes, fluorescent lamps,
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polychromatic polarized
light , dichroic lamps or very bright, full-
spectrum light [37].

Transcranial magnetic stimulation Transcranial magnetic
stimulation (TMS) is a treatment method
that uses electric currents in the region of
the brain via electromagnetic stimulation.
In this method, a magnetic field generator
is applied to produces electric currents
near the head of the patient who has

tremor disorder [38].

2.6 TREMOR CONTROL

Control of tremor as a human body vibration is an important problem for researchers.
There are two different kinds of tremor control that are called passive tremor control and

active tremor control.
2.6.1 Passive vibration (tremor) control

Passive vibration control is a kind of control method which is used to control and reduce
the vibration. There are some mechanical devices that are used for tremor reductions in
passive technology. This equipment contains added inertia, viscous damping, and
gyroscopic stabilization. This method is used by many researchers who are interested in
passive vibration control [39, 40].

Passive control of the rest tremor of the human arm in Parkinson’s disease is studied in
2004 [41]. In this study a vibration absorber was added to the tremulous arm to lessen the
tremor amplitude. The added system included a second mass-spring-damper grouping. The
energy of vibration was transferred to the added mass by the spring in the vibration

absorber. Also, a viscous damper is applied in the structure to eliminate the vibration
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energy and decrease the amplitude of the added mass. As the tremor frequencies for
different Parkinson’s patients are not same, it is essential that the designed vibration
absorber attenuate the tremor at a particular frequency range. The Proposed vibration

absorber for the arm with two degrees of freedom is presented in Figure 2-2.

Figure 2-2. Vibration absorber for a 2-DOF arm model [41]

Using passive technology for tremor reduction was not successful as there were some
drawbacks for this method. One of the main problems in this method is supressing all
voluntary and involuntary movement rather than involuntary motion. Also using passive

equipment cause loss of muscle strength and also fatigue in the human body [40].
2.6.2 Active vibration (tremor) control

Active vibration control or active force control is an alternate way to control and supress
the vibration. In this method a counter force which is equal to the original vibration force
but in the opposite direction (as it is out of phase) is applied to the vibrating structure to
decrease the vibration. As a result, the vibration of structures will be stopped as two equal
and opposite forces cancel each other [24]. Active Vibration control is famous as an
effective method for vibration control in a dynamical system [42, 43]. This technique as a
system that improves vibration reduction in the structures is studied by many researchers

[44, 45]. Hewit proposed an active force control (AFC) scheme in the early 80’s.The
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system is known as a flexible and effective system as it remains stable even in the presence
of identified and unidentified disturbances. Mailah et al used AFC schemes on robotic
manipulator and investigate the effect of AFC on robot control [46, 47].

In previous works, some researchers used AFC method for tremor attenuation in human
body parts [4, 5, 24]. In these studies, a 4-DOF mass-spring-damper model of the human
hand was used. Using AFC technique for postural tremor suppression was investigated by
Suhail et al. They used a piezoelectric actuator in an AFC system to control human hand

tremor [24]. The general form of the AFC system is shown in Figure 2-3.

M ﬁ;,__zQ ;.l:ng
+

=

Figure 2-3. Typical AFC system [24]

The typical form of the AFC system is shown in Figure 2-3. In this Figure, F, is
disturbance, F' is actuator force and TFp is transfer function of the actuator. M is the mass

of the system. x is the desired position, x is the actual position AFC system [24].
2.7 WEARABLE TREMOR SUPPRESSING ORTHOSIS

Using a wearable orthosis which is developed to improve the user’s physical
performance and help the disabled to have better body movement has been of interest to
many researchers [48, 49]. Wearable orthosis are categorized in two main areas;

exoskeletons which are made from hard material and soft exosuits that are made from soft
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material. The main difference between these two categories is the kind of materials for
designing [50].

There are some assistive devices such as HONDA Walking Assist Device and Hybrid
Assistive Limb (HAL), which were developed to support patients who suffer from
hemiplegia or muscular weakness [48, 49]. WOTAS that stands for wearable orthosis for
tremor assessment and suppression was a wearable robot which was developed for
movement measurement and suppression from an upper limb for patients with disorders
such as tremor [51]. Figure 2-4 shows a patient wearing the WOTAS on the right upper
limb for tremor suppression. This orthosis covers the patient’s elbow and wrist joints to
attenuate tremor in elbow flexion-extension, wrist flexion-extension and wrist pronation-
supination [52].
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Figure 2-4. Patient using the WOTAS orthosis affixed on the right upper limb [52]

Today, using soft wearable device is growing worldwide. The major benefit of these
products compared to firm exoskeletons is the light weight that motivates patients to use

them easily.
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A soft wearable hand robot is shown in Figure 2-5. The robot that is called the Exo-Glove
is practical for the patient who suffers from paralysis of the hands due to a spinal cord
injury. Using this glove, the patient is able to grasp objects of various shapes. A soft tendon
routing system was used in the robot which was inspired by the human musculoskeletal
system. The patients who have a problem in opening or closing their fingers but can use
joints of upper limb such as the elbow, wrist, and shoulder joints were the best group for

using this Exo-Glove [53].

Figure 2-5. The Exo-Glove allows the disabled to perform everyday tasks, greatly improving
their quality of life [53]

2.8 ACTIVE VIBRATION CONTROL USING PIEZOELECTRIC ACTUATORS

In recent years, piezoelectric materials are used to control vibration of structures. The
origin of “piezo” comes from a Greek word meaning pressure. Piezoelectric materials
which are known as smart materials are used as sensors and actuators in different
structures. These materials represent a reversible effect. Applying an electric voltage to
piezoelectric material produces mechanical energy, i.e., vibrations or displacements as

these materials convert electrical energy into mechanical energy. Also, displacements or
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vibrations are measurable with measuring output voltage [54-56]. There are different
materials in the nature such as ammonium phosphate, quartz, paraffin, bone and wood that
have piezoelectric properties. Also, piezoelectricity exists in some synthetic materials such
as, barium titanate, lead zirconate titanate (PbZrTiO3-PbTiO3, known as PZT), lead
lanthinum zirconate titanate (PLZT), lithium sulfate, barium strontium titanate (BaSTO),
and polyvinylidene fluoride (PVDF) and PVDF copolymers [57].

Piezoelectric materials are used in many applications, such as accelerometers, signal
filters and ultrasonic transducers and microphones. Also these materials are used in
scanning force microscopy to move the microcantilever beam for applications such as small
mass and biochemical sensing [58]. Also, it has become common recently to use these
materials in medical applications such as microsurgery devices to cancel the physiological
vibration of the human hand [1, 2, 59]. A tremor cancelation in a handheld microsurgical
instrument is developed to sense its own motion, identify between intended and unintended
motion, and deflect its tip to cancel the unwanted motion in real-time. An adaptive zero-
phase notch filter is used to model and filter the tremor. Also the intraocular shaft
manipulator that is a 3-DOF piezoelectric actuated mechanism driven by a feedforward
controller is used [2].

Also, these smart materials have interested many researchers to use them for tremor
suppressing of the human body in active force control method [60-62]. In fact, piezoelectric
materials are used as a smart actuator in the active force control system to control and
reduce the hand tremor.

Many researchers have used piezoelectric material to control the vibration of beam
models [63]. Using the Euler—Bernoulli or thin beam theory and also Timoshenko theory to
analyse the effect of piezoelectric material on vibration reduction has interested many
researchers. In the Euler—Bernoulli or thin beam theory, the rotation of cross sections of the
beam is neglected compared to the translation. In addition, the angular distortion due to
shear is considered negligible compared to the bending deformation. The thin beam theory
is applicable to beams for which the length is much larger than the depth (at least 10 times),

and the deflections are small compared to the depth. Timoshenko theory or thick beam
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theory considers the effect of shear deformation, in addition to the effect of rotary inertia, to
describe the behavior of thick beams [64].

Based on the Euler—Bernoulli beam theory, the long and thin beam which coupled with
the piezoelectric layer as an actuator is studied and its equation of motion is derived [65].
Daqaq et. al studied the nonlinear vibrations and frequency response analysis of
microcantilevers actuated with a piezoelectric material [66]. Also, the analytical solution
for nonlinear-free vibration of viscoelastic microcantilevers covered with a piezoelectric
actuator has been studied [54]. The cantilever is a Euler—Bernoulli beam and a layer of the
piezoelectric actuator is bonded to its surface. Nonlinear-forced vibrations of
piezoelectrically actuated viscoelastic Euler Bernoulli beam was studied with the method of
Multiple Scales, and the governing equation of motion was derived for this beam [67].
Analytical solution for the nonlinear free and forced response of a viscoelastic piezoelectric
cantilever beam resting on a nonlinear elastic foundation to external harmonic excitation
has been investigated. This work is of high importance as it can be used in real-world
applications since many engineering structures rest on an elastic foundation. Also
biological sensor for post-surgery monitoring of heart wall motion is one of the interesting
applications of this study [68]. Also, Mareishi et al. studied analytical solution for free and
forced vibration response of smart laminated nano-composite beams resting on a nonlinear
elastic foundation that is under external harmonic excitation [69]. Additionally, dynamic
stability of the slender laminated composite Euler Bernoulli beam is investigated in the
beam that has a piezoelectric layer and is subjected to axial periodic loads [70, 71]. The free
and forced vibration of a functionally graded beam was studied within the framework of
Euler-Bernoulli beam theory. The Galerkin procedure is used to obtain a second-order
nonlinear ordinary differential equation for this beam which has cubic and quadratic
nonlinear terms. The natural frequencies are obtained for a nonlinear problem and also,
forced vibration of the system in primary resonance has been studied [72].

Nonlinear vibration response of a microcantilever, which has a piezoelectric actuator and

subjected to tip-sample interaction, had been studied. The effects of the geometric
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dimensions of the piezoelectric actuator on the response of the system had been considered
[73].

Free vibration analysis of multi-span Timoshenko beams was investigated with using
the assumed mode method [74]. The equation of motion of the structure is derived to obtain
natural frequency and free vibration responses of the multi-span beams. Also, the
interpolation functions were used to modify the mode shapes of the beams.

Vibration analysis of a rotating Timoshenko beam with finite element method was
considered, and the stiffness and mass matrices of a rotating twisted beam element were
developed [75]. Also, the first four natural frequencies and mode shapes were calculated in
bending-bending mode.

A functionally graded piezoelectric Timoshenko smart beam was proposed to describe
the electro-mechanical static response of the beam [76]. Mechanical loads and electric
potential are applied to the beam, and a multiquadric radial basis function method was used
to analysis the behavior of the smart beam.

In addition to that, the buckling behavior of piezoelectric nanowires using the
Timoshenko beam theory was investigated [77]. A distributed transverse load was applied
to the structure, and analytical relations for the critical force of axial buckling of nanowires
were given. Thermo-Electrical Loads was used to study the behavior of Piezoelectric
functionally graded material (FGM) Timoshenko beams [78]. The exact solution was
presented for the nonlinear response of FGM Timoshenko beams.

Forced vibration analysis of the beam which is covered with a piecewise piezoelectric
layer as an actuator in terms of harmonic mechanical excitation is of great significance as it
can be employed in practical conditions such as constructing sensors for vibration
measurements and actuators for developing robotic systems. Also using flexible
piezoelectric systems for energy harvesting is one of the interesting applications in this area

[79].
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2.9 ACTIVE VIBRATION CONTROL USING PAIRED SENSOR-ACTUATOR

Recently using smart materials such as piezoelectric material has been considered by
many researchers. Using these materials as a sensor and actuator helps to control the
vibration in different dynamic structures. These kinds of structures use smart sensor and
actuator called ‘smart structures’ or ‘smart adaptive structures’. Using piezoelectric sensor
and actuator for vibration control causes the structure to sense the vibration and
automatically react to control it [80]. Designing a system which has an accurate
electromechanical interface between the structure and piezoelectric materials is essential for
active vibration control [70].

The dynamic stability behaviour of the laminated composite beam was investigated in
2002 [70]. The model was a slender beam which had two layers of piezoelectric; one layer
as a sensor on top and another layer as an actuator on the bottom surface of the beam. An
axial periodic compressive load was applied to the beam which was fixed at both ends and
finally the dynamic stability of the beam was investigated. Dynamic response of the beam
was controlled using a closed control algorithm which employed the direct and converse
piezoelectric effects. Also the effect of control gain on the beam response in the active
control loop was studied.

Li et al. [81] studied active vibration control of a pyramidal lattice sandwich beam using
a piezoelectric sensor and actuator which were attached on the top and bottom surfaces of
the beam. The piezoelectric materials are to act as the actuator and sensor. In the structural
modelling, the discrete lattice truss core is converted to an equivalent homogenized
continuum material. Hamilton’s principle was used to derive the dynamical model of the
structure. The vibration of system was reduced using velocity feedback control method.
The responses of the system were found to investigate the control effects on the sandwich
beam. The numerical result from simulation showed that the velocity feedback control
methods are effective for vibration suppression.

A new strategy was developed by Li et al. to actively control the vibration of an elastic

beam to which piezoelectric actuators and sensors were bonded to its surfaces periodically.
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The equations of motion of the structure are derived using Hamilton's principle to study the
beam behaviour. Stability of the system was increased by using a negative proportional
feedback control system. The control voltages that induced the piezoelectric actuators were
in sensible ranges and finally the vibration of the elastic beam was tuned by the periodically
placed piezoelectric layers [82].

A one-dimensional theory for a beam which had layers of piezoelectric material as

sensors and actuators is developed to study the beam behaviour in active control system.
The equations of motion of the associated boundary conditions are derived for the
vibrations of a piezoelectrically actuated beam to find the relations between longitudinal
deflection and bending deflection [83].
Active vibration control of a lightly damped T-beam is studied to control the torsional and
bending modes of the beam. Piezo ceramic actuators and sensors and also a linear quadratic
Gaussian controller were used in the active control system. The simulation results showed
that the control system has a very significant effect on vibration control [80].

Aldraihem et al. investigated the vibration attenuation of a laminated beam as a smart
structure and derived the equation of motion of the beam. The piezoelectric material was
bonded on the beam surface as a sensor and actuator. They studied the effect of active
vibration on both Euler-Bernoulli and Timoshenko beam using finite element method. The
results showed that using Euler-Bernoulli beam model can lead to instability because of the
unconsidered modes [84].

Active Vibration Suppression of a composite cantilevered Euler—Bernoulli beam which
includes an elastic piezoelectric sensor and actuator were examined by Djojodihardjo et al
in 2015. Analytical solution for beam response was defined when the beam carried a spring
loading at its tip. Hamilton’s principle was used to derive the equation of motion of the
beam and Galerkin based finite element Analysis was used to solve the problem. The result
of the study is practical in the light-weight structures in space applications, such as robot’s
arms, solar panels and antennas [85].

The vibration control of a rotating composite thin-walled beam is studied by Choi et al.

The beam response was found using a single cell composite beam and the piezoelectric
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effect was considered to derive the equations. A feedback control algorithm was used to
supress the vibration of the structure [86].

A velocity feedback control algorithm was used for vibration control of an aircraft
wing. Fiber reinforced and piezo-composite was used in the thin-walled beam model to
develop a smart structure. The beam response was found using Hamilton’s principle and
the effect of different parameters such as size and position of piezoelectric actuator were
studied [87].

In this research human hand and forearm were modelled in discrete and continuous
formats to investigate the effect of the control system on the tremor reduction and

suppression.

2.10 TREMOR CLASSIFICATION

Defining human body’s tremor and finding tremor characteristics is one of the research
area of interest for many researchers. Developing any kind of tremor treatment needs to
define the severity of tremor in the patients as the range of tremor amplitude and frequency
is different for patients. Detecting tremor behaviour is essential in recommending a suitable
therapy to decrease its psychological, physical and social impact.

Cheraghizanjani et al. developed a tremor test rig which measured the level of tremor in
some patients with neurological diseases. They investigated two kinds of tremor, postural
and rest tremor in the hand in horizontal and vertical directions using laser displacement
sensors. Finally they analysed and classified the tremor using programming [3].

A smartphone-based application was developed to identify Parkinson’s and Essential
postural tremors using discrete wavelet transforms and support vector machines with a high
accuracy, about 96%. This research is of great significance as discriminating between
Parkinson’s and essential tremor is difficult in many situations. In this study a novel
method was proposed that used attention and distraction during tremor recording. The
result showed that using attention and distraction has a significant effect on identification of

Parkinson’s and essential tremor [88].
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Camara et al. used local field potentials (LFP) to record data in the subthalamic nucleus
of 7 Parkinsonian patients. They used some inserted electrodes of a deep brain stimulation
(DBS). This kind of data recording is effective as there is a proper access to sub-cortical
data which led to the use of the recorded results into real medical devices. Artificial
intelligence techniques were used to select appropriate feature and detect tremor types [89].
A comparative analysis between Support Vector Machines and neural networks was done
in 2012 to classify tremor using imbedded microelectrode in the brain of a PD patient. The
performance of a Support Vector Machine (SVM) was compared with a Multiple Layer
Perceptron (MLP) and a Radial Basis Function Network (RBN) which are two famous
artificial neural network classifiers. The results showed using SVM provide more
appropriate result for tremor classification specially in Parkinson’s disease (PD) data [90].

Tremor type was identified using pattern analysis of SEMG signals in 2010. In this study

sEMG sensors were attached to the patient’s body in different positions and patients were
asked to do some special task. A classifier system was developed to recognize the tremor
type in the automatic process. The designed model was appropriate to identify the best
attachment point for SEMG electrodes and most proper features to get to the practical
results in the process of classification [91].
In another research the analysis of SEMG was presented for Parkinson’s disease. EMG
signal was analysed by histogram and crossing rate (CR) method. In this study EMG
signals were recorded from 25 patients and 22 healthy subjects and the proposed method
was used to discriminate patients from healthy subjects [92].

