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Parkinson’s disease (PD) is a neurodegenerative disorder that affects movement control
and monitoring the progression of PD, is crucial for effective management and treatment. Current
wearable sensors for PD monitoring are bulky and uncomfortable due to battery dependence.
Therefore, it is essential to seek out new alternatives for wearable sensing devices. This work
introduces a wristwatch-like triboelectric sensor (WW-TES) inspired by automatic watches for PD
tremor monitoring. The WW-TES features a free-standing mode with a stainless-steel oscillating plate
and a surface-modified PTFE film housed in a 3D-printed PLA frame. The designed device is circular
with a diameter of 34 mm, a height of 7 mm, and a side wall thickness of 2 mm, featuring a central
platform for a metal oscillating plate and two contact points for. Key parameter of electrode distance
was optimized to enhance the sensor's output signal and found that 5 mm distance produced the
highest peak amplitude. The fabricated device was also tested by changing input frequency of
mechanical vibration to observe the discriminant of electrical output signal. The results showed that
this device could effectively respond to frequency changes, allowing differentiation of tremor severity
through tracking the electrical output signal amplitude. Operating this device through activities of daily
living (ADLs) such as pouring, eating and writing was also validated. The Wavelet Packet Transform
(WPT) software was used to analyze the signal and confirmed the demonstration of varying signal
amplitudes corresponding to tremor severity levels within the MDS-UPDRS Scale. It can be concluded
WW-TES holds significant potential for enhancing PD monitoring technology, aiding in screening the

disease and leading to more effective treatments and quality of life for patients.
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CHAPTER 1
INTRODUCTION

Background and Significance of the Research

Parkinson's disease (PD) is a progressive nervous system disorder causing
involuntary movements, tremors, stiffness, and coordination issues (1, 2). PD typically
impairs daily functioning, making routine activities more challenging and gradually
diminishing the patient's quality of life. Severity of the PD symptoms can be controlled by
medications, causing side effects with long-term taking. Some individuals may
experience sudden changes in movement, especially dyskinesia (3), when the body
reaches the maximum dose of medication (4). The specialist must adjust the proper
medication doses to limit these side effects. To do this, quantifying the progression of
PD and creating personalized treatment plans by tracking PD symptoms and drug
response are critical.

Patients with PD typically engage in symptom monitoring through daily diaries
(5), and subsequently meet with clinicians on a monthly basis. They primarily self-report
their symptoms, which may introduce inherent bias into the self-reporting process (6).
The current state of symptom tracking has obvious limitations, including inconvenient
daily diaries, infrequent clinical sessions, and incompletely self-reported symptoms. To
address these challenges, wearable electronic (WE) devices are being proposed to
provide autonomous tracking, continuous monitoring during functional activities, and
collecting of a complete symptom profile. Those WE devices could have an impact on
the diagnosis, treatment, and drug development of PD. The clinician can be helped to
assess the current state of PD patients and assist them in deciding about the right type
and amount of medication at the right time. Over the last decade, wearable sensors for
PD applications have received increased attention. The most widely use of PD sensors
are the internal sensors such as gyroscopes (GYRO) (7), three-triaxial accelerometers
(ACC) (8), magnetometers and electromyographic (EMG) (9) that commonly combined

in an inertial measurement unit (IMU)s (10, 11). Previous studies have used those kinds



of sensor to detect and distinguish motor and non-motor PD symptoms by detecting
signal for identifying unique traits, such as the patient's shuffling steps, hesitations,
sudden movement changes, and abnormal shaking (8, 12-15). However, these WE
sensors use traditional electrochemical batteries, which need to be recharged or
replaced. Also, their bulky size and heavy weight normally cause discomfort or restriction
of patient's mobility. This inconvenience can deter patients from using the devices
consistently. Moreover, the devices may also experience structural issues under
repeated stress and may not excel at detecting low-frequency body motion (16, 17).
Therefore, these challenges need to be addressed in order to develop a new kind of PD
sensor.

Triboelectric nanogenerators (TENG) offer significant promise as a valuable
component of WE devices with their energy harvesting capabilities. TENG can generate
electricity by converting mechanical energy, such as motion or vibrations, through the
triboelectric effect and electrostatic induction of two different materials (18-20). Owing to
its ability to generate electrical signals from mechanical energy at low frequency, the
TENG can be served as self-power sensor, especially by detecting signal from human
motion. Using principle of triboelectric effect for inventing sensor is called triboelectric
sensor (TES) that has been applied to various fields of applications such as physical
activity tracking in sports and fitness (21-23) and healthcare for health monitoring (23-
26). Hence, TES technology holds the potential to be applied as a sensor for measuring
symptoms of PD (27). In recent years, research has been conducted to adapt TES as PD
sensors or assistive devices. Li R et al. (28) designed a self-powered smart wearable
based on a TENG composed of polytetrafluoroethylene (PTFE) and iron (Fe) ball as
tribomaterials to generate electrical signal associated with the wearer's movement for
tracking physical activities. Nonetheless, due to the closed cylindrical configuration, the
Fe ball can exhibit motion in both a circular and vertical direction, potentially causing
interference among the resulting electrical signals from undistinguished ball direction.
Vera Anaya D et al. (29) designed a stretchable triboelectric sensor based on Ecoflex™