Jeon et al. applied machine learning to classify tremor severity in PD with High-accuracy
automatic. A wearable device of the wristwatch-type and also a gyroscope and
accelerometer were used to record data from 85 Parkinsonian patients. During the
experiment they were asked to do four tasks and tremor was recorded in the resting,
postural and intention task position. Recorded data was analysed to extract appropriate
features for classification. Also using accelerometer data, displacement and angle signals
were found. The results specified the proposed system is as a practical tool for identifying

tremor severity in PD [93].
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Also, acceleration of hand tremor in PD and essential tremor were recorded for 25
subject and a novel method was used to process the data set and identify tremor type in
two different groups. SVM and singular value decomposition (SVD) was applied to extract
the features and analyse the data set. The results illustrated that proposed method was
effective for tremor classification with high accuracy [94].

In another research a new feature was developed to classify tremor in essential tremor
(ET) and PD. Tremor in PD is seen in the resting position of the hand but in the ET it is
higher during action task. In this study tremor was recorded using a triaxial gyroscope
sensor. The sensor was attached to the subject’s finger during resting and action task.
Finally the SVM was used as a classifier to distinguish PD tremor from ET [95].

Wearable motion and audio sensors were used to record data signal from PD to classify
tremor severity in three level; mild, moderate and severe. Empirical Wavelet transform
(EWT) and empirical wavelet packet transform (EWPT) were used to break down recorded
data to different levels. Amplitudes and frequencies of signals were identified to extract the
best features for the classification process. Three classifiers were used for data analyses
which were called extreme learning machine (ELM), K-nearest neighbour (KNN) and
probabilistic neural network (PNN). Experimental results established that the proposed
method was an effective system to discriminate PD from healthy subjects and also showed

the tremor severity in PD with classification accuracies of more than 90% [96].
2.10.1 Electromyography

During movement, human’s muscles generate electrical signals which are called
electromyography (EMG) or myoelectric signal (MES). Recording and analysing these
signals help many researchers to identify movement characteristics. Also recording EMG
signals from people who have some movement disorders are of interest to many researchers
as they can analyse the signals to provide the best treatment. The electric signal which is
generated in the muscle relates to the concept of a motor unit (MU).This human motor

system supports a wide range of human movements and muscle contraction [97].
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Simplified human motor system and role of MU in human movement is shown in Figure

2-6.
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Figure 2-6. A simplified diagram of motor control system and motor
unit [97]

Powerful signals are generated by the human cortex which take effect on the
motoneurons of the human spinal cord. When the motorneuron which is a part of MU is
activated, the muscle fibres are innervated. There are different numbers of MUs for
different kinds of muscles. Depending on the size of muscle, for small hand muscle to large
muscles, the number of MUs are approximately between 100 to 1000 or more. Also each
MU is able to produces a wide range of force [98, 99].

The EMG signal is a stochastic or random signal whose amplitude can range from 0 to
1.5 mV (root mean square) and also it is from 0 to 10 mV (peak-to-peak). The frequency of
energy above the electrical noise level is between 0 to 500 Hz and the main energy of the
noise is in from 50 tol50 Hz [100]. EMG signals are associated with noise and

distinguishing the actual EMG signal is difficult due to these noises. There are different
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properties which have effect on EMG signals such as individual form of skin, the velocity
of blood flow, tissue structure and skin temperatures. These properties cause the generation
of a different kind of noise which has an effect on the signal qualification. The main noise
resources in EMG recording are inherent noise in the electrode, movement artifact,
electromagnetic noise, cross talk, internal noise inherent instability of the signal [101].
Using a differential amplifier is one of the effective ways for noise reduction in EMG
recording. An electronic circuit is used to remove the existence signal of two electrodes in
the differential amplifier and also amplify the difference. Finally, the actual EMG signals
will be amplified, and noise signals will be detached. During the data recording, the noise
generated by motion artefacts occur which has two main sources; cable movement which
connect electrode to the amplifier and also connection between electrode surface and skin

[100].
2.10.2 Electromyography pattern recognition

Todays, researchers use EMG signal as a valuable source for developing rehabilitation
devices to help disable people. They use recorded EMG signal to control human movement
such as developing devices for hand or leg rehabilitation. There are two ways for using
EMG signals for movement control; EMG-based pattern recognition and non-pattern
recognition system [102].

EMG signals are classified to different classes, based on the EMG-based pattern
recognition (EMG-PR) but in non-pattern recognition (EMG-non-PR) human movements
are analysed from movement characteristics view such as angle of movement or produced

force from muscle activity. Figure 2-7 illustrates the principle steps in EMG-PR system.
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Figure 2-7. EMG pattern recognition system

First, EMG electrodes are attached to the skin and EMG signals are recorded from muscle
activity. Then some pre-processing steps are done on the dataset to identify different classes
for EMG dataset. The main pre-processing step on the EMG data can be divided into four
main stages; filtering and data segmentation, feature extraction, feature reduction and

classification as shown in Figure 2-7.
2.10.2.1 Filtering

One of the pre- processing steps in EMG analysis is noise filtering which tries to
attenuate noises from recorded data. A high-pass filter with cut-off frequency near 10-20
Hz and a low-pass filter with a cut-off frequency near 400450 Hz can be applied to the
dataset to reduce unwanted noises. Due to movement artifacts and also electrode—skin
interface instability the EMG signals include unwanted noise in the frequency range 0 to 20
Hz. In this case, the high-pass filter with a cut-off frequency in the 15 to 20 Hz range will
be used. Also, a notch filter can be used to remove the noise with the frequency of 50 Hz or
60 Hz. Using a notch filter is not recommended in all cases as it removes some frequency
band from high-power density EMG signals and also causes phase rotation in some

frequencies [97].
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2.10.2.2 Data segmentation

The EMG data is recorded and considered in the special period for feature extraction.
This period is called segment. The process of pattern recognition is performed based on the
data in this period. The processing time of generating control commands for classification
plus a neighbouring segment length should be equal to or less than 300 ms because of real-
time restrictions. Also the segment length must be chosen large enough as features variance
increases when the length of segment reduces and this will have a negative effect on
classification [103, 104].

There are two different ways for data segmentation in the classification process. The first
one is disjoint or overlapped windowing which is only associated with the window length

and shown in Figure 2-8 [103].
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Figure 2-8. Disjoint windowing in data segmentation [103]

The second way is the overlapped windowing which is associated with the window
length and window increment. The overlapped windowing is illustrated in Figure 2-9 . The

time period between two continuous windows is called the window increment [103].
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Figure 2-9. Overlapped windowing in data segmentation. Sequence of ms records (R1, R2, and
R3) are used to make decisions at times D1, D2, and D3 [103].

Another concept that has direct effect on the EMG pattern recognition is transient and
steady state of the EMG signals. In the muscle contraction process, when the contraction is
started from rest position transient state is considered. On the other hand, if the contraction
is maintained in the special level (EMG level in that position), the steady state is
considered. In the majority of EMG pattern recognition, the steady state response is
considered to increase the accuracy of classification. Figure 2-10 shows the classification

error for transient and steady state of the EMG signals [103].
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Figure 2-10. Classification error [103]
2.10.2.3 Feature extraction

As it is seen in the Figure 2-7, one of the main steps in EMG pattern recognition is feature
extraction. In the Feature extraction useful information in EMG signal are extracted and the
useless EMG signals are removed [105]. An effective and practical feature should have
three properties which include maximum class separability, robustness, and complexity
[106, 107].

If the feature has maximum class separability the misclassification rate will be in the
lowest possibility. The second condition is robustness. Also the feature will maintain its
class separability in real-time situation if it has robustness Also if the feature complexity is
kept in the lowest possibility, it is applied in real-time environment [100].

There are three different kind of EMG features in different domains; time domain,

frequency domain and time-frequency domain features.
2.10.2.3.1 Time domain (TD) features

Time domain features are one of the groups of interest to researchers for EMG

classification as in time domain, there is no need for any transformation and calculation on
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the EMG data and using these groups of features are easy and quick. EMG signals have a
non-stationary property in that the statistical properties change during time, but TD features
undertake the data as a stationary signal. This is the main drawback of TD features.
Generally, this group of features are used extensively for their reasonable performances
when there is not much noise in the environments. Here are some of the most used features

in EMG classification [105].

1. Integrated EMG (IEMQG)
(IEMQG) is as a summation of absolute values of the EMG signal amplitude. This feature
is used in clinical application and as an onset detection index in EMG non-pattern

recognition and it is defined as [105]:

N
IEMG =)’

n=1

X, Equation 2-1
2. Mean absolute value (MAV)
MAV is one of the popular features which is used in detection of the surface EMG signal
for the limb control. MAV is an average of the absolute value of the amplitude of the EMG

signal in a specific segment. It is defined as [105]:

1 N
MAYV = N;|xn| Equation 2-2

3. Modified mean absolute value type 1
In this feature the effect of weighted window function wx is considered in the feature

equation to increase the accuracy of MAV feature. It is shown as[105]:
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Xn

N

MAVI=— Dow,
N n=l1

Equation 2-3

|1 025N <n<0.75N
‘05 otherwise
4. Zero crossings (ZC)
In this feature the number of times which the signal crosses the zero is counted. To
reduce the effect of noise, threshold condition is considered around zero crossing. ZC is

represented as [105]:

7C = If[sgn(xn xx, )N

n=1

sgn(x) = {

> threshold]

xn - xn+l

Equation 2-4
1 x> hreshold d

0  otherwise

5. Waveform length (WL)
Waveform length is a feature which considers cumulative length of the EMG signal

along a segment and it is given as [105]:

N-1

WL =)

n=1

X X

n+l M

Equation 2-5

6. Autoregressive (AR) features

This feature tries to make the non-stationary signal as a stationary Gaussian process in a
segment. This feature defines each sample of the EMG signal as a linear combination of the
previous samples xi, plus a white noise error term #. Also, coefficients of the AR model a,

is as a feature vector. It is given by [105]:

Chapter 2: Review of Related Works



Tremor Suppression in the Human Hand and Forearm

X = Za pXip T Equation 2-6

p=l1

where P is the order of the AR model.

7. Slope sign changes (SSC)
SSC counts the number of times that the sign of slope changes. This feature is define by

[105]:

SSC = z_f[(xn - xn_l) X ()Cn - xn+1)]

Equation 2-7
x > threshold d

1
X)=
AL {0 otherwise
8. Hjorth time domain parameters (HTD)
This time domain feature introduced by Hjorth in 1970 for Electroencephalography
(EEQ) activity and it can be applied to EMG signals too. The parameters for this feature are
Activity, Mobility, and Complexity [100].

Activity : m, = var(x(t))

dx(t)
dt )
m,(x(1)) Equation 2-8

dx(t)
m, ( di )
m, (x(2))

my(
Mobility : m, =

Complexity : m, =

2.10.2.3.2 Frequency domain (FD) features

FD features, which are also called spectral domain features, are of more interest in
fatigue analysis. These Features are generally attained from power spectral density (PSD).

Mean frequency (MNF) and median frequency (MDF) are two variables of the PSD which
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are used commonly. There are different FD features which some of them are of more
interest to researchers [105].
1. Peak frequency (PKF)

The frequency which includes the maximum power is PKF and it is defined as [105]:

PFK =max(P), i=1,..,.N Equation 2-9

2. Mean frequency (MNF)
MNF is an average frequency that is attained from the sum of the frequency product and

its power spectrum divided by the total power spectrum summation and it is shown as

[105]:

Equation 2-10

3. Median frequency (MDF)
MDEF is defined as a frequency that divides the spectrum into two regions with equal

amplitude; it is expressed as [105]:

P Equation 2-11

4. Mean power (MNP)
Average power of the EMG power spectrum is MNP which is defined as [105]:
N
Z £ Equation 2-12

MNP = =L
N

2.10.2.3.3 Time-frequency domain (TFD)

Using TFD features provides a description of the physical properties with higher
accuracy than TD or FD features as TDF considers the energy of the EMG signals in time

Chapter 2: Review of Related Works



Tremor Suppression in the Human Hand and Forearm

and frequency domains. On the other hand, using this group of features is not of interest

and practical as they need lots of calculation [108].
2.10.2.4 Dimensionality reduction

As it is seen in Figure 2-7, the next step after feature selection is feature reduction. In
feature extraction step, all features are extracted from EMG data to make a large feature set.
In the feature extraction process the raw EMG signals are displayed as a feature vector and
are used as an input to the classifier. Raw EMG signals are not practical as they are random
and also directly feed to the classifier. In classification process, features are reduced in the
dimension to avoid overloading the classifier where the classifier can work accurately in
different scenario. Dimensionality Reduction is achieved by using different dimension
reduction methods [101].

Two popular methods of dimensionality reduction are feature selection (FS) and feature
projection (FP). FS selects a feature subgroup from initial features to decrease dimension of
features but the FP transforms the initial features to a new feature space which has a smaller
dimension. For EMG signals classification, the FP is more interesting than the FS as FP has
large variance of the EMG signals [108].

There are two different classes for feature projection which are called supervised and
unsupervised method. Linear discriminant analysis (LDA) is one example of the supervised
method which contains the class knowledge into the projection [109]. Principle component
analysis (PCA) which is a sample of the unsupervised method projects the feature space

into a new space without any class information [110].
2.10.2.4.1 Linear discriminant analysis (LDA)

The vectors which best discriminate between the classes is searched for in the LDA
rather than searching for vectors that have best description of feature. In fact LDA
maximize the between-class scatter matrix while minimizing the within-class scatter matrix

[100]. The within-class scatter matrix is defined as:
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N;

C
:Z (x L (x —Iuj) Equation 2-13

i=l i=l

where C is the number of classes, Nj is the number of samples in class j, x/ as a matrix is
the ith sample of class j and ; is the mean of the class j. The berween-class scatter matrix

1s described as:

S, = Z(ﬂj _,U)(,Uj—ﬂ)T Equation 2-14
i=1

2.10.2.4.2 Principle component analysis (PCA)

PCA extracts and maintains the main and most significant information and causes the

size of dataset to be compressed. In fact, PCA calculates the main calculated components
from the linear combination in initial dataset [100].
If there is a feature set in the form of X= (xi,..., xn) that X is a matrix with #-dimensional
space and N shows the number of samples, a linear transformation that transform ¢-
dimensional space of features onto m-dimensional space can be found by PCA [100]. A
new feature can be expressed as:

V= P'X i=1,..,N Equation 2-15

! i

which P1 shows the linear transformation for features which transfer from t to m-
dimensional space with m <<t¢.
The singular value decomposition method (SVD) is used to find the eigenvalues. Pi
consists of columns that are the eigenvectors ei.
Ae =0,

Equation 2-16
0 =xx'

where A.is the eigenvalue associated with the eigenvector e; and Q. is the covariance

matrix [100].
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2.10.2.5 EMG classification

The next step in EMG classification after feature selection and feature reduction, is
classification, Figure 2-7. The main aim of classifier is classifying the extracted and
reduced features to special classes. There are various kinds of classifiers for EMG
classification process such as Fuzzy classifier , Self-Organizing Map (SOM), Artificial
Neural Network (ANN) , Support Vector Machines (SVM) )[105, 111], Linear
Discriminant Analysis (LDA)[112], Multilayer Perceptron (MLP) [113], Hidden Markov
Model (HMM) [114] , Feed-Forward Neural Networks (FNN) [115], K-Nearest Neighbour
(KNN) [116] .

Extreme learning machine (ELM) is a new classifier which was invented by the ANN
and is of interest to many researchers in this area [104, 117, 118]. As this classifier is
famous and it is used in many EMG application, the following section will explain it in

more detail.
2.10.2.5.1 Extreme learning machine (ELM)

Essentially, ELM is as a single-hidden-layer feed-forward networks (SLFNs). The
schematic concept of ELM is shown in Figure 2-11.

G(ii'_},b;,.\'}

e
X

#}

- SR
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Figure 2-11. Single feed-forward networks for extreme learning machine [100]

When  there is input X, =[x, X550, X, €R” and  target
V= [ Yigseees yjn]T € R" for N different sample of (xj, yj), the output of a standard

SLFN with L hidden neurons is given as:
L
fi(x)= Z,B_I.Lg(wixj +b)=Hp j=1..,N Equation 2-17
i=l

where B, = [B,, Bys-es ﬂjL]T represents the weight vector of j¢& hidden and output

neuron, g(x) denotes the activation function of the hidden node, w, = [w,, w,,..., w, 1"

shows the vector of the weight for the iz4 hidden and input neurons , b is the threshold for

the i¢h hidden neuron and H is the hidden layer output matrix and is defined as:

gwx, +b) ... glwx +b,)
H = : : Equation 2-18

gwxy +b) - g(wx,+b,)

Also f in right side of Equation 2-15 is given as:

B

= : Equation 2-19
B

The aim of the ELM is not only to minimize the training error, it also minimizes the

norm of the output weights, which is:
minwi,biﬁ : ||]‘l(w1 yees Wby b)) B — TH2 Equation 2-20

Equation 2-20 can be written in new form as in the ELM, the input weights w, and biases

b, are allocated randomly.
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min , : ||H,B - TH2 Equation 2-21

Considering the minimum norm, the least-square solution of Equation 2-21 is given as:
pB.H'T Equation 2-22

as T shows the target and is defined as:
T=| : Equation 2-23

and H" shows the Moore—Penrose generalized inverse of the matrix H.

Finally, the optimization of the ELM training can be written as follows:

o 1 2 1 & ?
Minimize : LPELM = E”'B” + c§;||§,||

gx)B=t' =& i=1,..,

Equation 2-24

where ¢ is a user-specified parameter and ¢ = [, {,,...., ¢;,]" is the output vector

error.
The training of ELM is the solution of Equation 2-23 the dual optimization problem based
on Karush-Khun-Tucker (KKT) theorem. Then:

1 1 N 2 N n
Lo = 5||ﬁ’||2 + ‘75;”4” =224, (8B~ 1, + ¢ ) Equation 2-25

i=l j=1

as g(xi) is a feature mapping (hidden layer output vector), 5, is the output weight linking
the hidden layer and the j#i output node. Also 3, = [ Bisees ﬂn] . Taking partial differentiation

of L, over ¢ and making it equal to zero gives:
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oL, .
B — () —> {ai — cé’j Equatlon 2-26

¢

Also taking partial differentiation of L, over ¢, and making it equal to zero is defined as:

aLDELM — T T _ .
da. 0— {g(xi)ﬂ -1, +¢; =0 Equation 2-27
a

i

And finally taking partial differentiation of L, over S and making it equal to zero is

given as follows:

N
B =Y, 8x)
N J JZl 5]

—Pav _ Equation 2-28
op; r
p=H a
as a=la, a,,..., ay] and a, = [al.,l, Qi psens ai,n].

Substituting Equation 2-26 and Equation 2-27 into Equation 2-28 gives:

(l +HH Ya=T Equation 2-29
c

as T is given as follow:
T=|:|=|: : Equation 2-30
Using Equation 2-22 and Equation 2-30:
1
p=H"(—+HH")T Equation 2-31
c

Equation 2-17 can be written as:
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F()=g(x)f = g(x)HT% VHHTY'T

Equation 2-32

The output of the ELM can be rewritten as follows if the training data is very large (as it is

demonstrated in [117]):

F(x)=g()f = g(x)HT(é VHHTY'H'T

g(x) is defined as:

g(x) = [Q,(m,b,,x),..., Q,(w,b,x)]

Equation 2-33

Equation 2-34

where Ox is a non-linear piecewise continuous function and it can be defined as one of the

following functions [100]:
e Sigmoid function

1
1+ exp(—(wx + b))

Q,(w,b,x)
e Gaussian function

0, ,(w,b,x)= exp(—b”x — w||2)
e Multi-quadratic function
0, (w,b,x) = (|x = w|] + %)
e Hard-limit function

I (wx-b)20
0 otherwise

Q,(w,b,x) ={

Equation 2-35

Equation 2-36

Equation 2-37

Equation 2-38
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. CHAPTER 3: ACTIVE FORCE CONTROL METHOD
FOR TREMOR SUPPRESSION IN HUMAN HAND AND

FOREARM

3.1 INTRODUCTION

Because tremor as a neurological disorder might affect the patients’ life, investigating to
find an effective way to attenuate the tremor is essential for affected people. In this chapter
active force control (AFC) system is proposed to analyse the behaviour of upper limb tremor
in the human body. A single piezoelectric actuator is embedded in the developed AFC
system for controlling the behavior of PD controller. Tremor is applied to the AFC as a
disturbance and the proposed design tries to make a constant output close to zero. As a
result, tremor in the upper limb will be supressed in the developed system during a special
time. The proposed AFC system can be used in the rehabilitation device for tremor
suppression as it can attenuate just involuntary movement. Also using AFC for assistive
device is reasonable due to proper and user-friendly equipment. Three different models
which include a 4-DOF biomedical model of the hand, a 1-DOF musculoskeletal model of
the elbow joint and a 3-DOF musculoskeletal model of the wrist joint are used to investigate

the effect of AFC method on tremor suppression.
3.2 ACTIVE FORCE CONTROL (AFC) METHOD

AFC is a robust controller that is introduced by Hewit [42]. In fact, AFC introduces a

cancelling “anti-vibration” wave through an appropriate array of secondary sources. These
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secondary sources are interconnected through an electronic system using a specific signal
processing algorithm for the particular cancellation scheme [119].

Today’s active vibration control is a very effective research area that has different
application in many technologies. A typical active vibration control system has mechanical
and electronic components in the control system. The principle components of any active
vibration control system are the mechanical structure influenced by disturbance, sensors for
measuring the vibration, controllers, and actuators for suppressing the influence of the

disturbance on the structure [120].

The typical form of the AFC system is shown in Figure 3-1 where F, is the disturbance,
F is the actuator force K and A(s) are the gain and transfer function of the actuator and s is

the Laplace variable. M and M' are the mass and estimated mass of the system,

respectively. x is the desired position, X 1is the actual position, & is the system error and

G(s)=A"'(s)[121].

F
~ + & a + 1

v

%}

1
-G M
s s

Figure 3-1. Block diagram of the AFC system

For suppressing the hand tremor with use of the AFC scheme, Figure 3-2 is suggested. As
it is shown in Figure 3-2, the aim of the proposed design is to make constant output with
respect to the disturbance on the system. Actually, this design is an effective control system
if the output of the system is invariant. In this figure, 7F is the transfer function of the

piezoelectric actuator, u is the desired position, q is the actual position of the hand. In this
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AFC system, a PD controller controls the piezoelectric actuator for damping hand tremor.

From Newton’s second law of motion, the main AFC equation will be expressed as:
F =F -Mi Equation 3-1

where, Fe' is estimated disturbance force, F, is actuator force, M " is estimated vibratory

mass and ¢ is measured acceleration signal [4].

“ + + : g g
—oO—» FD _.O—. IF 5 > Hand > L o L >
controller System : 5

Figure 3-2. A plot of proposed design for active force control system of the human hand
3.2.1 Transfer function of piezoelectric actuator

As one of the main parts of the proposed AFC system which was shown in Figure 3-2, is
the piezoelectric actuator, this section provides some information about piezoelectric
characteristics which is considerable for piezoelectric actuators.

The word “Piezo” is derived from the Greek word known as pressure [122]. When a
piezoelectric material receives an input force, it can induce an electrical charge (as sensor)
and when it receives electrical charge it can convert this electrical charge into mechanical
energy (as actuator). Therefore, piezoelectric materials have considerable importance
working in the field of a smart structure. Smart structures can sense external disturbance

with sensors and respond to that with active control that is associated with actuator and
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controllers in real time to maintain the mission requirements of these smart structures.
Thus, it can be said a smart structure needs four significant ingredients: the structure,
sensor, actuator and controller. Piezoelectric actuators and sensors are widely used in
various applications and are integrated with the main structure. Piezoelectric actuators have
an effective role in today’s technology. These actuators have been used in many
applications and fields. One of these areas is active vibration control. Piezoelectric devices
have some beneficial characteristics for being used in active control systems. This kind of
actuators have small dimension and weight and can be simply driven by voltage.
Furthermore these actuators are easily controlled and provide fast response [24, 122].

Piezoelectric characteristic can be expressed by Equation 3-2 [123].

F _2wh, -&V
¢ l S ¢

c

Equation 3-2

where £, is maximum force of piezoelectric actuator [ N ], w, is cantilever width [m ], A,
is cantilever thickness [m ], [, is cantilever length [m ], d,, is piezoelectric constant [mv ™'

1,S,, is elastic constant of piezoelectric material [m°N "], ¥, is input voltage [V ].

c

For this simulation study, the parameters used for piezoelectric actuator transfer function

are; w, =0.0318m ,h, =0.005m ,[.=0.0635m ,dy, =190x107"*my™"!

b

S, =1.613x10"'m’N"'[24] .
3.2.2 Controller

An AFC system needs to have a controller in the system as it was shown in Figure 3-2.
A proportional-integral-derivative controller (PID controller) is a control loop feedback
mechanism generally used in industrial control systems. A PID controller continuously
calculates an error value as the difference between a measured process variable and a
desired set point. The controller attempts to minimize the error over time by adjustment of

a control variable of the system. For having a desired result with these controllers, finding
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appropriate parameters for the PID controller is essential. A general form of a classic PID

controller is described in Equation 3-3:

output(¢) = er(t) + Kl_J.e(t)dt +K, dZ’(tt ) Equation 3-3
0

where oufpui(t) is the controller output and e(#) is the error. X ,K; and K, are the

proportional, integral and derivative gain, respectively. Some applications may require
using only one or two terms to provide the appropriate system control. This is achieved by
setting the other parameters to zero. A PID controller will be called a PI, PD, P or I
controller in the absence of the respective control actions [124]. In this study, a PD

controller is used and heuristic method can be used for determining the PD parameters.
3.3 BIODYNAMIC HUMAN HAND MODEL

As one of the main parts of AFC is mechanical structure influenced by disturbance, three
different models of human hand and forearm are used to analyse the effect of AFC system
on tremor suppression. The disturbance on these models in AFC system is tremor. These
three models consist of a 4-DOF biomedical model of the hand, 1-DOF musculoskeletal
model of the elbow joint and a 3-DOF musculoskeletal model of the wrist joint.
Investigation of proposed AFC system on these three models represent the effectiveness of
the proposed system on tremor suppression as these models cover a main part of hand and

forearm in the human body.
3.3.1 A four degrees of freedom (4-DOF) biomedical model of the hand

There are a number of mechanical equipollent models that have been developed to
specify the characteristics of biodynamic response of the human hand and arm under
vibration[125]. For study about human hand tremor, it is necessary to determine the
biodynamic response of the human hand to apperceive the relation between force and

motion of human tremor. In this study, a 4-DOF biodynamic model of the hand is used.
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Reynolds et al. proposed 4-DOF linear model of the human hand system [126]. This model
is the combination of mass-spring-damper system. Figure 3-3 shows the 4-DOF model. In
this figure, masses mi, mz, m3, and m4 indicate the mass of epidermis, dermis,
subcutaneous tissue and the muscle of the human hand, respectively. The coupling between
epidermis and dermis tissue is shown with ki and ci1 that represent the visco-elastic
properties of these tissues. There is strong coupling between the dermis and the
subcutaneous tissue of the hand and k2 and c2 indicate this coupling. On the other hand, the
elements k3 and c3 are considered to show weak coupling between the subcutaneous tissue
and the muscle. The coupling between muscle and the bones has been related to element k4
and cs4. Hence, in the simulation 4-DOF model, a disturbance is needed for study about
hand tremor. As the reason of human hand tremor is the damage on the human brain, this
disturbance is a kind of internal force and the best place for the source of force should be at

the muscle [4]. The result of this section was published in [60].

Figure 3-3. Four DOF palm model [125]

The dynamic equations of motion of 4-DOF model at the palm can be described by

Equation 3-4 as a coupled differential equation:
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mi, +F, +F, =F,; i=12,..n Equation 3-4

where m, is mass, ¢ is the acceleration of the system and » is the number of DOF. F),,
F,, and F,, are restoring, dissipative and excitation forces acting on massi, respectively.

If it is assumed that the stiffness and damping coefficient is linear, the restoring and

dissipative force will be as below:

ki(qi_ ql’+1); i=1

FKi = ki—l(qi_ qz‘—l) + ki(qi_ qi+1); i= 2,---,”1 -1 Equation 3-5
ki—l(qi_%q)"‘kiqi; i=n
Ci(qi_ qi+1); i=1

Fy = Cz‘—l(qi—q.i—l)—‘rci(qi_q.i+1); i=2,..,n-1 Equation 3-6
Cz‘—l(qi_ q.i—l) + Ciqi; i=n
0; iz4

Fo = F.: P-4 Equation 3-7

where k&, and ¢, are linear stiffness and damping coefficients which are characteristics of

the springs and dampers of the system.

Using Equation 3-4 to Equation 3-7, the equations of motion for the 4-DOF palm model

can be express as,

mg, +¢q, —¢q, +kq, —kq, =0 Equation 3-8
myg, — g, + (¢, +¢,)q, — 4y — kg, + (k +ky)q, —k,q, =0 Equation 3-9
MyGy — o, +(Cy +¢3)q, — 634, —kyq, +(ky +k3)g, — kg, =0 Equation 3-10

My =345 +(C3 + )4, —hygy + (ks + ky)q, = E, Equation 3-11
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The parameters used to emulate the 4-DOF hand tremor are given in Table 3-1.

Table 3-1. Parameters of skin anatomy at human hand model [71]

Skin layer Epidermis (17,) Dermis (771, ) Subcutaneous Muscle (7, )
Tissue (1)
Mass (kg) 0.0043 0.105 0.566 4.3
Damper (Ns/m) 88.8 1.5 0.1 3.99
Spring (N/m) 678 185 239 349

3.3.1.1 Simulation of control system for (4-DOF) biodynamic model of the hand

As it is discussed in this section, human hand is modelled as 4-DOF system. To control
and supress the human hand tremor, a control scheme is proposed in Figure 3-2. In this
control system, AFC method was used. A PD controller and piezoelectric actuator were
embedded in this control system. For study about the result of control system the human
hand is simulated in MATLAB-Simulink. In this simulation a harmonic force is applied for
the palm excitation. Then displacements plots show the hand behaviour in this control
system. MATLAB- Simulink simulation for the control of human hand model with AFC is
included in Appendix A.

3.3.1.2 Results and conclusion

As it was mentioned before, the proposed system is simulated in MATLAB to investigate
the effect of AFC control system to reduce the hand tremor. The sinusoidal disturbance is
applied to the dynamic system of hand model with amplitude of 10 N and frequency of 10
Hz.

The displacement signal for hand tremor is illustrated in Figure 3-4 for 10 sec. From this

figure, it can be seen that the displacement is between -3mm to +4 mm which is the target

Chapter 3: Active Force Control Method for Tremor Suppression in Human Hand and
Forearm



Tremor Suppression in the Human Hand and Forearm

range since the actual human hand postural tremor in Parkinson disease is about +5mm [13,

24].

%107

Displacement (m)

0 1 2 3 4 5 6 7 8 9 10
t(s)
Figure 3-4. Displacement result for the 4-DOF hand model from MATLAB simulation

The result for the hand model with AFC method is shown in Figure 3-5 for 40 seconds to
describe the efficiency of the system for tremor disappearing after a while. As shown in this
figure, during simulation time, the hand tremor decreases considerably and is between -
1.5%10° m to +1.5x10° m. It is clear that the AFC control system with PD controller and

piezoelectric actuator is a very effective system for suppressing the hand tremor.
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Figure 3-5. Displacement result for the 4-DOF hand model from MATLAB simulation with AFC
control system

Figure 3-6 shows the simulation displacement result for 4-DOF hand model for both
uncontrolled and controlled system. It is clear that the result significantly improve with the
use of AFC method for tremor suppression. In uncontrolled system tremor amplitude is
between -3x10° m to +4 x10° m and in controlled system amplitude of hand tremor is

between-1.5x10"m to 1.5x10° m.
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Figure 3-6. Displacement result for the 4-DOF hand model from MATLAB simulation with and

Displacement (m)

without AFC control system
3.3.2 A one degree of freedom (1-DOF) biomedical model of the elbow joint

In this study, a two-dimensional (2D) model of the arm with one degree of freedom
(elbow flexion-extension) in a 2D plane is adopted. This model includes two muscles,
biceps, and triceps. These two muscles are a pair of antagonist muscles functioning as flexor
and extensor of the elbow joint. The biceps has two heads: long head and short head. The
triceps muscle group has three heads: lateral, medial and long heads [127]. Since the tremor
control in a single joint in a 2D plane is considered in this part, only uniarticular muscles of
elbow joint are taken into account in the analysis. Therefore, biceps long head (LH) and
triceps lateral head (LtH) are selected for simulation of tremor. Figure 3-7 shows a simplified

musculoskeletal model [127]. The result of this section was published in [61].
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Figure 3-7. Left figure is the physiological model of the elbow joint [127]. Right figure is the
simplified musculoskeletal model

The forearm is considered only and is modelled as a pendulum. The dynamic equation
of motion of the elbow with tremor is:

1 PR |
T+T, =(Zml2 +1)¢9+§mglcos¢9n Equation 3-12

where T is the moment that a muscle generates through active electrical stimulation, 7 is

the internal passive moment, m is the forearm mass, / is the moment of inertia, / is the
forearm length, and g is the gravitational constant. The value of the related parameters used

in the calculation is listed in Table 3-2 [127].

Table 3-2. Parameter values for forearm model [127]

m (kg) I (kgm?) 1 (m)
1.6 0.013 0.32
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3.3.2.1 Muscle model

The muscle model is developed from the classic Hill-type muscle model [128, 129]. In
this model, the muscle response to a stimulation signal is composed of two parts: activation

dynamics and contraction dynamics. The muscle model is illustrated in Figure 3-8.

¥ FrequencyFacor |

q
P FrequencyEffect

f
CalciumDynamics [——pp  MuscleFatigue |
M ; P Recruitment ! e
ar
G;L:rs:tor Y MaxiumunForce |
3 JointAngularVelocity [, ‘l 1 P ForceLengthFactor |
$ | Joint Angle

P ForceVelocityFactor

——»  MomentArm
4’?_' PassiveTorque |-

Figure 3-8. Simulink model of a muscle model [130]

3.3.2.1.1 Muscle contraction dynamics

Muscle contraction property is derived from the mechanical structure of the muscle.

a) Active Force: The force which is generated by a muscle through the stimulation is

called the active force as:

F:Fmaxxf;xf;xam

I

Fmax

11

Product1

ActiveMoment

o

Equation 3-13
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where F__is the muscle maximum isometric force, f, is the force-length factor, / is the

!
force-velocity factor, anda is the muscle activation with fatigue. a, = a.p, where p is the

muscle fatigue factor and a is the muscle activation without fatigue.

The active moment for 1-DoF elbow joint in flexion-extension is:

2
1 = ZEI’, Equation 3-14

i=1

where F is the muscle force, r is the moment arm, and i indicates the number of muscles,

biceps LH and triceps LtH.

b) Muscle length factor: Changing muscle length forcefully affects the active force. A
Gaussian-like function is used to describe the relationship between the muscle force and

muscle fibre length as follow:

1-1) ,
Ji=exp| —| — Equation 3-15
£

where f is a normalized factor, ! is the normalized muscle length with respect to the

optimal muscle length; = [,/ andl =r(0-6).

) Force -Velocity Factor: The muscle velocity has also an effect on the muscle force,

and the factor f is used to describe this relationship as:
£, =0.54arctan(5.69v + 0.51) + 0.745 Equation 3-16

where v is the normalized muscle velocity with respect to the maximum contraction
(shortening) velocity v, of the muscle; v=v /v_andv =r@. Table 3-3 shows the

parameters for two muscles [131, 132].
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Table 3-3. Parameter values for muscles

Muscles Lopt (M) Vmax (M/S) Fmax (N) r(m)
BICEPS 0.136 0.68 900 0.03
TRICEPS 0.084 0.42 900 -0.03
d) The Passive Torque: The passive torque is derived from the passive element (PE)

in the muscle model. For the elbow joint, it is given as [133]:

T,=0.260-78sgn(60 -7 /2)[exp(36/ 7|0 -7 /2)—1]x10" Equation 3-17
where sgn() is the signum function specifying the sign of its argument.
3.3.2.1.2 Muscle activation dynamics

When the muscle is stimulated by the electrical pulses, there is a dynamic process for the
muscle to generate the force. This electrical characteristic of the muscle is referred to as

activation dynamics [130].

a. Muscle Recruitment Curve: This property can be modelled by a piecewise
function with three values: a threshold pulse width (PW4), a saturation pulse width (PWs)
and the pulse width of the electrical pulse (z). The normalized muscle recruitment curve, ar,

can be described in the following way:

0 z < PW,
1
a =y—————(z—-PW,) PW <z<PW, Equation 3-18
PW - PW,
1 2> PW
b. Frequency Characteristics: When the frequency of stimulation pulse varies, it also

affects the force produced by the muscle. This force-frequency characteristic can be defined

by:
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__(af) |
q(f) I+ (af)2 Equation 3-19

where f is the stimulation frequency, ¢(f) is the characteristic factor and a is the muscle

activation without fatigue.