and aluminum for measuring muscle movements of PD patients. The sensor captured



data for disease progression insights, yet challenging sensor placement on finger
tendons may impact performance, as hand tremors affect all hand muscle groups.
Moreover, sensors that measure muscle are limited by individual variations in fat and
tissue characteristics. Kim J N et al. (30) developed a self-powered tremor sensor for PD
patients using a self-healing hydrogel TENG composed of catechol, chitosan, and
diatom. The M-shaped TENG sensor detects tremors, with the output signal containing
information about tremor frequency, amplitude, and patterns in individuals with PD.
Although previous publications have developed sensors for PD using the concept of
TES, the challenges still remain, including unsuitable structures for body attachment,
causing discomfort to wear and potential interference with daily life or activities. Also, the
presence of interference normally provides low signal-to-noise ratio of electrical output,
resulting in the difficulty to distinguish between the small signal amplitude and ambient
noise (31). Therefore, further design and development of TES with important
characteristics of high signal-to-noise ratio, light weight, comfortable to wear with cost-
effective is in demand. Therefore, the aim of the work is to design and develop a wrist-
wearable sensor inspired by an automatic-watch for PD symptom tracking, without
compromising its performance. In order to design the TES for PD monitoring, many
parameters should be considered, including material selection and modification,
appropriate operation mode fabrication and suitable structural design. Material pair
should be selected with contrasting electron affinities to enhance the abilities of electron
donating and receiving (32, 33). The modification of the material surface is needed to
create surface structures to improve contact efficiency and the sensitivity to mechanical
forces (34-36). The appropriate operating mode is critical to design because each mode
contain their own character for specific application (37-39). The structural design was
also important (40) to demonstrate the effectiveness of TES for capturing biomechanical
movements and gestures (41, 42). The mentioned parameters contain the significant
potential to enhance the signal-to-noise ratio of the TES, increase the responsiveness to

mechanical forces, and facilitate the integration into practical applications.



A wearable triboelectric sensor (WTES) will be custom-built for the purpose of
monitoring PD tremor in this study. The development process will involve designing a
TES in the free-standing mode using stainless steel and polytetrafluoroethylene (PTFE),
with a focus on optimizing the effective parameters on its electrical output, including
material surface modification, electrode distance, and frequency. Material characteristics
will also be investigated and confirmed. To examine the surface morphology and
identification of functional groups of PTFE, scanning electron microscopy (SEM), atomic
force microscopy (AFM), and Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy (ATR-FTIR) will be utilized. Electron Backscatter Diffraction (EBSD) will be
used to identify stainless steel. The electrical output characteristics, including open
circuit output voltage (V,,.) and short circuit output current (/) of TES, will be studied in
relation to the aforementioned parameters using an oscilloscope and a digital multimeter
(DMM). Upon achieving the optimum condition, practical application of TES for PD will
be studied through activity testing, including several tasks such as water pouring, eating,
writing, and more. Overall, the results of this research will provide valuable insights into

the development and optimization of wearable sensors for monitoring PD tremor.

Objective of the Study

1. To develop a triboelectric sensor (TES) device that can be used for monitoring
Parkinson's disease (PD).

2. To investigate the impact of crucial parameters of the TES device on the
electrical output signal.

3. To comprehend the mechanism of charge transfer on the designed
triboelectric sensor.

4. To evaluate the practical application of the TES device for detecting PD

activity.



Scope of the Study

1. Develop a TES device for monitoring PD in free-standing mode, utilizing
stainless steel and polytetrafluoroethylene (PTFE) as triboelectric materials.

2. Investigate the impact of crucial parameters such as material surface
roughness, electrode distances, and frequency on the electrical output signal, based on
open circuit voltage (V) and short circuit current (/).

3. Analyze the mechanism of charge transfer on the triboelectric sensor designed
for the study.

4. Evaluate the practical application of the TES device for detecting PD activity
by simulating patient situations involving daily activities such as water pouring, eating,

and writing.
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Expected Outcome

The findings from this work can be used to benefit as follow:

1. Obtain TES device for Parkinson's disease (PD) monitoring.

2. Understand the effect of important parameters, including material surface
roughness, electrode distances and frequency on the electrical output signal based on
open circuit voltage (V) and short circuit current (/).

3. Understand the charge transferred mechanism in designed triboelectric
sensor.

4. Obtain the signal of PD activity detection from the designed TES device by
simulating patient situation with daily activities, including water pouring, eating and

writing.