Calcium Dynamics: The muscle cannot be activated and relaxed simultaneously, and there
always exists a time delay. Calcium dynamics can be modelled as a first order differential

equation.

. 1
a=—w-ua)+—u—a) Equation 3-20

ac z-r/wlf

where a is the muscle activation without fatigue, u = a,q; tac 1s activation time constant, and

7da 1 the de-activation time constant.

c. Muscle Fatigue: It depends on the activation level, a, and frequency f of the

stimulation.

. al(py,—p) , (1-p)1-al)
p= +
T

Equation 3-21

fat z-rec

A=1=p+p (ﬁ) Equation 3-22

where p is the fatigue, 77 1s the fatigue time constant, 7. is the recovery time constant, pmin
is the minimum fitness, 4 is the frequency factor on fatigue, and fs is the shaping factor.

Table 3-4 shows the parameter values related to contraction and activation dynamics [132,
134].

Table 3-4. Parameter values for the elbow musculoskeletal model

P, P VVd (2% [ z-/at Trec ﬂ s ¢ Prin
(u5) (us) (ms) (ms) (ms) (ms) (-) ) =)
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100 500 40 70 18 30 0.6 0.4 0.4

3.3.2.2 Simulation of control system for (1-DOF) biomedical model of the elbow joint

As was discussed in previous parts, in this part, the elbow joint is modelled as a 1-DOF
musculoskeletal model that consists of two muscles and one skeleton. As we need to
control the joint tremor, a control scheme is proposed, Figure 3-9. In this loop, a
proportional—derivative (PD) controller controls the piezoelectric actuator for damping joint

tremor.

u + PD io TF, T I= Eff?ou‘ 6': ' e 1 N
controller Joint s

Figure 3-9. A plot of proposed design for active force control system of the elbow joint

From Newton’s second law of motion, the equation for 1-DOF elbow joint will be

expressed as:

Z'd' =7r-160 Equation 3-23

where, 7, is estimated disturbance torque, 7 is actuator torque, I " is the estimated

vibratory inertia and 6 is measured angular acceleration signal [4].
To study the result of the control system, the elbow joint is simulated in MATLAB-
Simulink. MATLAB-Simulink simulation block for AFC system for 1-DOF

musculoskeletal model of elbow joint is included in the Appendix B. Upper limb (elbow
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joint) tremor can be achieved when tremulous stimulation activates the related muscles.
Artificial electrical pulses can be applied to the muscle via functional electrical stimulation
(FES) technique to generate the artificial tremor. Three variables of electrical pulse can be
regulated, i.e. pulse width, pulse frequency, and pulse amplitude. Pulse width (PW) is the
only controlled variable here which is considered 300 ps to achieve the elbow joint tremor
which is about -6 to +6 degrees [127]. The other two variables are set as constants; pulse
frequency which is 20 Hz and pulse amplitude which is 25 mA. Then displacements plots

show the joint behaviour in this control system.
3.3.2.3 Results and conclusion

As it was declared previously, the proposed system was simulated in MATLAB to
investigate the effect of an AFC control system to reduce the elbow joint tremor with the

help of a piezoelectric actuator and a PD controller.

The displacement signal for the tremor of the elbow joint without any control system is
illustrated in Figure 3-10 for 5 seconds. From the figure, it can be found that the elbow joint
tremor is between -8 degrees to +8 degrees which is close to the target range as the actual

human hand tremor in Parkinson’s disease is about +6 degrees [13, 24].
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Figure 3-10. Displacement result for tremor of a 1-DOF musculoskeletal model of the elbow
joint from MATLAB simulation

The results for the displacement of the elbow joint with an AFC method and a
piezoelectric actuator is shown in Figure 3-11. As this figure shows, during simulation time,
the tremor decreases considerably and is between -1x10 degrees to +1.5x10 degrees
which is much smaller than joint angle without an AFC system. It is clear that an AFC
control system with a PD controller and a piezoelectric actuator is a very effective system

for suppressing tremor.
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Figure 3-11. A plot of Displacement result for the 1-DOF musculoskeletal model of the elbow
joint from MATLAB simulation with AFC control system

Figure 3-11 shows the simulation displacement result for 1-DOF musculoskeletal model
of the elbow joint for the system before and after control. From Figure 3-12 the result
significantly improves with use of AFC method for tremor suppression in elbow joint. In
the system with AFC, angle of elbow joint tremor is between -1x107 degrees to +1.5x107
degrees which is very small compare to elbow joint tremor without AFC (between -8

degrees to +8 degrees).
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Figure 3-12. A plot of displacement result for the 1-DOF musculoskeletal model of the elbow
joint from MATLAB simulation with and without AFC control system

3.3.3 A three degrees of freedom (3-DOF) musculoskeletal model of wrist joint

In this part, the wrist joint movement in 3-DOF with four main muscles that contribute to
wrist movement is considered. These four muscles are extensor carpi radialis longus
(ECRL), extensor carpi ulnaris (ECU), flexor carpi radialis (FCR) and flexor carpi ulnaris
(FCU). These four muscles contribute in flexion-extension (FE) and radial ulnar deviation
(RUD) and pronation-supination (PS) of the wrist joint. Figure 3-13 shows these four

muscles. The result of this section was published in [62].
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Figure 3-13. Muscles in the forearm

If the wrist is considered as a 1-DOF join, it is modeled as a pendulum. The equation of

motion of the 1-DOF wrist joint is:

T—T +T =J0 Equation 3-24

where Tt is the generated moment by muscle through active electrical stimulation, Tp

denotes the internal passive moment, Tgis the moment caused by gravity that is written as:

T =mglcosd Equation 3-25

where m indicates the hand mass, / is the distance between the mass center of hand and
wrist joint, and g signifies the gravitational constant.
If wrist FE, RUD and PS are considered as the wrist joint movement, the equation of

motion for 3-DOF wrist joint can be written as:

T;l - Tpl = ']191
T,+T,-T,= J,0, Equation 3-26
T,— Tp3 = J3€3
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where Ti, T2 and T3 are the muscle moments that are generated through active electrical
stimulation in FE, RUD and PS directions respectively. ©1, 02 and O3 are the joint angles in
FE, RUD and PS directions respectively. Also, Ji, J» and J3 are the wrist inertia in 3-

DOF.The value of the related parameters used in the calculation is listed in Table 3-5.

Table 3-5. The parameter values for the hand

m(g) I(cm) Ji(gm?) J2(gm?) J3 (gm?)

445.3 8.6 1.305 0.871 1.784

The parameters in Table 3-5 are for a specific subject that has the weight of 73.0kg and
height of 1.741m [130].

3.3.3.1 Muscle model

The muscle model that is used for wrist joint tremor is developed from the classic Hill-
type muscle model [128, 129]. Figure 3-8 shows the block diagram of the muscle model. As
is discussed in section 3.3.3.1, the muscle response to stimulation signal is composed of
two parts: activation dynamics and contraction dynamics. The equation for muscle
activation dynamics, Equation 3-18 to Equation 3-22, for the wrist joint is the same as for
the elbow joint.

For muscle contraction dynamics, the equation for active force, active moment of wrist
joint and muscle length factor are the same as in Equation 3-13 , Equation 3-14 and
Equation 3-15.

As the rest joint is considered as a 3-DOF model, for wrist flexion-extension (FE), radial-
ulnar deviation (RUD), and pronation-supination (PS), the active moment can be written as

Equation 3-27:

T FECRB

: F,
T, |=r] Equation 3-27
T FFCR

’ FFCU
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where the 7 is moment arm matrix as Equation 3-28 [130]:

-0.016 -0.006 0.015 0.015
r=|-0.014 0.025 -0.007 0.018 Equation 3-28

0.0025 0.0002 0.0042 0.0024

Also in 3-DOF the velocity of each muscle in Equation 3-16 can be rewritten as

Equation 3-29:

vml 9
1
v .
P 0, )
vV, i Equation 3-29
v %

Table 3-6 shows the parameters for four muscles in Equation 3-16 [130-132].

Table 3-6. The parameters of wrist muscles

Muscles Lopt (M) Vmax (M/S) Fuax(N)
ECRB 0.0585 10 122.9
ECU 0.0622 10 117
FCR 0.0628 10 59.7
FCU 0.0509 10 102.6

Also the passive torque for the wrist joint is given as Equation 3-30 [133]:

T,=B,0++K,0+M, Equation 3-30

where Mp is:

k(0K k(-6/k
_ i ok (07k) | exp(k(=0/ky)) Equation 3-31

P exp(k) P exp(k))

Table 3-7. The constant parameters in Equation 3-31[133]

K, B, ki | '¢) k3
6 0.3 0.8

Flexion- 04 0.3
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extension

Radial 0.3 0.3 6 0.1 0.3
ulnar
deviation

Pronation- 04 0.3 6 0.03 1
supination

The value of constant parameters for Equation 3-31 is given in Table 3-7.
3.3.3.2 Results and conclusion

AFC control system is used to analyse the effect of a control system with a piezoelectric
actuator and a PD controller on human wrist joint tremor in 3-DOF in MATLAB-Simulink.
The electrical stimulation is applied to related muscles to attain wrist joint tremor. Artificial
tremor can be generated as artificial electrical pulses applied to the muscles via functional
electrical stimulation (FES) technique. Three variables of electrical pulse can be regulated,
i.e. pulse width, pulse frequency, and pulse amplitude. Pulse width (PW) is the only
controlled variable here while another two variables are set as constants; pulse frequency
which is 20 Hz and pulse amplitude which is 15 mA. Then displacements plots show the
joint behaviour in this control system. The electrical stimulation is applied to ECRB and
FCU with pulse width of 300 ps and 400 ps respectively to achieve the wrist joint tremor
which is about -5 to +5 degrees [133].

In this part the effect of AFC system on the displacement signal for the tremor of the wrist
joint in 3-DOF, flexion-extension (FE), radial-ulnar deviation (RUD), and pronation-
supination (PS), is studied.

Figure 3-14 shows the tremor of the wrist joint in flexion-extension before and after using
AFC method for 5 seconds. In this figure, the upper graph is for wrist tremor angle that is
about -5 degrees to +5 degrees. AFC system is applied to the wrist joint to supress the
tremor. The lower graph shows the tremor angle after using control system that is about -

1x107% degrees to 1x1072 degrees.
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Figure 3-14. Displacement results for a 3-DOF musculoskeletal model of the wrist joint in FE from
MATLAB simulation without control system (a), with an AFC control system (b).

The tremor of the wrist joint in radial-ulnar deviation is shown in Figure 3-15 for 5
seconds. In this figure, the upper graph is for wrist tremor angle without AFC system that is
about -5 degrees to +7 degrees. Also, the lower graph shows the result after using control

system for wrist joint that is about -6x107 degrees to 7x107 degrees.
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Figure 3-15. Displacement results for a 3-DOF musculoskeletal model of the wrist joint in RUD
from MATLAB simulation without control system (a), with an AFC control system (b).

Figure 3-16 illustrates the effect of AFC system on tremor reduction of the wrist joint in
pronation-supination. In this figure, the upper graph shows the wrist tremor angle which is

about -2 degrees to +3 degrees. AFC system is applied to the wrist joint to supress the

Chapter 3: Active Force Control Method for Tremor Suppression in Human Hand and
Forearm



Tremor Suppression in the Human Hand and Forearm

tremor. The lower graph shows the tremor angle after using control system that is about -

1.5x1072 degrees to 1.2x107% degrees.
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Figure 3-16. Displacement result for a 3-DOF musculoskeletal model of the wrist joint in PS from
MATLAB simulation without control system (a), with an AFC control system (b).

The result of the effect of AFC system on tremor reduction in Figure 3-14 to Figure 3-16

shows that this control system that uses a piezoelectric actuator as an actuator and a PD
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controller is a very effective system for tremor attenuation. After applying the control
system to the musculoskeletal of the wrist joint, wrist joint tremor reduced in flexion-

extension (FE), radial-ulnar deviation (RUD), and pronation-supination (PS).

3.4 CONCLUSION

The effect of the AFC system on tremor suppression in PD was investigated in this
chapter. In the proposed AFC system, a piezoelectric actuator controls the behavior of the
PD controller to get to the desireable result. The behaviour of three different models
including 4-DOF biomedical model of the hand, a 1-DOF musculoskeletal model of the
elbow joint and a 3-DOF musculoskeletal model of the wrist joint were studied. Matlab
simulink was used to simulate the AFC system. Results showed that after using the AFC
system on all three models, the tremor was supressed effectively which means the proposed

AFC system is a practical tool for tremor control.
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| CHAPTER 4: ANALYTICAL SOLUTION FOR
VIBRATION OF HUMAN FOREARM BEAM MODEL

4.1 INTRODUCTION

Analytical solution for the vibration of human forearm which is modelled as a beam, is
studied in this chapter. The investigation aim is based on the analysis of the effect of a
piezoelectric material as a sensor and actuator on vibration control. To achieve this
purpose, the human forearm is modelled as a continuous beam and it is analysed in two
different ways.

In the first part of this chapter, in section 4.2.1, the human forearm is modelled as a
Timoshenko beam which has a layer of piezoelectric actuator on its top surface as an
actuator and forced vibration of the model is investigated. Timoshenko beam theory is
considered for thick beams. As the dimension of a real hand is close to the thick beam, the
proposed beam model complies with Timoshenko beam theory and the effect of both rotary
inertia and shear deformation are considered for its analysis. Hamilton principle is used to
obtain the equation of motion of the beam. Thus, by employing the Galerkin procedure, the
governing equation of motion which is a second order ordinary differential equation in time
is derived. An external force is applied by a sinusoidal force to the beam to test the beam
behaviour. The response of the system to the force stimulation gives the analytical relations
for natural frequency and amplitude of the vibration. Using the obtained analytical
relations, the effects of different factors and material properties including density and
modulus of elasticity of the piezoelectric actuator and the piezoelectric coefficient on the
vibration of this beam are investigated. The results indicate that the piezoelectric layer as an
actuator provides an effective tool for active control of vibration. The result of this section
was submitted and it was published in [135].

In the second part of this chapter, as stated in section 4.2.2, the human forearm is modelled

as a continuous beam that has two layers of piezoelectric material as a sensor and actuator.
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In this part of the study, the model is simplified and the effects of rotary inertia and shear
deformation are neglected and the Euler—Bernoulli theory is used for analysis. The aim of
this part is to analyse the effect of active vibration control on human forearm tremor. The
beam model that has a piezoelectric sensor on its bottom surface and a piezoelectric
actuator on its top surface will be analysed in the closed loop control system to suppress the
human forearm tremor. As human tremor is a sinusoidal movement, this tremor is applied
to the model by a harmonic force. Then the equation of motion of the beam is obtained
using Hamilton principle. Also, the second order ordinary differential equation of motion is
derived by employing the Galerkin procedure. Finally, the effect of active force control is
investigated on the beam model to see the effect of piezoelectric sensor and actuator on

human forearm tremor control.
4.2 MODELLING AND FORMULATION

4.2.1 Piezoelectrically actuated Timoshenko beam model

In this part, the human forearm is modelled as a Timoshenko beam which has a
piezoelectric actuator on its top surface and analytical solution for force vibration of this
model is investigated. As the beam model conforms to Timoshenko beam theory, the effect
of both rotary inertia and shear deformation are considered for analysis.

A uniform flexible continuous beam which is covered with a layer of piezoelectric
actuator on its top surface as an actuator is studied. The beam is initially straight, and it is
free at one end and has a pin joint and a rotational spring at the other end to resists against
beam torsion.

. The piecewise piezoelectric is as an actuator as shown in Figure 4-1.

The beam model has a length of / and thickness /s, while the length and thickness of the
piezoelectric layer are (/2 — [1) and hp respectively. Also, it is assumed that the piezoelectric
width is the same as the beam width (wp=wp). The piezoelectric actuator is perfectly

bonded to the beam at a distance //, measured from the pin joint support.
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Figure 4-1. Beam model covered with a piezoelectric actuator

Timoshenko theory considers the effects of both rotary inertia and shear deformation.
Also, this theory is used for thick beams [64]. The equations of motion for the transverse
vibration of the beam is derived with Hamilton principle. The equation of motion for the

Timoshenko beam without piezoelectric layer is:

0 o oy &y

2 KAG Z g | |+ pa=E = f —
6){ 6x(6x ¢ﬂ PASA f(x,0) Equation 4-1
o, o4 oy j 0’

_Z(ENZL _kaG| Loy |+ p1 L =0 .
8x( )8x (ax b)re o Equation 4-2

where K is the shear correction factor, A is the area of cross-section, G is the shear
modulus, y is the lateral displacement and & denotes the angle of rotation of the cross

section due to bending, p is the density of the beam, f{x,#) is the external force on the

beam, E is the modulus of elasticity of the beam and 7/ denote the second moment of inertia.
4.2.1.1 Beam properties

As Hamilton principle is used to derive the equation of motion of the beam model, beam
properties are given in this part. The mass and the polar moment of inertia of the beam are
presented as:
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m(x) =w, I:pbhh + (Hn —-H, )pphp] Equation 4-3
1

J(x)= PG [pbh[j +(H, - H, )Pphﬂ Equation 4-4

H, =H(x-11), H,, =H(x-12) Equation 4-5

J(x) and m(x) are the polar moment of inertia and mass of the beam respectively. H(x) is
the Heaviside function. Also, w and 4 represent the width and thickness of the beam and
piezoelectric layer, p is the density of the beam. In this section, the sub/superscripts b and p
show the properties of beam and piezoelectric respectively.

As shown in Figure 4-1, the piezoelectric layer on top of the beam is piecewise. Therefore
the neutral surface for each part of the beam is different. For x < /2 and x > /1, the neutral
surface is the geometric center of the beam while for the part that has the piezoelectric layer

the neutral surface is as Equation 4-6 [54]:

. Eh,(h,+h,) .
"7 Eh +Eyh,) Equation 4-6

where E indicates modulus of elasticity.

4.2.1.2 Piezoelectric equations

For piezoelectric materials, the electrical field displacement and the mechanical stress-

strain relations are as follows [68]:

o=Ee—-hD Equation 4-7

Q=-h"e¢+pBD Equation 4-8
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As o is the stress vector, E is the elasticity coefficient matrix, & is the strain vector, A
is the coupling coefficients matrix, D is the displacement vector, and Q is the electrical

field vector and £ is impermittivity coefficients matrix.

The one-dimensional electrical field is considered for this problem, and the electrical

displacement relation for this problem is as Equation 4-9 [67]:

0

D=0 Equation 4-9
D;(s,1)

Then, the coupling of stress and electrical field for the one-dimensional piezoelectric
actuator takes the forms of:
P P
o, =Epe —hyD; Equation 4-10

Oy =~hy &, + B3 D5 Equation 4-11

Therefore, Equation 4-12 shows the coupling relation for a one-dimensional piezoelectric

actuator is:

P_ P p()
Jll _Epgll _Epd31h_ Equation 4'12
P

where d31 is the piezoelectric constant that relates the mechanical tension to the electrical
displacement, p(?) is the voltage applied to the piezoelectric actuator, and sub/superscript p

denotes piezoelectric.
4.2.1.3 Equation of motion

As previously mentioned, a beam model has been developed for human forearm model to

investigate the tremor behaviour. The proposed model has a piezoelectric actuator on its top

Chapter 4: Analytical Solution for Vibration of Human Forearm Beam Model



Tremor Suppression in the Human Hand and Forearm

surface. In this section the equation of motion of the beam is obtained from Hamilton

principle.
4.2.1.3.1 Kinetic energy
The kinetic energy of the Timoshenko beam with a layer of piezoelectric actuator on its

top surface can be expressed by Equation 4-13:

0
¢ *dx Equation 4-13

= o @ a1 o022
T= 2J0m(x)(at) dx+2j0J(x)( =)

where y is the lateral displacement, and @ denotes the angle of rotation of the cross section

due to bending. Also, J(x) and m(x) are the polar moment of inertia and mass of the beam

respectively
Then,
I oy, .0y 1 0@, . 0p .
OT = [ (2O + [ TN Doy Equation 4-14

As the beam is a Timoshenko beam, the effect of shear deformation in addition to the

effect of rotary inertia, is considered.
4.2.1.3.2 Potential energy

As the beam has a layer of piezoelectric actuator on its top, the potential energy for the
section of the beam that has a layer of actuator is different to other parts. The potential
energy for the beam is derived for three sections as follow:

For 0<x<I/1: In this section there is no piezoelectric layer on the beam. The potential

energy for this part is as in Equation 4-15:

oUl = I E,g,08,dv +I 7. 0y.dv Equation 4-15
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where strain equation for this part of the beam is:

& = —z? when 0<x<l/l1 Equation 4-16
x

and 7, is shear stress and y,, is shear strain for Timoshenko beam as:

z-xy = Kbi (% - ¢)7
o Equation 4-17
Ve = (a -9)
Finally, with substituting Equation 4-17 into Equation 4-15, the potential energy for
0<x<lI1 is obtained based on y as the lateral displacement and @ as the angle of rotation of

the cross section due to bending:

1 2
sUL=w,[ [ Ey(-z22)5(~z2)dzdx
0—i /2 ox ox
11 hy/2

[ | Kbi(g—i—qﬁ)S(ay @)dzdx

0 —hy/2 Ox

11 3
= J' M(%)g(%)dx Equation 4-18
X~ Ox

0

11
Oy Oy
+wh, | K,G, (= - #)5(=>)dx
b b_([ b~'b ax ax

I3 8:)/
“wh, [ K,G,(Z-— $)5($)dx
0 Ox
For /1<x</2: In this section there is a layer of piezoelectric actuator on the beam that acts
as an actuator. In this case the potential energy of the actuator is considered too. The
potential energy for this part is as follow where the third part of the Equation 4-19 is the

potential energy of the piezoelectric actuator layer:

oU2= JEhglé'g]dv + Irxz§yxzdv + I(ap5gp +e,0D,)dv
v v v Equation 4-19
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where strain equation for this part of the beam due to the presence of piezoelectric layer is
as:

& =—(z— zn)% when I1<x<I2 Equation 4-20
Ox q

Using Equation 4-10, Equation 4-11 and Equation 4-17 the potential energy for this part

of the beam 1is:

11 hy/2
oU2=w,[ | Ey-te-2 0082 Ldzds
0~y /2
12 b2 o o
T, 1 }{/Z(K,,Gb+KPGP)(§—¢)5(§_¢)dde

12 hy/2+h, ¢

I L e A S e

+(=hy (~(z-z,) ¢)+,[)’33D)5D]dzdx
IEwb a¢)5(a¢)d

1

Equation 4-21
12 E W h q
+j [((Ebwbhbz: + %(h; +3h, (7}’ -z)

+3h;<%b— )))( )5(

+/5'33wphpD3é'D3+(h w, h (h +h,—2z)/2)(— ¢)5D
+(h31wphp(hp +h,—2z,)/2)D, 5D3]dx

+(w,h, + wphp)I(Kbi + KpG,,)(%— ¢)5(%)dx

(i, w0, [ (K, G, + K, G ) - )5 (g
| Oox
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For [2<x<I: In this part of the beam there is not piezoelectric layer. The potential energy

for this part using Equation 4-16 and Equation 4-17 is:

1 hy2
_ 99, 5,99
5U3_w,,1j2h{/2Eb( 2 D)5 (~2 )dzd

+w, [ j K,G (@—@5(@ — §)dzdx

12 —hy/2

3
- .[ WbE hy a¢)5(g—¢)dx Equation 4-22
X

+w,h, f[ Kbi(% - ¢)5(%)dx

il [ K Gy~ )o@
12 X

Also as there is a rotational spring in the beam model, the potential energy for the spring

is considered and it is as:

Uspzmg 1 k (Q (0 t)) Equation 4-23
which,
oy .0y
ou, . =k —056(— ion 4-
spring s ax (ax) Equatlon 4-24

as k_1is spring stiffness.

Finally, the total potential energy of the beam with a piezoelectric actuator on the top

surface of it can be written as:
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5UTutal J. {P( )(_)5( ) ﬂ33 pD3(X,f)5D3
+(hyw,h, (h, +h,—2z )/2)—§D

o Equation 4-25
o, (h, +h,=22,) 12)D,6(ZE ¢ }

"2 —ps 2 Q ¥
+[, SO~ 95— P+ k== 6()

where:

3
bth

P(x)= +(H, —H,)Ewh, z

Equation 4-26

Ew h h
+(H,—H,) P3 L. b +3h, (Tb—zn)2+3h;(7b—zn)

S(x)=(1—(H,1 Hll)) Ab(x)G

Equation 4-27
+(H, —H,)(K,4,(x)G, + K, 4 (x)G,) q

External force on the beam is modeled as a distributed transverse load f(x,z). The work

done by this load is as Equation 4-28:
!
W= IO (f(x,1).y)dx Equation 4-28

Also due to the input voltage to the piezoelectric patch, there is a virtual electrical work
that is expressed as:

I

é‘I/I/'electrical = Wp J-O Va (X, t)§D3 (x9 t)dx Equation 4-29

V (x,t) is the applied voltage to the piezoelectric actuator and D is the displacement

vector.
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The Hamilton principle is used to find the equation of motion of the beam. The Hamilton

principle is defined as follows:
12
SH = jﬂ (SL+SW)=0 Equation 4-30

where 0L = 6T — oU

The equation of motion of the proposed model for forearm is obtained by Hamilton

principle using Equation 4-13, Equation 4-25, Equation 4-28 and Equation 4-29 as:
2. ¢l oy oy 1 o¢ op
[ LI mCI8 e+ [ T8 )
1 ¢, . 09
_ IO {P(x)(g)a(g) + Bysw,h,D,(x,0)6D,

+(hyw,h,(h, +h,—2y,)/ 2)2—¢5D3
X
By Equation 4-31
+(hywh,(h,+h,—2y,)/ 2)D35(6— }dx
X

("5 @ —hs(@ —prax—k L&
[ SN =93 = Pdx—k —5()

+[! Gty w, [V, (00D, (x.0)dx Jdi =0

Using integration by parts;
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2 ople 82_y i 8_y_
J‘tl [ .[o[( m(x)( or )+ ox (S(X)(ax ¢))5y

0’ 0
)2 (wyh, (h, + B, ~27,)12)D)

+a_i(p<x)%)+S(x)(g_§_¢))a¢

+H (=T

o Equation 4-32
+H(=(hyw,h,(h, +h,=2y,)/ 2)5—,6’33wphpD3 + pra)5D3]dx

—(P(x)? +(hyyw (b +hy —2,)12)D,)54
X

i
0

—(S(x)(g—fc—@mw

(l)]dt:O

Finally the equation of motion of the proposed model which is a Timoshenko beam

covered with a piezoelectric actuator on it is obtained as follows:

0* 0 0
m(x)—atzy —asm(é—@ = f(x,0) Equation 4-33
o’ 0 0 0 0
T2 - L p (- L hyw b h + 1, ~23,) /D) - SN~ g)=0  Equation 4-34
or  ox ox’ ox 3 ox
o .
ﬂasw,,hpDa(xJ) + (hglw,,hp (h,, +h,—2y,)/ 2)& =w/V, (x,1) Equation 4-35

From Equation 4-31, the boundary condition of the beam is as follows:

PN+ by, +h,=23,) 12D, o]} =0

0=0 Equation 4-36

SEHE =P - Py ()

252
X Ox

x=0 :O

From Equation 4-35 the dielectric displacement can be written as:
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0
DyC60) = 01, 000~ G, (h, 1y =23,) 1252 1 B, Equation 4-37
Substituting the dielectric displacement from Equation 4-37 into Equation 4-34 gives:

L o)
Equation 4-38
_S(x)(a_¢) =a(((h3lwp(hp +h,=2y,)/2)] BV, (x,1))

J(x)

as;

R(x)=P(x) = ((hy,(h, + h,—=2,)/2) | fs;

For laminar piezoelectric actuator, it is assumed that there is a uniform input voltage at
the place that the actuator is attached on the beam, and naturally zero input voltage in

another place. This voltage can be expressed as [57]:
V.(x,t)=V (t)H(x) Equation 4-39

Using Equation 4-33, Equation 4-38 and Equation 4-39 the equation of motion of the beam

model is reduced to:

()ay g 25 )( ) Equation 4-40

J(x )‘M a( R ¢))

Equation 4-41
-S (X)(%— @) = ((yyw, (h, +h,—2y,)/2) ! BV, () H'(x) quation

Galerkin approximation has been used to solve the partial differential equation and obtain

the natural frequency and mode shapes of the Timoshenko beam.
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Transverse deflection, y, and bending angle ¢ can be expressed as:

(x,0) = ZYI‘(X)%(O Equation 4-42
=1

P(x,t) = Z(Pi(x)%(t) Equation 4-43
P

where q(t) is the time-dependent function and Y(x) and ¢(x) are the fundamental vibration
mode shapes [136].

Y (x) = C, cosh(bax) + C, sinh(bax) _

+C, cos(bx) + C, sin(bfx) Equation 4-44

@(x) = D, sinh(bax)+ D, cosh(bax) '
+D,sin(bfx)+ C, cos(bfx) Equation 4-45

where Ci to C4 and D1 to D4 are constants and can be obtained from boundary conditions

of the beam. Also,

la la
C=——D.,C,=———F—D
Yob@r+s) U bt +sY) ‘
1B B 18 Equation 4-46

C, = D,,C, = D
Tonp-s) T w(p st
b is the dimensionless frequency of the beam. Also, «, fand s are as follow:

0.5
4
a=|=|-(r+s)+((* =) + b_z)o.sﬂ Equation 4-47

0.5
4
B==| (P +s)+ (=) + ?)0'5 ﬂ Equation 4-48

s> = EI | (KAGI?)

r2 — ] / (AIZ) Equation 4-49
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As the beam is free at one end and has a pin joint and a rotational spring at the other end,

the boundary conditions of the beam are:

Y(x=0)=0
M(x=0)=ky(x=0)
Vix=0)=0
M(x=10)=0

Equation 4-50

where Y is vertical deflection, M is bending moment, V is shear force and y is the

bending slope of the beam.

The boundary condition of the beam in the form of a matrix is as:

la g
2 2 0 - 2 2 O
b(a” +s7) b(f —s)
EI EISb
Elpa 4 EIpb »
/ ’ /
' ’ KAGs® KAGs®
——_sinh(ba) ——_cosh(ba) ———F———sin(bf) —————-cos(bp)
(a +57) (a" +57) (B =s) (B =s)
Elba Elba EIbf EIbS . Bquat
) cosh(ba) ] sinh(ba) ; cos(bpf) - ] sin(bf) ion 4-51
C 0
C, 0
X =
C, 0
C 0

For a nontrivial solution of the constants C/ and C4, the determinant made by
coefficients of boundary condition matrix is set equal to zero [64].

Substituting y(x,t) and @(x,7) from Equation 4-42 and Equation 4-43 into Equation 4-40

and Equation 4-41 the equation of motion of the beam model can be written as:

Zm(x)Y(x)q,(t) (ZS( )aY (x) is(x)%)qim: ot Equation 4-52
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o co,(x)

ZJ (0, (1), (1) = D (RENLE=)g, (1)

—(ZS(x)% - ZS(x)(pi (x))q, () Equation 4-53
i=1 X i=1
= ((hyyw, (B, + 1y =2,) 1 2) | Byy) H'(X)V, (1)

v(x,t) and @(x,t) satisfy the free vibration of the beam as they are the beam mode

shapes:

oY, (X) _99,(x)

—m(x)Y,(x)@ = S(x)( o

)=0 Equation 4-54

8Y(x)

(), (¥ — RO L) m’”) Sy () =0 Equation 4-55

Substituting Equation 4-54 and Equation 4-55 into Equation 4-52 and Equation 4-53:

Ym0+ o, ()4, ()= £ (5,0 Equation 4-56

3. (i (1) + Y 07T (D), (614, 1)

= = Equation 4-57
= (g, (hy + 1, =2y,) 1 2) ] Bi) H'(X)V, (1)

There is an orthogonality conditions between different mode shapes of the beam as:

L 1 i=
J.m(x)Yl (x).Y,(x)= { T Equation 4-58
0 0 i+

~. ~.

‘ 1 i=
IJ(X)-¢i(x)-¢_;(x) = { . Equation 4-59
7 0 i+

Then multiplying Equation 4-56 by Y,(x) and Equation 4-57 by ¢,(x)and integrating

from O to / leads to:
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.M8
ct—

i i=1

Y, (x)m(x)Y, (x)g, (¢)dx + ijl Y, (x)@ m(x)Y,(x)g,(t)dx

; Equation 4-60
= [Y,00) G,y
0

> [0 (D 0+ 30 [ 96T () (X)a (e

i=l ¢

. Equation 4-61
= (s, (hy + 1y ~2,)12) i) [0,V H (W, (1)

Finally, with adding Equation 4-60 and Equation 4-61, and using Equation 4-58 and
Equation 4-59 the equation of motion of the Timoshenko beam which has a piezoelectric

actuator on its top surface is derived as:

G,(0)+ @ q,(t) = F() + B()

]
F(0) =] f(x,0Y,(x)
0

1 hs, Lda Equation
P(t)= (5w, (t, +1,=23,) 2LV, () [ (H,, — H),)g,(x)dx 462
2 B o dx

=Gy, =28,) 2, (0, () -0 0)

33

Here, it is assumed that the external force and the applied voltage to the piezoelectric

actuator are harmonic as follows:
S(x,0) = F(x)sin(ay1)
Equation 4-63
F(x)=5x quation

V)=V sin(ay) Equation 4-64

Using Equation 4-62 to Equation 4-64 the vibration of the Timoshenko beam with a layer

of piezoelectric as an actuator on its top surface is expressed as:
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([, /G090 sinen |

q(t) = A.cos(wt) + B.sin(awt) + —— .sin(wyt)
¢4 Equation
1 h 4-65
|:(2 WP (tp + tb - 2yn)ﬁ731)l/a (t)(¢n (ll) - (Dn (12 )):|
+ 233 > .sin(w,t)
@ — o,

 1s the natural frequency of the beam. Also, the constants A and B can be found from
the initial condition of the beam. Finally, the vibration of the proposed beam model which
helps to analyse the effect of the piezoelectric actuator on vibration control of the forearm

model is obtained as:

([, S 000 sin(a) |

@

(; w,(t, +1,— 2yn)Ll31 )V (0)-(p, (1) - ¢’n(lz)):|a)2
_L 33 sin(er)
w

_dozf(x,t)go(x))/sin(a)lt)} ) Equation 4-66
N .sm(at

q(t) = sin(wt)

2 2
@ — o

) _(; w(t, +1,—2 yn)%;).n(t)-(%(ll) - <0,,(12))}

— .sin(w,t)
@ —w,

4.2.1.4 Results

In this section, the results of forced vibration for the human forearm which is modelled as
a Timoshenko beam with an actuator layer on its top surface is presented. As the main aim
of this section is vibration control on the human forearm, analytical expressions for
vibration of the beam model are derived. The effects of different parameters including

piezoelectric strain constant, voltage of piezoelectric actuator, density and modulus of
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elasticity of piezoelectric actuator on the vibration of the beam are discussed to see the
effect of each property on the vibration control of the beam. The external force for the

analysis is considered as f(x,f)=5.x.sin(5¢)and the voltage of the actuator is
V(t)=10.sin(10¢). The effects of these properties on the vibration of the beam are

presented in Figure 4-2 to Figure 4-6. All figures illustrate the vibration of the beam with
the physical properties of the beam and piezoelectric actuator which are listed in Table 4-1
and are drawn based on Equation 4-66 around the first mode of vibration. The beam

properties are chosen in a way to get to the closest real human forearm properties.