CHAPTER 2
LITERATURE REVIEW

2.1 Parkinson’s Disease (PD)

Parkinson's disease (PD) is the second most common neurodegenerative
disease after Alzheimer’s disease (AD) (43). The number of people with Parkinson's
disease will be on the rise until 2030 (Figure 2). PD is commonly associated with a
progressive neurodegenerative disorder that primarily affects movement control. The
exact cause of Parkinson's disease is not known, although it is believed to be a
combination of genetic and environmental factors. Mutations in certain genes have been
related to a higher risk of developing the disease (1). One of the key features of PD is a
deficiency of the neurotransmitter dopamine in certain areas of the brain (44). Dopamine
plays a crucial role in regulating various motor and non-motor functions in the brain, and
its deficiency leads to the characteristic symptoms of PD. PD is characterized by a range
of motor and non-motor symptoms, which is the results from the loss of dopamine-

producing neurons in a specific area of the brain called the substantia nigra (45).
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Figure 2 Parkinson’s disease trend from 2018 to 2030

Source:https://www.globenewswire.com/newsrelease/2022/09/05/2509862/0/en/Parkinso
n-s-Disease-Market-Size-Will-Achieve-USD-6-705-Million-by-2030-growing-at-11-5-

CAGR-Exclusive-Report-by-Acumen-Research-and-Consulting.html

2.1.1 Motor Symptoms

PD associated with the loss of dopamine-producing neurons in the substantia
nigra. Dopamine is a neurotransmitter that plays a crucial role in regulating movement.
As dopamine levels decrease, it leads to motor symptoms. As dopamine-producing
neurons die off, there is a significant reduction in dopamine levels in the brain. This
deficiency disrupts the normal communication between brain regions responsible for
motor control. The hallmark motor symptoms of PD, including resting tremors,
bradykinesia (slowness of movement), rigidity, and postural instability, are directly
related to this dopamine deficiency. Motor symptoms include: 1) Tremors: Involuntary
shaking, usually starting in one hand often described as a resting tremor (46). 2)
Bradykinesia: Slowness of movement (47) , making tasks like buttoning a shirt or walking
difficult. 3) Rigidity: Stiffness of muscles (48) , which can lead to joint pain and limited

range of motion. 4) Postural instability: Difficulty maintaining balance (49), leading to a
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higher risk of falls. These symptoms typically become more pronounced as the disease
progresses and dopamine levels continue to decline. In addition to motor symptoms,
dopamine deficiency in Parkinson's disease can also lead to non-motor symptoms,
including mood disorders, cognitive changes, and autonomic dysfunction.

2.1.2 Non-motor Symptoms

PD is often recognized for its motor symptoms, such as tremors, bradykinesia
(slowness of movement), rigidity, and postural instability. However, PD can also manifest
a variety of non-motor symptoms, which can significantly impact a person's quality of life.

Non-motor symptoms may include depression, anxiety, sleep disturbances,
constipation, and cognitive changes (50-52). It's important to mention that non-motor
symptoms of Parkinson's disease (PD) can vary greatly from person to person, and not
everyone with PD will experience all of them. In addition, non-motor symptoms can have
a significant impact on a person's daily life and should be discussed with a healthcare
professional for appropriate management and treatment. Addressing non-motor
symptoms is an important aspect of comprehensive care for people with PD.
2.2 Diagnosis

The diagnosis of PD typically involves a combination of clinical evaluation,

medical history assessment, and sometimes specialized tests. Here is an overview of the
diagnostic process for Parkinson's disease:

2.2.1 Medical History and Clinical Examination

A healthcare provider, often a neurologist or movement disorder specialist, will
start by taking a detailed medical history. The patient's symptoms, progression and
family history are asked. A thorough physical examination is carried out to assess motor
function, muscle stiffness, balance and coordinate (53).

2.2.2 Observation of Symptoms

PD is primarily diagnosed by the presence of characteristic motor symptoms.
To confirm the diagnosis, the clinicians will monitor the symptoms over time to determine

whether symptoms meet the criteria for Parkinson's disease (54).
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2.2.3 Neuroimaging

In some cases, neuroimaging studies like magnetic resonance imaging (MRI)
(55) or dopamine transporter imaging (DaTscan) may be recommended (56). These
tests can help rule out other conditions that may mimic PD or provide supportive
evidence for the diagnosis.

For patients' health, a timely and accurate diagnosis of PD is essential. It opens
the door to tailored treatment options, access to clinical trials and improved quality of
life. It also addresses the wider emotional, psychological and practical aspects of living

with the disease.

2.3 Symptoms Tracking and Monitoring
For following a PD diagnosis, continuous symptom tracking and monitoring play a

pivotal role in effectively managing the condition. Regular monitoring can help people
with PD and the healthcare team make informed decisions about the treatment plan.
Several methods are commonly used to monitor PD symptoms.