Table 4-1. Physical properties of the beam model covered with a piezoelectric actuator

[ =300mm E, =104GPa
[, =100mm E, =14GPa

L, =200mm p, =1810kgm™
w, = 70mm p, =6390kgm™
w, =70mm G,=E, /25
h, =50mm G,=E, /25
h, =50mm K =0.833

d, =11pCN™"

4.2.1.4.1 Analytical results

Figure 4-2 shows two plots of the vibration of the beam with and without a piezoelectric
layer. The system response decreases almost three times faster when the beam is covered
with a piezoelectric layer as can be found from the comparison of the two plots. In fact,
adding the piezoelectric layer to the beam model causes the total stiffness of the beam
model to increase resulting in reduction of the vibration amplitude. It should also be noted

that because the frequency of the external force and the frequency of the applied voltage to
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the piezoelectric actuator is 5 and 10 rad/s, respectively, the beam vibrates with a

combination of these frequencies.

Without piezoelectric
0.015

----- With piezoelectric

0.01

0.005

q(t)

-0.005

-0.01

-0.015 Time [s]

Figure 4-2. The vibration of the beam without and with a piezoelectric layer

The effect of the piezoelectric strain constant, d3i, which is related to the presence of
piezoelectric actuation on the vibration of the beam is investigated. The piezoelectric strain
constant is changed from 11X 1072 C/N to 11X 10! C/N and the result for vibration of the
beam is shown in Figure 4-3. As seen, the absolute value of the maximum amplitude of
vibration increases with dsi. Obviously, for a given applied electric field, a higher

piezoelectric strain constant creates a larger mechanical stress or displacement.
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d31=11*10"-12 C/N

..... d31=60*10"-11 C/N
......... d31=11*%10"-10 C/N

0.006
0.004
0.002

< -0.002

-0.004

-0.006

-0.008
001 Time [s]

Figure 4-3. The vibration of the Timoshenko beam with a piezoelectric layer for different ds;

Figure 4-4 depicts the effect of different voltage amplitudes of the piezoelectric actuator
on the beam vibration while the other parameters are kept fixed. The voltage of the
piezoelectric actuator was shown in Equation 4-64. As seen in Figure 4-4, the absolute value
of the maximum amplitude of vibration increases as the applied voltage increases. The
absolute values of the maximum amplitude of vibration for applied voltages of 10 v, 25 v,

and 45 v are 0.004, 0.005, and 0.006, respectively.
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V=10 volt

0.004 - = =V=25volt

0.003 Y 4 V=45 volt
7 ~

-0.007 Time [s]

Figure 4-4. The vibration of the Timoshenko beam with a piezoelectric layer for different voltage
of piezoelectric actuator.

The effect of changing the piezoelectric density from 6390 to 7700 kg/m® on the
vibration of the beam is shown in Figure 4-5. As the density of the piezoelectric actuator
increases, the absolute value of the maximum amplitude of vibration increases. The
absolute values of the maximum amplitude of vibration for densities of 6390, 7000, and
7700 kg/m? are 0.003, 0.004, and 0.005, respectively. A higher density means a more
flexible structure while the other parameters remain unchanged resulting in a larger

amplitude of vibration.
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p=6390 kg/m"3

0.005 - = =p=7000 kg/m"3

0.004
N gy == p=7700 kg/m"3
0.003

0.002
0.001

q®

-0.001
-0.002
-0.003
-0.004
-0.005

-0.006

Figure 4-5. The vibration of the Timoshenko beam with a piezoelectric layer for different density
of piezoelectric actuator

The effect of the modulus of elasticity of the piezoelectric actuator, Ep, is presented in
Figure 4-6. As the modulus of elasticity increases, the amplitude of the vibration decreases.
This is due to the fact that higher a modulus of elasticity gives a stiffer structures resulting
in a smaller amplitude of vibration. The maximum amplitude of vibration for modulus of
elasticity of 104 GPa, 350 GPa, and 800 GPa is 322X107°, 271X107, and 178e-°

respectively.
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Ep=104 Gpa
= = =Ep=350 Gpa

6oo4 . aaaa. Ep=800 Gpa
0.003

0.002
0.001

q®

-0.001
-0.002
-0.003

-0.004
-0.005

Time [s]

Figure 4-6. The vibration of the Timoshenko beam with a piezoelectric layer for different
modulus of elasticity of piezoelectric actuator

4.2.1.4.2 Finite element result

Finite element analysis (FEA) using ABAQUS was performed to verify the results
obtained from the analytical solution. An 8-node linear piezoelectric brick element
(C3D8E) and an 8-node linear brick element (C3D8) were used to mesh the piezoelectric

and substrate parts, respectively. Figure 4-7 illustrates the meshed beam model.

¥

A,

4

Figure 4-7. Mesh configuration of FE model of the beam
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Figure 4-8 shows the result for vibration of the beam without piezoelectric layer for both
analytical and FE result. As it is seen in the figure the result of FE for the beam model is

very close to the analytical result. The correlation coefficient between the analytical and

numerical results is 0.99.

Analytical result

0015 . mme— FE result

0.01

-0.015

Time [s]

Figure 4-8. Analytical and FE result for vibration of the beam without piezoelectric layer
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0.004 Analytical result

--=-FE result

0.003 ,°
0.002

0.001

%0.001
-0.002
-0.003
-0.004

-0.005

-0.006 _
Time [s]

Figure 4-9. Analytical and FE result for vibration of the beam with the piezoelectric layer.
Figure 4-9 shows the result for vibration of the beam with the piezoelectric layer for both
analytical and FE result. The correlation coefficient between the analytical and numerical

results is 0.97.

4.2.2 Active vibration control in human forearm model

In this part, an active vibration control (AVC) for investigating the human forearm
tremor is proposed. The control system uses the piezoelectric sensor and actuator pair to
control and suppress the forearm tremor which is the main aim of the proposed active
control system. Human forearm is modelled as an Euler-Bernoulli beam that is a uniform
flexible continuous beam and is covered with a layer of piezoelectric sensor on its bottom
surface and a piezoelectric actuator on its top surface. The beam is initially straight, and it is
free at one end and has a pin joint and a rotational spring at the other end. The human

forearm beam model is shown in Figure 4-10.
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F 3

Figure 4-10. Human forearm beam model covered with a piezoelectric sensor and actuator

As human forearm tremor is a kind of sinusoidal movement, an external harmonic force is
applied to the beam model as tremor. A closed loop control system is used to actively
control the tremor on the model as the aim is reducing the tremor in the model. Analytical
solution for the vibration of beam model is investigated to analyse the effect of
piezoelectric sensor and actuator on tremor reduction. As the beam is the Euler—Bernoulli,
the rotation of cross sections of the beam is neglected compared to the translation and the
angular distortion caused by shear is considered negligible compared to the bending
deformation [64].

As it can be seen in the Figure 4-10, the beam model has a length of / , width of ws and
thickness of 4. The piezoelectric sensor and actuator are perfectly bonded to the beam and
it is assumed that the length, width and thickness of piezoelectric sensor and actuator is the

same as the beam; (/=lr=[a=ls), (W=wp=wa =ws) and (h=hs=ha =hs).
4.2.2.1 Equation of motion

Hamilton principle is used to derive the equation of motion of the beam model.
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4.2.2.1.1 Kinetic energy

The kinetic energy of the beam model with a layer of piezoelectric as a sensor in bottom
layer and another piezoelectric layer as an actuator on its top surface can be expressed in

Equation 4-67 as:
P (O, Paf (OXy P 0Ky :
=)dv, +=| (==)"dv -
_[b( )'d Iva( at) aTy IVS( 8t) p Equation 4-67

as y is the lateral displacement, p,,p, and p,are mass density of beam, piezoelectric
actuator and piezoelectric sensor. Also,v,,v, and v, are volume of the beam, actuator and

sensor respectively.

T :%J.Ol[pbhbwb +pahawa +pShSWS](aa_/f)2dx
2 o Equation 4-68

_ L A 2

- 2Io[mb +m, +m)( o)

m, ,m,and m_are mass of the beam, actuator and sensor.

Then,

j ()( )6( ") |
Equation 4-69

as m(x)=m,(x)+m,(x)+m(x)
4.2.2.1.2 Potential energy

As the beam has a layer of piezoelectric on its top as an actuator and a layer of
piezoelectric as a sensor in bottom layer, the total potential energy for the beam model is

derived as Equation 4-70 [82]:

1 b 1 pa 1 1 s 1 )
U= E[Gxgxdvb +5;[Gx gdv, _EV-[D” €, dv, +5;[O'x g.dv, —EJDZS €., dv, Equation 4-70
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a) Potential energy of the beam

1 1
Uh — EI O—i’gxdvb = 5.[ Ebgidvb Equation 4'71

o = 62 Equation 4-72
T

Using Equation 4-72, the potential energy for the beam is as follow:

[ +hy 2
SU, = ng&gdvb—wbj [ Bz

—hy /2

Equation 4-73

E th3 J'(azl

b) Potential energy of the piezoelectric actuator

As there is a layer of piezoelectric on the top surface of the model that works as an
actuator, the potential energy of the piezoelectric actuator has an effect on the total
potential energy of the model. The total potential energy of piezoelectric actuator is as

Equation 4-74:
U—ljaagdv —lID €, dv Equation 4-74
a 7 J x“x%*Va 7 J za “—za a quatl()n -

The constitutive relations, for piezoelectric material can be written in the form of [81]:

o=Ec—-ec .

D=ec+le Equation 4-75
As the polarization direction for the piezoelectric material is in the z-axis direction and also
the piezoelectric material is transversely isotropic, the constitutive equation of the

piezoelectric material is defined as:
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»=E,& —e €

z

Equation 4-76
Dz =&, +&; €

where o is the stress vector, E is the elasticity coefficient matrix, & is the strain vector, e,
is the piezoelectric constant, €. the electric intensity in the z-direction , D is the
displacement vector and ¢&;; is the dielectric constant [81].

Also, the equation for the electric intensity of the piezoelectric actuators and sensors is

defined as:
Ve
EZ(I =
h, .
v Equation 4-77
eZS ==
hS

Subscript of @ and s show the properties of the piezoelectric actuator and sensor
respectively. V indicates the external voltage that is applied to the actuator and sensor.
Using Equation 4-76, the potential energy of the piezoelectric actuator can be written as

Equation 4-78:

1 1
Ua :E;[(Eagx _631 eza)gxdva _Evj;(elilgx +§33 eza) Eza dva
Equation 4-78
1 2 !
:E‘:‘;(Eagx _e31 Eza gx)dva _E‘:[(€31€x E +§33 E )dv

Finally substituting Equation 4-72 into Equation 4-78, oU, is as:
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1 hy/2+h, 1 hy/2+h,
oU,=w I I Ez e
hy /2 o —hy /2
I hy/2+h, 1 hy/2+h,
——w J. I e (- Z )56 ——w I J. e,
hy/2 0 —hy/2
1 hy/2+h, Z 1 hy/2+h,
——WI I e (- z )56 —WI _[ &,€,0€,
By /2 By /2
_w.kE, (h ] ( ) I(azz 821
3 2
2 2 11 2 2 201 2
Wae31 eza hb hb a X Wae3l (hb ) (hbj a X
—=s =+ h | - = o + = =+h, | | = —=)0 '
4 Kz j (JM (6x2) 4 { 2 2 J;(aﬁ) < qu?;lgn
2 2|17 2
+ Wae31 eza £+h _ ﬂ J.é‘(a Z)
4 2 2) |y o’

wE |(h (RN |ty Py we, € (k )2 (h )2 f .y
— a—a _b+h _| b 5 _ a3l "z _b+h _ | b 5
3 Kz ‘ (2] !(axz) P 2 2 J )

¢) Potential energy of the piezoelectric sensor

The potential energy from the piezoelectric sensor is considered in the total potential

energy as it is working as a sensor on the bottom surface of the beam. Using Equation 4-76

the potential energy of the piezoelectric layer that acts as a sensor is derived as:

Us = l_"o-jgrdvs _lJ‘Dzs ezs dvs
21 7T
1 1 .
= EI (Esgx - e3l Ez.s‘ )8xdvx - EI (e3lgx + é:33 sz) Ezs dva Equatlon 4'80

I (R TR j (ext, €. +Eu €2)d,
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Substituting Equation 4-72 into Equation 4-78, oU,that it is used in the Hamilton

principle is as:

—hy /2 —hy /2

i 2 2 i 2
0 0 1 0
oU =w[ [ EZCHOCTH-m| [ e o225

0 —hy/2~hg 0 —hy/2~hg

—hy /2 —hy/2

1 ¢ oy 1 oy
_EWSJ‘ J 631(_28)(_2)5 ezs _EWS'([ J. e3l ezs 5(_2 axz )

0 iy /2-hg —hy/2—h,

1 —hy/2 | hyl2+h,

S Ws I e31(_28827;2{)5 € _WaJ. I S €, O €

0 —hy/2—h, 0 B2

w.E.|(h, Y n Y |t 0y, 0y
STt (LT o ) 5
3 l:(Z SJ ZJ}J‘(@xZ) (6x2)

2 201 A2
wey €| ( My _ h, [ 6275 wes | (A, _ hy, ox .
el (B () ffo ot (B Ao [, s
0 0 4-81
+W,g€31 S h_b 2_ ﬂ_i_h)z j.é‘(azl)
4 2 2 ) 5 o

2 201 2 l
wes | (h ﬂ o' x
+ { j —( +th } ! (S5 e, +mhis e, [oe.

0

Oy 0y we, € (h T (h )2 t o'y
é‘ _ s 31 zs _b _ _b+h é‘
(axz) (8x2) 2 2 2 I (8x2)

2 ]

1
ox
( Ye +whi,e |0e,
'([ ox? . '[

0

Also the potential energy from rotational spring, U

gring» 10 the beam model, using

Equation 4-23 is considered as a part of the total potential energy.

The total potential energy for the beam model is:

oU

total

= 5Ub + 5Ua + 5Uv + 5Uspring Equation 4-82

As it is seen in Hamilton principle, Equation 4-30, the work that is done by the external

force on the beam must be considered for deriving the equation of motion. In this proposed
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model for the human forearm, tremor is applied to the model as a distributed transverse
load f(x,t). The work done by this external force is derived from Equation 4-28.

The Hamilton principle, Equation 4-30, is used to find the equation of motion of the
beam. Using Equation 4-28, Equation 4-69 and Equation 4-82, the Hamilton principle for the

Euler-Bernoulli beam model for forearm is obtained as:

i {[jm( ok )d} {(Eb;”;h’f JE5s%)
3 © o we, €. |(h ’ h, e o
(3] G-z (o) (3] foo

] 4] et

wE,
3

H—

2 ox® Equati
quation
3 3 2 2 201 2 4'83
L (—”%j —["—"j CEApLE AR (”—j —(th =
3 |\2 2 o’ ox 2 2 2 )
2

[0 l oy < 0x
[, vwhiye, [5e)+k —5(—))}
oy Ox 0 ox Ox

Finally using integration by parts the equation of motion of the Euler-Bernoulli beam
model as a human forearm model that is covered with a piezoelectric actuator on top and a
piezoelectric sensor on the bottom level is obtained as Equation 4-84, Equation 4-85 and

Equation 4-86:

2y | Ewi 3
m(n L { %, | 2B, [(ﬂmpj
h

ot 12 3

e [(nY (h, Yo e ’ “le,
o SR Gl e G R

= f(x,1)
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_ ) _
e,w|(h h Oy |
3; (Ebj - (?b " hpj ox? — S, =0 Equation 4-85
_ ) .
e,w|( h, h, Oy |
3 ( 2 j ( 2 pj Ox? S Equation 4-86

as there is no electrical field applied to the piezoelectric sensor and also all the charges only

exist in the surfaces of piezoelectric layers the Equation 4-76 is reduced to:
D.=e; ¢, Equation 4-87

where ¢ is the terminating strain of the sensor layer and D: is the electric displacement
[70]. The summations of all the charges that are on all points of the piezoelectric sensor
layer are developed on the sensor surface. If Q) is the closed circuit charge that is

measured through the electrodes of the piezoelectric sensor [8], then Q(?) can be written as:

1
0= [ Da4+ [ D4 Equation 4-88

4, (=, /2) A, (z=—hy /2-h,)

where A;s 1s the area of the piezoelectric sensor on both sides of that. Substituting Equation

4-72 and Equation 4-87 into Equation 4-88 the closed circuit charge will be as:

/ 0’
O(1) =2 e, (h, + h,) % Equation 4-89
2 ‘ ox
The induced current on the piezoelectric sensor is defined as:
. dO(t
i(t) = % Equation 4-90

It is needed to have a relation between closed circuit charge and generated voltage by
sensor. Due to piezoelectric material properties, the induced current on the piezoelectric

sensor is converted into the electrical voltage as [70]:
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. do(t
V() =Gi(1) =G, % Equation 4-91

where G;s is the amplifier gain.

A control algorithm is used to actively control the vibration of the beam that is modeled
as a human forearm. The vibration on the beam is as a human forearm tremor that is
controlled in the closed loop control system. When the beam model starts to vibrate, the
piezoelectric sensor that acts as a strain sensor, generates a voltage. This generated voltage
is applied to the control system and actuates the piezoelectric actuator as an input voltage.

The control algorithm is shown in Figure 4-11.