2.3.1 Symptom Diary or Journal

A PD symptom diary or journal (6) is a valuable tool used by individuals with PD
to track and record their symptoms, medication schedules, and daily experiences. By
consistently recording symptoms and medication intake, individuals can assess the
effectiveness of their treatment plans over time. This information can be invaluable in
discussions with healthcare providers when adjusting medication or exploring alternative
therapies. However, there are challenges associated with diary design, including
selecting an appropriate format, determining the frequency of data collection, and
ensuring cultural sensitivity (57). In addition, since symptom diaries rely heavily on
patient self-description, there is the potential for inherent bias in the self-reporting
process. The example of a completed symptom diary that was given to the participants

is shown in Table 1.
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Table 1 The example symptom diary provided for participants

Time (AM) Start at On with troublesome
ON OFF Asleep
Midnights dyskinesia

12:00-1:00 am
1:00-2:00 am
2:00-3:00 am
3:00-4:00 am
4:00-5:00 am
5:00-6:00 am

xX X X X X X X

6:00-7:00 am

7:00-8:00 am X
8:00-9:00 am X

9:00-10:00 am X

10:00-11:00 am X

11:00-12:00 pm X

2.3.2 Telemedicine and Video Conferencing

PD telemedicine and video conferencing refer to the use of digital
communication technologies to provide medical care and support to individuals living
with PD. This approach allows patients to consult with healthcare providers, specialists,
or support groups remotely, using video calls, online platforms, or other digital means
(58). It can involve a range of services, including remote consultations, monitoring of
symptoms and treatment progress, and the provision of education and emotional
support. All deliver through telecommunication technologies. Healthcare providers can
use video conferencing to remotely assess and interact with patients, monitor their
symptoms, adjust treatment plans as needed, and provide ongoing support (Figure 3).

While this approach offers several advantages, it also presents challenges, including the
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need for reliable internet connections, concerning about the privacy and security of

medical data, and getting limitations in terms of physical examinations (59).

Figure 3 Telemedicine and Video Conferencing between patient and the healthcare

provider.

Source: https://www.pexels.com/photo/people-on-a-video-call-4225920/

2.3.3 Mobile Apps and Digital Platforms

Mobile apps and digital platforms (Figure 4) refer to software and online tools
that are specifically designed to help individuals with PD, monitor symptoms, and
tracking patient progression (60). Several apps offer exercise routines and physical
therapy programs tailored to individuals with PD. These exercises can help to improve
mobility, balance, and overall physical well-being. It's worth noting that the effectiveness
of these apps can vary, and not all may be suitable for everyone. The choice of app

should be based on an individual's specific needs and preferences (61).
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Figure 4 Mobile apps and digital platform of Parkinson’s disease monitoring

Source: https://www.dusuniot.com/blog/parkinsons-disease-monitoring/

These tracking methods rely on self-reporting, which can be subjective and
influenced by individual perceptions and memory. Patients may underreport or
misinterpret the symptoms, leading to inaccuracies in data. Hence, there is a quest for
new technology to assist in monitoring Parkinson's disease symptoms. Wearable
technology has emerged to address the limitations of traditional methods for tracking

these symptoms by offering continuous, objective, and comprehensive data.

2.4 Wearable Sensor Technology

Wearable sensor technology has been increasingly employed in the management
and monitoring of PD (62). These innovative devices offer several benefits for both
patients and healthcare professionals in tracking and improving the care of individuals

with PD.
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2.4.1 Gyroscopes (GYRO)

GYRO measure angular velocity and are often used in conjunction with
accelerometers to provide a more comprehensive view of a patient's movements. These
sensors play a help monitor and comprehend the motor symptoms and movement
abnormalities associated with PD. By providing valuable data on alterations in posture,
balance, and tremors, gyroscopes sensors ultimately enhance the diagnosis, treatment,
and ongoing management of the condition. GYRO sensor has been featured to assist PD
monitor. Nguyen A, et al. (7) developed a PD sensor using GYRO. In this work, the
sensor was attached to the shoes, as shown in Figure 5, to monitor and analyze the
walking patterns of PD classifying patients' severity levels based on their gait
characteristics. GYRO-derived features have demonstrated a noteworthy correlation with
the clinical assessment of dyskinesia severity in the work of Burkhard PR et al. (63). In
this study, the participants were recorded for ten-second periods during the test. The
data were evaluated to scale the severity of dyskinesia. Nonetheless, evaluating over
extended time periods necessitates multiple recordings. Therefore, continuous long-term
recording would present challenges because the recordings are confined to only ten-
second as shown in Figure 6. Salarian A, et al. (64) employed a forearm sensor equipped
with three gyroscopes for monitoring tremor in individuals with PD. The data of PD
patients were recorded for periods of 3-5 hours, as shown in Figure 7a and b, with the 3-
D gyroscopic sensor. The gyroscope data indicates the presence and amplitude of the
tremor. GYRO sensors hold potential as valuable tools for assessing motor symptoms in
PD. However, their application is constrained by their highly power consumption rate,

which could ultimately hinder their capacity for extended monitoring.
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Figure 6 The dyskinesia recording session and gyroscope data

(1999) Movement Disorders p. 754-63

Source: Burkhard PR
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2.4.2 Accelerometers (ACC)

ACC are commonly integrated into wearable devices like smartwatches or
fitness trackers. They measure acceleration and movement in various directions, making
them useful for detecting changes in gait, balance, and tremors. In the work of Aich S, et
al. (65), freezing of gait (FoG) was studied using an ACC. The sensor successfully

detected the gait parameter associated with the progression of FoG, as shown in Figure
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8a. However, as seen in Figure 8b, the wearable device was connected via wires to the

accelerometer, potentially further limiting movement and introducing the possibility of

interference with the movements being measured.

a) 8
7
[}
-E 6
§ 5
S 4
= HLeft Leg
3 ERight Leg
2
1
0
Stop Stride Step Stride Walking
Time Time Length Length Speed

Gait Parameters

Figure 8 a) Gait parameters for left and right legs obtained from wearable accelerometer-

based, b) The wearable accelerometer

Source: Aich S (2018) Sensors p.3287
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2.4.3 Electromyography (EMG) Sensors

EMG sensors detect electrical activity in muscles. They can be used to monitor
muscle tremors and rigidity, which are common motor symptoms of PD. Vescio B, et al.
(66), studied the use of EMG as PD sensor to analysis and diagnosis of tremors. Figure
9a shows the characteristics of tremor patterns of PD patient, which have been proven to
be useful for monitoring. However, as shown in Figure 9b, the EMG typically involves
wires. Moreover, EMG necessitates the placement of electrodes on the skin overlying the

muscles of interest, which is an invasive procedure (67).

Alternating pattern
a) , gp

—=gXxtensor
—=flexor

| EMQ signal [”V].
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Figure 9 a) Spectral characteristics of tremor patterns, b) EMG device

Source: Vescio B (2021) Frontiers in Neurology p.12

The use of the above sensors in monitoring and managing PD symptoms is a
promising avenue of research and development. However, ongoing research and
development are needed to address some challenges such as continuous long-term
recording is constrained by power consumption, interference, and invasiveness.
Therefore, it is essential to explore new technologies as potential alternatives to these

Sensors.
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2.5 Triboelectric Nanogenerator (TENG)

Triboelectric Nanogenerator (TENG) is a device that generates electrical energy
through the triboelectric effect, which is the generation of an electric charge when two
dissimilar materials come into contact and then separate. There is a transfer of electrons
between materials. This electron transfer leads to the creation of an electric potential
difference. This effect is responsible for the familiar phenomenon of static electricity.
TENGs are designed to harness this effect and convert mechanical energy into electrical
energy. The concept and development of TENG can be attributed to the pioneering work
of Professor Zhong Lin Wang and co-workers in 2012. Initial research focused on basic
TENG prototypes and demonstrating their potential for energy harvesting from a variety
of mechanical motions, such as tapping, sliding, and even walking. Over the years, the
TENG technology evolved with the development of new materials, improved device
designs, and increased energy conversion efficiency. This progress made TENGs more
practical for real-world applications.

2.5.1 Working Principle and Mechanism of Triboelectric Nanogenerator (TENG)

The TENG typically consists of two components, one that serves as an electron
donor and another as an electron acceptor. These components are separated by a small
gap. When an external force is applied to bring the materials into contact and then
separate them, the triboelectric effect occurs, generating an electric charge. This charge
can be collected and used to power electronic devices. The mechanism of TENG is
shown in Figure 10. At stage (i), the two materials are separated from each other
because no external force is applied. Therefore, no electrical output is generated. At
stage (ii), the two materials are physically brought into contact. As the two materials
make contact, the triboelectric effect takes place. This is where electrons are transferred
from one material to the other due to differences in their electronegativity. The material
with higher electronegativity attracts electrons from the material with lower
electronegativity. The electron donor loses electrons and becomes positively charged,
while the electron acceptor gains electrons and becomes negatively charged. When the

two materials start to separate at stage (iii), the two surfaces are separated from each
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other. Positive charges on the surface of an electron donor material induce negative
charges on the electrode, while negative charges on the surface of an electron acceptor
material induce positive charges on the electrode. Resulting in an electric potential
difference between the electrodes, this drives free electrons to begin flowing through an
external load until equilibrium is reached, completing the separation in stage (iv). When
the materials begin to close again (stage v), the cycle described above is repeated,

generating a reverse current in the external load. The alternative current is obtained.

(I) Initial State (ll) Pressed (III) Releasing

*

% ++ T
x++++++

(v) Pressing

(iv) Released

. Electrode
. Tribo-positive material

. Tribo-negative material

Figure 10 Mechanism diagram of TENG

2.5.2 Operating Modes of Triboelectric Nanogenerator (TENG)
TENG can operate in various modes, each suited to different types of
mechanical motions and applications. The key operating modes of TENG are detailed as

follows.