Controller

Amplifier

Figure 4-11. Active vibration control algorithm for human forearm model with a piezoelectric

sensor and actuator

The actuating voltage can be shown as Equation 4-92:

dO(t do(t
V.()=GV.(t)=G,G, %f):GT %f) Equation 4-92

where the Gais the feedback control gain and G, = G,G; is the control gain.
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Using Equation 4-89 and Equation 4-92 the actuating voltage is derived as Equation 4-93:

1 &y
" ox’ ot

Equation 4-93

Substituting Equation 4-86 and Equation 4-93 into Equation 4-84 the equation of motion
of the beam model that is covered with a sensor and an actuator on its surfaces is obtained

as:

o’y , 'y o' oy

+k +k, t
mar R thgag =/
as

21712
kl_(k3+ 6‘31]{4 )
§33wphp

k, = &k 4(G Sy +1y) Equation 4-94

Ll

3 3 3
k- E,w,h . 2E,w, ﬂ+h (h,
12 3 2 7 2
w, [ (1Y (h ’
k,=—2L|| 2| —|2+h
o3 {( 2 ] ( 2 j }
The equation of motion of the model is  partial differential equation and can be solved

with Galerkin approximation.

Transverse deflection, y , can be expressed as:

x(x,1) = Zzi(x)qi(t) Equation 4-95

where q(t) is the time-dependent function and Z(x) is the fundamental vibration mode shape

[64].

Z(x) = Esin(fx)+ E, cos(fx) + E, sinh(fx) + E, cosh(Bx)
Equation 4-96
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where E1 to E4 are constants and can be obtained from boundary conditions of the beam.
As the beam is free at one end and has a pin joint and a rotational spring at the other end, the
boundary conditions of the beam are as in Equation 4-50.

The boundary condition of the beam in the form of matrix is as Equation 4-97:

0 1 0 1 E 0
~k B —EIB* —k B EIp* E,| |0
3 3 . 3 3 . = Equation
—EIfB cospl EIf’sinpl EIf coshpl EIB sinhpl || E 0 497
E 0

—~EIB*sin fl —EIp*cos Bl EIB*sinh I EIB* cosh pl

For a nontrivial solution of the constants £/ to E4, the determinant made by coefficients of
boundary condition matrix is set equal to zero [64].

Substituting y(x,7) from Equation 4-95 into Equation 4-94 , the equation of motion of the

beam is:

N, 04 (X) 0'Z,(x) 5(1 (t)
Z:ll 2 4 Zk @ (t) Z ox* =/ Equation 4-98

There is an orthogonality conditions between different mode shapes of the beam as:

’ 1 i=j
[m(x).2,(x).2,(x) = { L Equation 4-99
7 0 i#j

Then multiplying Equation 4-98 by Z,(x) and integrating from 0 to /, it gives:

ZI ql Z,(x)Z, (X)dx+z‘[qul(t)z( ) (x)

i=1 ¢ i=l o

+ij2( )aZ(x) aqlft)d =jz,.(x)f(x,t)dx

i=1 g

Equation 4-100
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Finally, using Equation 4-99 the equation of motion of the Euler-Bernoulli beam model
which has a piezoelectric actuator on its top surface and a piezoelectric sensor on its bottom

surface is derived as Equation 4-101:

>q . 0q(1)
y"'& o +g2Q(t) &;
1
ij( )6 Z(x) I
0 Equation
5 Z(x) 4-101

kZ(x)

l
-]
l
j (x,0)Z(x)dx
0

As the human forearm tremor is a kind of sinusoidal movement, the external force that is
applied to the beam model as a tremor is a harmonic force. Also tremor amplitude for PD is
about 5 mm and its severity is variable and increases from elbow to wrist joint. In this case

the forearm tremor is applied as an external force in the form of Equation 4-102:

f(x,t)=F(x).sin(a)

Equation 4-102
F(x) = 5x quation

Solving Equation 4-101 the vibration of the Euler-Bernoulli beam model with two layers

of piezoelectric as a sensor and an actuator on its bottom and top surfaces is expressed as:

2 2

2
—g, T+ @
D =(—==——")D2 .
1 2,0, Equation

4-103

t+ A, cos t)+ D, sinwt + D, cos wt

2,0, [ Z(x)F (x)dx
D,=—1

2

—~(g, - &)’ - glo,
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Also, the constants A1 and A2 can be obtained from the initial condition of the beam.
Finally, the vibration of the forearm beam model which helps to analyse the effect of
proposed AFC system on tremor suppression in human forearm model is derived as

Equation 4-104:

!
Z(x)F(x)dx
_dacgred ] g g,
q(t)=e *( - ————sin t
g x/gl ~4g, (& -@) —go 2
/
glwljZ(x)F(x)dx =
- 555 c0s g 4, ) Equation 4-104
_(gz_a)l) — 8,0 2
! l
[ ZGoF (x)dx 0, [ Z(OF (x)dx
2 0 . 0
+(—g, +t o smat+ coswt
(—g, A )_(g2 _wlz)z_glzwlz ) (g, _(012)2 _glza)lz )

4.2.2.2 Results

In this section, the results of active vibration control for tremor suppression on human
forearm model is presented. The human forearm model is modelled as a beam that has a
layer of piezoelectric sensor on its bottom layer and a piezoelectric actuator layer on its top
surface. The properties of beam and piezoelectric material are listed in Table 4-2. The beam
properties is chosen in the way to get to the closest real human forearm properties.

Analytical expressions for vibration of the beam are derived, and the effects of control gain,
the piezoelectric constant,e,; and the dielectric constant,&,, on the vibration of the beam
are discussed to see the effect of each property on the vibration of the beam. The external
force for the analysis is considered as f(x,?) =5.x.sin(5¢) . The effects of these properties
on the vibration of the beam are presented in Figure 4-12 to Figure 4-15. All figures

illustrate the vibration of the beam with the physical properties of the beam which are listed

in Table 4-2 and are drawn based on Equation 4-104 around the first mode of vibration.
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Table 4-2. Physical properties of the beam model covered with a paired piezoelectric sensor and

actuator

[ =300mm E, =104GPa
w, =70mm E, =14GPa

w, =70mm p, =1810kgm™
w, =70mm p,= 6390kgm ™
h, =30mm E,=1.59x10"°F /'m
h, =30mm e, =—2.92C/m’

d, =11pCN”' G, =1800

Figure 4-12 shows the vibration of the beam model which has a sensor/actuator pair on its
bottom and top surface. The beam model is in the closed loop active vibration control
system and the control gain is 1800, (Gr=1800). As can be seen in the Figure 4-12, the
vibration of the beam is decreasing in the time and gets close to zero after 40s. The result
shows that this active vibration control system with one piezoelectric sensor and one

piezoelectric actuator is an effective system in tremor suppression in the human forearm

model.
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Figure 4-12. The vibration of the beam model in AVC system for the gain of 1800

The effect of control gain Gt on the beam’s response is shown in the Figure 4-13 for four
different control gains of 0, 600, 1200 and1800. As the figure shows, when the control gain

is increased the vibration of the beam is decreased.
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Figure 4-13. The vibration of the beam model in AVC system for the gain of (a) GT=0, (b)

GT=600, (c) GT=1200, (d) GT=1800

The effect of piezoelectric constant,e;;, on the vibration of the beam is shown in the

Figure 4-14. Result shows that when the absolute value of the piezoelectric constant is

increased, the vibration of the beam will be decreased.
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Figure 4-14. The vibration of the beam model with a paired piezoelectric sensor and actuator for
different piezoelectric constant

Figure 4-15 shows the effect of the dielectric constant, &,,, on the vibration of the beam.

As the figure illustrates when the dielectric constant is changed, the vibration of the beam
will be changed by a small value. The result shows that the dielectric constant doesn’t have

a significant effect on the beam vibration.
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Figure 4-15. The vibration of the beam model with a paired piezoelectric sensor and actuator

for different piezoelectric dielectric constant

4.3 CONCLUSION

In the first section of this chapter, 4.2.1, vibration control of a human forearm model was
investigated. Human forearm model was developed as a Timoshenko beam which had a
piezoelectric actuator on its top surface. The equations of motion of the proposed beam
model which considered the effect of shear deformation and rotary inertia, have been
derived. The effect of piezoelectric properties and the coupling of electrical and mechanical
fields in the stress—strain relation of the system have been considered. The natural
frequency and mode shape of the beam have been analytically obtained. The effect of some
parameters, such as modulus of elasticity and density of the piezoelectric actuator and also

the piezoelectric coefficient on the forced vibration of this beam have been studied. Results
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show that, among the different parameters, the modulus of elasticity and density of the
piezoelectric layer have greater impact on the response of the beam model to vibration
control. Also, presence of an actuator layer has caused smoothing phenomenon in mode
shape of the beam. Finally, as the results show, it is concluded that the uses of
piezoelectricity as described in this work present a new effective tool for vibration control.

In the second part of this chapter, 4.2.2, an active vibration control (AVC) for investigating
the human forearm tremor was proposed. The main aim of this proposed AVC is tremor
suppression from the human forearm. Human forearm was modelled as an Euler-Bernoulli
beam covered with a layer of piezoelectric sensor on its bottom surface and a piezoelectric

actuator on its top surface. Vibration of the beam model was derived, and the effects of

control gain, the piezoelectric constant,e,, and the dielectric constant,&,, on the vibration

of the beam was studied. The results showed that the proposed AVC is a significant control
system for tremor suppression as increasing the control gain reduced the vibration in the
model.

The results of this chapter are noteworthy as the active vibration control in the different
structures such as the beams has great of significance in the real-world application. The
proposed control system using a piezoelectric actuator can be used for tremor control. Also,
the Proposed AVC with paired piezoelectric sensor and actuator can be used in an assistive

device for tremor suppression.
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ICHAPTER S5: TREMOR CLASSIFICATION FOR
HUMAN HAND IN PARKINSON’S DISEASE

5.1 INTRODUCTION

Tremor as a neurological disorder has some characteristics which help researchers to find
the best treatment to supress it from the human body. The frequency and amplitude of
tremor are different from one patient to another. Some patients experience a severe kind of
tremor in their hand but others have less problem as their tremor is weak. The main aim of
this chapter is tremor classification for a group of Parkinson’s patients.

One of the most accepted way for tremor recording is using electromyography that is
discussed in 2.4.4. Tremor data was recorded as EMG signals, from 14 patients who were
affected by Parkinson’s disease and had tremor in their upper limb especially in the forearm
and hand. Different signal-processing stages are applied to the raw signal to get accurate
and useful information. Some pre-processing steps on the EMG data are done which can be
divided into four main stages; filtering and data segmentation, feature extraction, feature
reduction and classification. Then extreme learning machine (ELM) has been used to
classify the data to three different classifications; severe, moderate and weak. The results
indicate that the proposed system including PCA, ELM and the majority vote is able to
recognize the tremor severity by using only four EMG channels. Also, the results of this
chapter related to tremor amplitude and frequency were used in chapter 3 and 4 to define

the proper harmonic external force as tremor on the model.
5.2 DATA ACQUISITION METHOD AND PROCESSING
5.2.1 Subject’s information

To conduct the laboratory tests, 14 patients from both genders, aged from 45 to 85 years,

were examined. There were 12 male and 2 female participants in the experiment. All
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participants were provided with all the information about data collection method and aim of
research and they signed consent forms prior to participating in the study. All the
information and consent forms that were provide to the patients were approved by the
university research ethics committee. The ethical approval is given in Appendix C. The
laboratory tests were conducted in the Parkinson’s disease Research Clinic at the Brain and
Mind Centre, University of Sydney and the collected data was analysed at the University of
Technology Sydney.

Electromyography (EMG) was utilized to collect the data from the patients’ forearm and
hand. Electroencephalography (EEG) is also used to collect the data from the patients’ head

and analyse their brain activity. Table 5-1 shows the information about participants.

Table 5-1. Participant’s information involved in the experiment

Subject Gender Age Height Weight Tremor
number (cm) (kg) condition
1 Male 84 165 58 Weak
2 Male 65 175 100 Weak
3 Male 77 177 82 Weak
4 Male 57 97 181 Moderate
5 Female 76 162 55 Severe
6 Male 66 192 80 Moderate
7 Male 60 182 90 weak
8 Male 76 164 67 Weak
9 Male 45 185 95 Weak
10 Male 77 183 100 Weak
11 Male 85 175 74 Moderate
12 Male 69 170 75 Weak
13 Female 65 159 68 Weak
14 Male 70 180 96 Severe

5.2.2 Data acquisition protocol

The subjects were asked to do six different actions with their hand which cover most of
the movement which participants implement in their daily activities. All six actions are

shown in Figure 5-1 .
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Figure 5-1. All six actions that were done by participant during data recording

o First task: Resting tremor of the hand is assessed in each subject as this tremor is
typically observed in Parkinson’s disease. In the resting position the affected body
part is completely supported against gravity and it is not activated, Figure 5-1(a).
Subjects were asked to place their forearm and hand comfortably on the desk for
10 seconds. They did this task two times and there was a 5-seconds interval
between the two actions.

e Second task: Postural hand tremor requires subjects to stretch and maintain their
forearm in the special posture, Figure 5-1(b). The subject was required to extend
the hand with the fingers parallel and close to each other. In this action, the
muscles were activated voluntarily. The hand was extended such that there was a
0 angular deviation from horizontal at the radial-ulnar joint. Each trial took 10

seconds and there was a 5-seconds rest between each trial, with 2 trials in total.
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e Third task: The subject was asked to flex and extend the forearm for 3 different
times and there was a 5-second interval between these trials, Figure 5-1(C).

o Forth task: The subject was asked to pick up a cup from the desk and drink and
finally return the cup to the desk. This action was done three times with 5-second
interval, Figure 5-1(d).

o Fifth task: The subject transferred chickpeas from one plate to another one with a
spoon for three times with 5 seconds interval, Figure 5-1(e).

e Sixth task: There was a printed spiral on the paper and participant was asked to
draw a line on the spiral for 10 seconds. This task was done for three times with 5

seconds interval, Figure 5-1(f). Figure 5-2 shows the spiral used in this experiment.

P teis Bl FYEOEA (A

Figure 5-2. Spiral used for drawing task in the experiment
5.2.3 Data acquisition device

The SynAmps RT are used for EMG and EEG recording during the experiment which is a
high-speed digital acquisition system and has a broadband amplifier. The SynAmps as a DC
amplifier records different type of multichannel neurophysiological signals, such as EMG,
EEG, Electrocardiography (ECG) and Electrooculography (EOG). There is an analogue

component in the SynAmps RT to amplify low level signals and also there is a digital
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component to help to digitize, log external events, and transfer data to a host computer. The
developed design of SynAmps is practical to record signals from multiple electrode in high
speed. Also, it is able to acquire data at much higher rates with greater precision from more
channels rather than data which is recorded from a single computer carrying out the same
task. The CURRY 8 was used as a software package for SynAmps RT which is the most
sophisticated program and comprehensive package for data recording and analysing. Also
CURRY 8 has an interface with MATLAB in different aspects which help to export the
data into MATLAB and import the results back into CURRY 8. Four EMG channels
attached across the four muscles of the forearm and tremor data as an EMG signal, were
recorded and processed by SynAmps RT and CURRY 8 system from Cumpumedics
Neuroscan Inc.

Also, an inertial measurement unit (IMU) was attached to the subject’s wrist to record
acceleration of the tremor to find the frequency of the subject’s tremor. IMU is an
electronic device that works as a combination of accelerometers, magnetometers and
gyroscopes to measure and record some movement characteristics such as,
body's acceleration, force, and also the magnetic field neighbouring the body.

Shimmer’s wearable IMU was used for data acquisition which is a small wireless sensor
platform for wearable applications. As this IMU has a large storage and low-power
standards and also it has integrated kinematic sensors, it is suitable for long-term data
acquisition and motion capture. ConsensysPRO was used as a Shimmer’s software which
allows for quick configuration of Shimmer for data recording, display and storage. Figure
5-3 and Figure 5-4 shows the Shimmer’s IMU which was used in the experiment and

attachment position for IMU on the subject wrist simultaneously.
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Figure 5-3. IMU used for data recording in the experiment

Figure 5-4. The position of IMU attachment on the subject’s wrist

As EMG records muscle activity the first step is choosing the most appropriate muscles
that provide clear and correct information from tremor in forearm and hand. There are
different muscles in the forearm which contributed to do different movements. Four
superficial muscles in the forearm were chosen to record data from them. These four

muscles are flexor carpi ulnaris, extensor carpi ulnaris, extensor carpi radialis longus and
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pronator teres. The position of these muscles is shown in Figure 5-5. Also, sensor positions

on the subject forearm are shown in Figure 5-6.

Brachioradialis

Extensor carpi radialis
longus and brevis

Extensor digitorum

Bl Flexor carpi ulnaris
[l Palmaris longus

[ Flexor carpi radialis
[] Pronator teres

Extensor digit minimi

Extensor carpi ulnaris

BERECON

Anconeus

Figure 5-5. Position of muscles in the forearm
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Figure 5-6. Position of sensor attachment on the forearm; (a) 1-extensor carpi radialis longus,

2- extensor carpi ulnaris and (b) 3- flexor carpi ulnaris, 4- pronator teres

For data collecting the subject was seated in a straight-backed chair and four EMG sensors
were placed on the belly of these four muscles and on the participant’s forearm and a
reference electrode was placed on the capitulum elbow during data recording.

The position of sensor placement was shaved and cleaned with alcohol wipe and an
adhesive electrode was attached on each of the sensors to firmly attach them to the patient’s
skin. The forearm and hand of the subjects were not constrained to the table in any way
during the data collection. Also, for EEG recording, the subject wore an EEG cap on his /
her head. This cap contains some sensors which collect electrical signals from the brain.

Figure 5-7 shows the experiment set up for data recording.
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Figure 5-7. Experiment setup for tremor recording

5.3 EMG DATA PROCESSING

The raw EMG signal provides valuable information about muscle activity; however, it is
in a useless form when it is recorded. This EMG signal information is useful only if it can
be quantified. When compared with the other bio-signals, the EMG is a noisy signal as it
gains the noise during travel through different types of muscle tissue. Therefore, classifying
and analyzing the EMG signals is not easy. Different signal-processing stages are required
to apply to the raw signal to get accurate and useful information. The main pre-processing
step on the EMG data can be divided into four main stages; filtering and data segmentation,
feature extraction, feature reduction and classification. Figure 5-8 shows the stages

implemented in the proposed pattern recognition system.
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Figure 5-8. Proposed pattern recognition system

The main features of tremor signal are amplitude and frequency, which are used to
recognize the kind of human tremor and help to assess its severity. Tremor frequency is
mostly dependent on the pathophysiological mechanism. Amplitude of tremor shows short
as well as long term variability, which is also modified by the effectiveness of treatment.

Seeking to address this deficit in research, this chapter expounds up on a machine-
learning approach to objectively measure and accurately evaluate tremor severity in PD.
The aim of this work is to connect the automatic diagnosis and current clinical digenesis in
order to attain a more objective and sophisticated diagnosis and to provide clinical
convenience as tremor is classified into three different categories; severe, moderate and

weak.
5.3.1 Filtering

The goal of filtering is to eliminate the unwanted noises. In this study EMG signals were
recorded at a sampling rate of 1000 Hz. Then the signals were band-pass-filtered between
10 and 500 Hz. Although the power line noise 50 Hz or 60 Hz can be removed using a
notch filter but as this filter could remove the information of the EMG signal, it is not
recommended to use it. Therefore, instead of a notch filter, differential amplification was

used. More information about filtering was given in section 2.10.2.1.
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5.3.2 Data segmentation

After data filtering, data segmentation is the next step for EMG classification process.
There are two ways of data segmentation; disjoint windowing and overlapped windowing.
The disjoint windowing associates with the window length but the overlapped windowing
is related with the window length and window increment. The period between two
consecutive windows is called window increment. Generally, when the window increment
is equal to the window length, the disjoint windowing is the same as overlapped
windowing. Also, the window increment should not be greater than the total time of the
recognition system and should not exceed the window length [100, 103]. The window
length determination should remark the optimal delay time of an electromyography control

system as below [137]:

1 n
DT:ETWH_ET +7 Equation 5-1

where Dr denotes the delay time for electromyography system, 7w/ is the length of the
window, n shows the number of votes in the post-processing stage, Tinc is the increment of
the window and t represents the processing time of the pattern-recognition system. More
information about data segmentation was given in section 2.10.2.2.

In this chapter the overlapped windowing has been used for data segmentation. Different
windows length has been tested to get the better accuracy with fixed window increment of
30 ms, and it was found that 300 ms gives the better accuracy. Figure 5-9 shows the
analysis of the selected windows of 300 ms in length and spaced 30 ms apart. The 300 ms
is the maximum allowable windows length as for real-time application an adjacent segment
length with the processing time of generating classified control commands should be equal

or less than 300 ms.
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Figure 5-9. Sliding analysis window
5.3.3 Feature extraction

A feature may not be relevant individually, but it becomes relevant when it joins other
features. In this study, to obtain features which are related to the characteristics of the
tremor, 6 optimum feature sets are defined which contain 19 individual features which
include; Slope Sign Changes (SSC) containing 2 features, Waveform Length (WL)
containing 2 features, Zero Crossings (ZC) containing 2 features, sample Skewness (SS)
containing 2 features, Autoregressive model parameters (AR) containing 8 features and
Hjorth Time Domain parameters (HTD) containing 3 features. Using this combination of
features, the recognition system achieves accuracy of 89.73% for picking a cup activity as it
will be discussed in Figure 5-14. More information about feature extraction was given in

section 2.10.2.3. The equation for these features is given in Table 5-2:
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Table 5-2. Extracted features from tremor characteristics

Zero crossing (ZC): This feature 7C = ]f[sgn(x xx,. )N
uses the number of times that the "

amplitude value of EMG signal sgn(x) ={

> threshold]

xn - xn+1

1 x> hreshold

0  otherwise
crosses the zero [105].

. N-1
Slope Sign Change (SSC): This SSC = Z Flx, —x, )% (x, = x,.)]
=2

feature counts the number of times

1 x> threshold
that the sign of slope changes [105]. S(x)= 0 otherwise
-1
Waveform length (WL): This WL = NZ x| .,—x,

n=

feature uses the cumulative length of
the waveform over the time segment

[105].

Activity : m, = var(x(t))

dx(t))
dt

Hjorth time domain parameters

(HTD): This time domain feature
The Mobility : m, =

my(

introduced by  Hjorth.

my(x(1))
parameters for this feature are (dx(t))
m
t
Autoregressive  (AR):  This x=Nax +w

»
pi-p
feature describe each sample as a -
linear combination of previous
samples plus a white noise error term

[105].
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5.3.4 Dimensionality reduction

The next step for data processing is reducing dimension of extracted features. All the
features extracted from different EMG signals are joined together to make a large feature
set. The dimension of the feature set requires to be reduced as the dimension of formed
feature set is huge. The dimension of feature must be reduced in the way to keep the
information of original features. To reduce the feature dimension there are different
methods such as linear discriminant analysis (LDA) [138], principle component analysis
(PCA), spectral regression discriminant analysis (SRDA) [109], orthogonal fuzzy
neighbourhood discriminant analysis (OFNDA) [139]. More details about feature reduction
was given in 2.10.2.4. PCA was used in this study to reduce the dimension of the feature

set. PCA formulation and explanation was given in 2.10.2.4.2.
5.3.5 Classification

In the last step of EMG data processing, the best classifier must be chosen to get to the
most accurate results. In this study extreme learning machine (ELM) has been used to
classify the data. ELM is well recognized as a single-hidden-layer feed-forward network
(SLFNs) with extremely fast learning speed and high generalization performance. ELM
was proposed by [117, 140]. Details about classification was given in 2.10.2.5

5.4 POST-PROCESSING

The myoelectric patterns sometimes can be misclassified, i.e. the correct intention can
fail to be identified using the pattern recognition algorithm. This misclassification will
affect the real time controllability. During the real time operation to reduce the impact of
these misclassifications, these systems should use post-processing algorithms. Usually the
post-processing algorithms are applied when the predictions have been made by the
classifier and using the information to improve the control.

Three main post-processing algorithms were found; Majority Vote, Bayesian Fusion and

Decision-Based Velocity Ramp. These algorithms were developed for electromyography
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control system. For these three types, the algorithms take two different approaches.
Majority Vote and Bayesian Fusion try to identify misclassified and prevent them from
being outputted, while the Velocity Ramp makes sure that new controls are outputted,
however, with low speed [141].

In this study Majority Vote algorithm has been used to refine the classification output. It
employs the results from the n present state and m previous states and makes a new
classification result based on the class that comes out most frequently. In this research, n =
0 and m = 4 were used.

In post processing it produces new results of classification data depending on the class
which appears more frequently from the results of the current state and the previous states
as show in Figure 5-10. This combination of dimensionality reduction, feature extraction and

the majority vote, produces a fast and accurate classification system.

Classification results
eoo 1[1[3[1(2(1[1]1]|1[1[1]|eee

| | ill
v

Majority vote classification results

Figure 5-10. Majority vote post-processing

5.5 RESULTS

To investigate the performances for tremor severity by using PCA, ELM and the
majority vote, some experiments have been done on a 2.8 GHz intel core i5 based computer
with 8GB RAM. Figure 5-11 shows the performance test for pattern recognition for three
classes of tremor severity; weak tremor (item1), moderate tremor (item2) and severe tremor
(item3) for the activity of picking up a cup. In this test the system can recognize between

these three types of tremor with the classification accuracy of 89.73%.
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Figure 5-11. The majority vote for three subjects with different tremor severity; 1-Weak, 2-

Moderate and 3- Severe

To find the best window length for three subjects with different tremor severity (weak,
Medium and Severe) by varying the window length from 100 ms to 450 ms with fixed
window increment of 30 ms using four EMG channels. The experiment results are
presented in Figure 5-11. This figure shows that the average accuracy increases as the
window length increases. Therefore, the experiment showing maximum window length
achieves the best accuracy. However, for real time application, the window’s length should
not exceed 300 ms. As it was agreed, delay less than 300ms is acceptable for myoelectrical

control [4].
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Figure 5-12. Average classification accuracy across 8 different window lengths

Another subject with weak tremor has been added to the test for picking up a cup action.

Figure 5-13 shows the recognition of the system and how the system can recognize it.

500
400
300

200

Incident

100

Targetted

1 Classified

Figure 5-13. The majority vote for four subjects with different tremor severity. 1-Weak, 2-Weak,

3- Moderate and 4- Severe
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However, there were high variations in recognizing the postural position and drawing for
14 subjects, as shown in Figure 5-14. The most accuracy has been obtained when the
subject tries to pick the cup up from desk. In this figure, Rest, Pos., Flex./ext., cup, spoon
and drawing denote the forearm resting, postural, flexion- extension, pick up a cup, transfer

chickpeas with spoon and drawing respectively.

100
95
90
85

80

75

70

65

Avarge Classes Acuracy Rate %

60

55

50
Rest Pos. Flex./Ext. Cup Spoon Drawing

Hand Position
Figure 5-14. Average accuracy of the activities across 14 subjects

Table 5-3 shows the confusion matrix of the classification results. In this table it can be
noticed that the most misclassified is drawing to postural position by accuracy of 2.35%.
Two classes, picking up a cup and rest position are perfectly classified. However, the rest

position is slightly misclassified to other classes.
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Table 5-3. The confusion matrix of the classification result

Classified
Rest Pos. Hlex./ Flekup Spoon | Drawing

ext. cup
Rest 88.7 0.00 2.3 0.89 0.76 0.32
= Pos. 1.24 84.3 1.44 0.83 1.01 2.35
'q'é Flex./ext. 0.18 0.54 86.24 1.92 2.11 2.10

)

E Pickup Cup 1.48 1.33 0.54 89.73 0.087 0.90
Spoon 0.95 2.24 0.39 0.57 85.61 0.52
Drawing 2.26 0.00 0.21 0.82 0.47 82.9

5.6 CONCLUSION

The proposed system which consists of the PCA, ELM and the majority vote was able to

recognize the tremor severity with the classification accuracy of 89.73% for picking up a

cup activity by using only four EMG channels. ELM is a novel learning algorithm much

faster than the traditional gradient-based learning algorithms for single-hidden layer

feedforward neural networks (SLFNs). This chapter presented a method for assessing hand

tremor which was recognized by using EMGs signal processing. This approach allows the

researchers to determine tremor severity. It is based on off-line analysis. The proposed

method provides better accuracy of determining tremor severity compared to the reported

studies in which they used Fourier transformation method. This method is can be validated

to be tested on another database including a wide range of patients with tremors.
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| CHAPTER 6: CONCLUSIONS AND
RECOMMENDATIONS FOR FUTURE WORKS

6.1 CONCLUSIONS

Tremor suppression from human hand and forearm in PD was investigated in this study.
The main aim of this research was developing the control system to attenuate the tremor in
people affected by PD as they have many difficulties in their daily life. AFC or AVC is an
effective way for tremor control and reduction. An AFC was proposed to investigate the
effect of control system on tremor reduction. A Piezoelectric actuator and a PD controller
were embedded in the AFC system to analyse tremor suppression in three different models
included a 4-DOF biomedical model of the hand, a 1-DOF musculoskeletal model of the
elbow joint and a 3-DOF musculoskeletal model of the wrist joint. The proposed AFC
system was simulated in MATLAB to investigate the effect of AFC control system on
tremor reduction.

The results illustrated that the tremor amplitude for a 4-DOF biomedical model of the
hand that was composed of mass-spring-damper system without control system was
between -3mm to -4 mm. This amplitude was decreased to -1.5x10” m to +1.5x10” m after
using AFC system for tremor control.

Also, the effect of AFC was investigated on a 1-DOF musculoskeletal model of the elbow
joint. Forearm was modelled as a pendulum and effect of the moment that a muscle
generates through active electrical stimulation was considered. The muscle model was
developed from the classic Hill-type muscle model. In this model, the muscle response to a
stimulation signal was composed of two parts: activation dynamics and contraction
dynamics. The results showed the elbow joint tremor was between -6 degrees to +6 degrees
without control system but after using AFC system on the model, the tremor decreased
significantly and was between -6x107 degrees to +6x10 degrees, which was much smaller

than joint angle without AFC system.

Chapter 6: Conclusions and Recommendations for Future Works



Tremor Suppression in the Human Hand and Forearm

3-DOF musculoskeletal model of the wrist joint with four main muscles that contribute to
wrist movement was considered. The muscle moment that was generated through active
electrical stimulation in FE, RUD and PS directions was considered in equation of motion
of the wrist joint. Hill-type muscle model was used to study activation dynamics and
contraction dynamics of the model. Results were derived for all 3 direction of movement.
The tremor of the wrist joint in flexion-extension before and after using AFC method
showed that wrist tremor before using AFC method was about -5 degrees to +5 degrees.
After using AFC, wrist joint tremor in FE was decreased to about -1x1072 degrees to 1x107
degrees. Also, wrist tremor in RUD without control system was about about -5 degrees to +7
degrees which was attenuated after applying AFC system to about -6x107 degrees to 7x107
degrees. Furthermore, results proved that AFC system is effective for wrist tremor
suppression in SP as the tremor without AFC in SP was about -2 degrees to +3 degrees and
it was reduced to about -1.5x1072 degrees to 1.2x1072 degrees in AFC system.

As was discussed, the proposed AFC system was an effective tool for tremor suppression
as it had significant effect on all three models. Comparing the result, tremor in wrist joint
was decreased significantly after using AFC.

Also, active vibration control using piezoelectric material as a smart material was
investigated in the beam model of the forearm. At first the effect of a piezoelectric actuator
was studied on vibration control. The forearm was modelled as a beam and a layer of
piezoelectric material was embedded on its top surface. Tremor was applied on the beam as
an external harmonic force and the applied voltage to the piezoelectric actuator was
harmonic too. The result identified that the piezoelectric material was one of the best
choices for tremor control. Using the piezoelectric actuator caused the vibration of the
beam to be decreased and also from beam mode shape, deflection of the beam with the
piezoelectric actuator was smoother. Results showed that the difference between the
minimum and maximum point of beam mode shape in the presence of a piezoelectric layer
was less than deflection for the beam without a piezoelectric actuator.

The effect of piezoelectric properties on the beam vibration was studied. The effect of

piezoelectric strain constant, d3;, on the vibration of the beam showed that when the ds;
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increased, the vibration amplitude of the beam is increased. Also, when the applied voltage
to piezoelectric actuator increased the vibration of the beam was increased too. The effect

of piezoelectric density, p, on the vibration of the beam was identified when the

piezoelectric density increased and the maximum amplitude of the beam vibration
increased. Similarly, the effect of elasticity modulus of piezoelectric actuator, Ep, on the
vibration of the beam was studied. The result illustrated that increasing Ep caused the beam
vibration to be reduced.

Using both piezoelectric sensor and actuator in the closed loop control system showed
that this AVC system is an effective method for tremor suppression actively. Human
forearm was modelled as a beam which had two layers of piezoelectric on its top and
bottom surface as an actuator and sensor respectively. An external harmonic force was
applied to the beam model as human forearm tremor is a kind of sinusoidal movement.
Results showed that with the control gain of 1800, (Gr=1800) the vibration of the beam is
decreasing in the time and gets close to zero after 40s. The effect of control gain Gr on the
beam’s response is also studied. From results, increasing Gt had a direct effect on the
vibration decreasing. Furthermore, the effect of some piezoelectric properties was
investigated on the forearm model vibration. The absolute value of the piezoelectric

constant, e;, is increased and results showed that the vibration of the beam decreased. The
dielectric constant,&,,, is another piezoelectric characteristic which did not have a

significant effect on the beam vibration. From the result when the dielectric constant was
changed, the vibration of the beam changed by a small value.

As a conclusion, using proposed AFC or AVC on the different human forearm or hand
models had a very considerable effect on tremor suppression. Results of tremor suppression
using AFC system can be used for designing assistive device to help Parkinson’s patients in
their daily activity for tremor control.

Finding tremor characteristics such as tremor amplitude and frequency, help to

developing the best treatment for its attenuation. Tremor severity is altered for different
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patients and tremor classification for PD subjects provides valuable information for the
researchers.

Getting to this aim, human hand tremor was recorded from 14 patients who were affected
by Parkinson’s disease using electromyography (EMG). The patients were asked to do
some special activities with their hand and forearm during data recording. Different signal-
processing techniques were applied to the raw EMG signal to get precise and suitable
information from recorded signals. Extreme learning machine (ELM) was used to classify
data to three different classifications; severe, moderate and weak. The proposed system
which consists of the PCA, ELM and the majority vote was successful in recognising the
tremor severity with the classification accuracy of 89.73% for picking up a cup activity.
However, the rest position is slightly misclassified to another classes. Classification results
can be used to help researchers to identify the level of tremor severity in Parkinson’s
patients. When the kind of tremor and its characteristics were identified, the next step is

finding the best way for tremor reduction.

6.2 RECOMMENDATIONS FOR FUTURE WORKS

Though some successful and promising results have been accomplished in this work,
there still exists a long distance between the found results and the real-world applications
for implementing the tremor control systems in a human body. The problems faced during
this research need to be surmounted and many innovative solutions should be developed in
the future.

The following issues are recommended for future research:

e Developing a new active control system which includes another kinds of actuators
(such as electromagnetic, electric, etc.) and controllers (such as PID, ID, PI, etc.) to
get to the best AFC system for tremor suppression.

e Developing a new model of human hand and forearm which has closer properties to

the real hand and forearm characteristics.
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Considering the effect of muscle dynamics on the motion of the forearm beam
model.

Using other kind of smart materials instead of piezoelectric material in the forearm
beam model to see the effect of them on tremor suppression.

Using soft materials instead of piezoelectric material as a sensor and actuator in
forearm beam model.

Using different number of piezoelectric sensors and actuators in the model which
could be located in different parts of the beam model to analyse the effect of
piezoelectricity on tremor reduction.

Developing an assistive device such as a wearable glove, which will apply the AFC
system for people who are affected with PD to help them in their daily activities.
Using a different number of piezoelectric sensors and actuators on the glove, helps
to get to the best design for tremor suppression.

Developing an assistive wearable glove for tremor reduction in PD which is made
from soft material as soft materials provide more flexibility for patients.

Using AFC method for tremor cancellation in a surgical instrument to supress
physiological tremor of a surgeon hand.

Considering more subjects with different levels of tremor severity for data
recording.

Developing an algorithm using new methods like Bayesian Fusion methods for

tremor classification
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