2.5.2.1 Vertical Contact-separation (VSC) Mode
VSC is the simplest design of TENG as schematically described
Figure 11a. In this mode, two dissimilar materials have electrodes deposited on both the

upper and lower surfaces, which are interconnected to an external load. When these two
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materials physically come into contact with each other in a vertical direction, the two
dielectric films create oppositely charged surfaces. As an external force lifts and
separates the two surfaces by a small gap, a potential difference is generated. This
could drive free electrons from one electrode could move to the other electrode, creating
an opposing potential to balance the electrostatic field. When the gap is closed again,
the free electron flows in the opposite direction (68, 69).
2.5.2.2 Lateral Sliding (LS) Mode
LS mode is schematically described in Figure 11b, where the two
materials slide laterally against each other. The electric charge generation is due to the
relative motion between them. The construction is almost similar to the VSC, but the
displacement has occurred sideward. When the friction layers start to slide, triboelectric
charges form on their inner surfaces, inducing opposite charges on the electrodes.
Subsequently, the charge would flow to the external load. An AC output is generated by
periodic sliding apart and closing. The LS modes can be modified to accommodate
relative sliding in planar, rotational, and cylindrical configurations (36, 69).
2.5.2.3 Single Electrode (SE) Mode
The two kinds of modes mentioned above contain two friction layers
and two electrodes interconnected by an external load. SE mode is a mode where only
one material is employed, and a conductive electrode is positioned nearby to collect the
charge generated during contact and separation as shown in Figure11c. Such a design
has a single friction layer with a back electrode connected to the ground. The external
object, whether contacting or sliding on the TENG, will act as a supplementing friction
layer. External mechanical force, in the form of contact-separation or relative sliding,
result in the generation of alternating current between the electrode and the ground (69).
The SE mode of TENG is often used in applications where simplicity and compactness
are essential.
2.5.2.4 Free-standing (FS) Mode
FS mode is illustrated in Figure 11d. In this mode, a freestanding

triboelectric layer is capable of deforming or vibrating. The motion of this layer generates
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charge separation. The FS mode structure comprises a connected pair of electrodes.
The electrode size should be the same as that of the free-standing layer, so it can only
cover one of the electrodes. When the free-standing layer makes contact with one of the
electrodes, a current flow between these two electrodes due to varying electrostatic field
(69). Freestanding TENGs are commonly used in flexible and wearable devices that
need to adapt to various body movements.

The choice of operating mode depends on the specific application and the type
of mechanical motion available. TENG technology's versatility and ability to capture
energy from various sources make it a promising technology for self-powered and

energy-efficient devices in a wide range of fields, including health monitoring.

Contact-Separation mode Lateral Sliding mode

a) b)

Four Modes
Single-Electrode mode RIS Free-Standing mode

d)

Figure 11 Four modes of TENG

2.5.3 Materials for Triboelectric Nanogenerator (TENG)
TENG use materials with different triboelectric properties to generate electricity
through the contact and separation of these materials. The selection of materials

depends on the specific application and design of the TENG, but commonly used
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materials include Polymer, which are often used as the base materials for TENG. Metals,
which are used as electrode or dispersed phase. Fabrics, certain types of fabrics can
be used as triboelectric materials, especially when designing wearable TENG. Organic
Materials, some organic materials with specific triboelectric properties can be used,
such as graphene and conducting polymers. One of the key factors in selecting
materials for a TENG is to base the choice on the triboelectric series, involving the
selection of materials that are significantly far apart on the series. This maximizes the
charge separation and enhances the TENG's efficiency.
2.5.3.1 Triboelectric Series

The triboelectric series is a ranking of materials arranged according
to their ability to gain or lose electrons when in contact with each other, as shown in
Figure 12. A material's placement within the triboelectric series indicates whether it has
a tendency to become positively charged (losing electrons) or negatively charged
(gaining electrons) when it is rubbed against a material positioned lower on the list.
When two materials on the triboelectric series come into contact and then separate, the
one higher on the list will become positively charged, while the one lower on the list will
become negatively charged. However, the selection of materials depends on the specific
application, the desired triboelectric properties, and the type of mechanical motion the
TENG will be subjected to. This will improve TENG efficiency and versatility for a wide

range of applications.
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Figure 12 Triboelectric series

Source: Liu Y. (2021) Adv. Funct. Mater p.2004714

2.5.4 Triboelectric Sensor (TES)

Due to TES's ability to convert mechanical energy into electrical energy, it has
been applied in self-powered mechanical sensing across various fields such as human-
machine interaction (HMI) (70), gas sensor (71), self-powered smart agriculture senser
(72), humidity sensor (73). Also, TENG can be designed into wearable devices as a

health monitoring sensor, such as to monitor PD symptoms. Li R et al.(28) designed a
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personal healthcare sensor composed of PTFE and Fe, which can be worn as a foot or
hand ring see as shown in Figure 13a. The sensor converts mechanical energy from
body motion into electrical signals. The output signal amplitude corresponds to different
body movements as shown in Figure 13b and c. The device in this work has a closed
cylindrical structure with a Fe ball moving inside. The Fe ball can move both in a

circumferential direction and up and down, potentially leading to interference between

the output signals.
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Figure 13 a) Sensor schematic and digital image, Motion state monitoring signals (Step,

Walk, Run, Jump, Fall-down) of the sensor in different wearing parts b) wrist and c) shoe.
Source: Li R (2021) Micromachines p.352

Vera Anaya D, ef al. developed a PD sensor constructed from Ecoflex with
aluminum (Al) electrode. The structure and mechanism of the device is illustrated in
Figure 14a, b. This device is employed to monitor forearm muscle and tendon
movements for the purpose of detecting and tracking the symptoms and progression of
PD. The voltage signal produced by the proposed sensor exhibits distinct waveform

shapes, time durations, and amplitudes corresponding to the progression of the disease
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as shown in Figure 14c (29). The design of the device made it bulky and the sensor

placement can be uncomfortable, which can restrict the patient's movements.
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Figure 14 a) structure and b) mechanism of the forearm triboelectric sensor. ¢) Output

due to the emulation of arm tremor. d) Output due to the emulation of wrist tremor.

Source: Vera Anaya And Yuce (2021) Medical Devices & Sensors p.10154.

Another group of research, Kim J-N, ef al. developed self-powered tremor
sensor for monitoring and assisting individuals with PD. The study introduces a highly

stretchable and self-healing hydrogel conductor, made from biomaterials, including
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catechol, chitosan, and diatom referred to as the catechol-chitosan-diatom hydrogel
(CCDHG) as shown in Figure 15a. The self-powered tremor sensor, which includes an
M-shaped Kapton film and the CCDHG-TENG, is specially designed to monitor the
health conditions of PD patients (Figure 15b). The sensor collects data on the electrical
charge generated by the triboelectric effect in response to tremors. These electrical
signals are proportional to the amplitude and frequency of the tremors as illustrated in
Figure 15c. However, the fabrication of the catechol-chitosan-diatom hydrogel can be

complex and challenging due to the involvement of several steps (30).
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Figure 15 a) Structure of CCDHG-TENG, b) Schematic image of tremor sensor while

stretching and bending and c) Voltage signals of tremor sensor with three motions.
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In the previously mentioned literature, it is observed that the output has low
signal-to-noise ratio. This poses a challenge in distinguishing the small signal amplitude
from ambient noise, leading to inaccuracies and instability. The current design of the
device remains cumbersome and impractical for everyday use, posing potential
constraints on the patient's mobility and lifestyle. Hence, it is imperative to undergo
further design and development to create a structure that is lightweight, functional, and
convenient. This development should also incorporate clear electrical signals that
effectively indicate symptoms of PD.

There are some parameters that can be considered for designing effective TES,
capable of measuring the amplitude, frequency, and severity of tremors, and providing

valuable data to healthcare professionals for diagnosis and treatment monitoring.

2.6 Parameters for triboelectric sensor (TES) design

2.6.1 Material Selection

Numerous factors influence TENG performance, with material selection playing
a pivotal role. This is because the physical and chemical properties of triboelectric
materials can significantly impact TENG performance. A variety of materials, including
polymers, metals, and inorganic substances, are utilized as triboelectric layers. Notably,
frequently used dielectric polymers like PTFE, FEP, PDMS, and Kapton are mentioned
(33). Ramaswamy SH, et al., investigated the potential use of diamond-like carbon (DLC)
films as dielectric materials for TENG and compared the characteristics of DLC films with
conventional dielectric materials such as PTFE and Kapton. The results indicate that
TENG utilizing hydrogenated DLC (H-DLC) in combination with PTFE as a triboelectric
pair produced the highest output, with a peak voltage of 38 V, current of 3.5 pA and a
power density of up to 57 mW/m?®. This performance outperformed other conventional

dielectric pairs as shown in Figure 16 (74).
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Figure 16 a) Schematic representation of TENG. B) Summary graph of b) V., c) /. and

d) power density displaying each of the dielectric material pairs

Source: S.H. Ramaswamy (2019) Nano Energy p.875-885.

Wang H, et al. explored the concept of programmed-triboelectric
nanogenerators, which represent devices specifically engineered for effective energy
manipulation, highlighting the pivotal roles of material choice in their functionality. In this
study, two materials, namely FEP and PTFE film, were chosen as dielectric coatings. As
depicted in Figure 17a, the study involved testing both FEP vs. FEP and FEP vs. PTFE
configurations. The results show that FEP vs. PTFE has higher electrical output of voltage
and power around 1300 V, 3 mW (Figure 17b-c). The performance of charging a 0.1 pF
capacitor is shown in Figure 17d, the FEP vs PTFE can charge it to 18 V. (75)
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Figure 17 a) the two dielectric layer groups in tests, b) The output voltage, c) the voltage
and peak power by changing load resistance and d) The performance of charging a 0.1

WF of the two groups

Source: H. Wang (2020) Nano Energy p.105241.

The selection of materials for TES is crucial as it directly impacts the device’s
performance and efficiency. TES relies on the triboelectric effect, which generates
electricity through the friction and separation of materials with different electrostatic
properties. However, it is important to note that material selection for TES can vary
significantly depending on the application. Therefore, it is essential to thoroughly assess
the specific requirements and constraints of the application when choosing the

appropriate materials to enhance TES performance.
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2.6.2 Material Surface Modification

The pursuit of high signal-to-noise ratio for TES is indeed a significant challenge,
especially when operating in atmospheric conditions. While TENG have shown the ability
to efficiently convert low-frequency mechanical energy into electricity, achieving high
output performance directly in the atmosphere is a complex task. Surface engineering
plays a crucial role in overcoming these challenges (34). lbrahim M, et al. develop a
multiscale micro- and nano-structured magneto-mechano-triboelectric nanogenerator
(MMTENG) using salt particle imprinting process (Figure 18a and 18b). The aim was to
use this MMTENG to power an Internet of Things (loT) sensor. The salt-imprinted
MMTENG can generate the V., the /. and peak power of up to 851V, 155 pA and 10.3
mW, respectively (Figure 18c-f). The electricity generated by the surface-enhanced
MMTENG can be used to power an loT temperature sensor, showcasing the feasibility of

using this energy harvesting technology in real-world loT applications (76).
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Figure 18 a) SEM image of the surface of PFA film after surface modification, b) 3D AFM

image of the surface of salt-imprinted PFA film. ¢) V., d) I, €) The measured absolute
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Source: Kwak MS (2021) Nanoscale p.8418-8424

Zhu G, et al. created flexible triboelectric sensors that generate electrical

energy from tactile interactions. The sensors are based on the principle triboelectric
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effect. Surface modifications play a crucial role in the sensor's ability to generate voltage
signals in response to physical contact. Therefore, in this study, the authors created
vertically aligned polymer nanowires on the FEP surface using plasma dry etching as
illustrated in Figure19a-19c. As depicted in Figure 19d, when subjected to a contact
force, the triboelectric sensor (TES) generates a consistent square-wave output voltage

with a peak amplitude of 35 V. The ultrasensitive tactile sensing without an external

Contact .
X
/

power source was successfully developed (77).

MHJ

o

5 Separation
rep i nyion 0 5 10 15 20 25
Time (s)

Figure 19 a) Structure of TES, b) SEM image of polymer nanowires g, c) Photograph of

an as-fabricated TES and d) Output voltage of TES.

Source: Zhu G (2014) Nano Letters p.3208-13.

Surface modification plays an important role in the design of TES, which will
help improve the ability of TES to generate triboelectric phenomena. Customizing
surface modifications for specific applications enables TES to serve as self-powered
sensors.

2.6.3 Triboelectric Nanogenerator Mode Selection

TENG has a wide range of applications, including self-powered sensors,
wearable electronics, and more. The mode selection is a crucial aspect of optimizing the
TES's performance for a given application. Xu Z, et al. explored the output performance

of both the vertical contact separation mode TENG (CS-TENG) and the lateral sliding
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mode TENG (LS-TENG). Subsequently, the author sought to combine these two modes
to develop a hybrid TENG aimed at enhancing the output power. The friction layers were
made of PTFE and PVA. The finding shows that operation mode of TENG effect the
electrical output. As shown in Figure 20a-¢, the voltage output curve of CS-TENG mode
is about 131.63 V while LS-TENG mode is about 25.76 V. Therefore, the CS-TENG mode
was chosen to design self-powered sensors for body motion detection, offering potential

in healthcare for post-rehabilitation training and enhancing patient mobility and recovery.

(78).
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In Zhang Z, et al. study, the single-electrode (SE) mode and the freestanding-
triboelectric-layer (FTL) mode were determined (79). SE mode and FTL mode are two of
the fundamental operating modes of triboelectric nanogenerators. Materials used as
triboelectric pairs in this work were Kapton and Cu. The authors first evaluated the
outputs of FTL mode, the /;. was detected with a peak value of 60 pA and the V. was
peaked at 110 V as shown in Figure 21a-21c. For SE mode, the |, and V. 4 yA was 12

V were obtained as demonstrated in Figure 21d-21f.
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It should be noted that TES mode selection depends on the specific application,
available motion types, and efficiency requirements. Researchers often design TESs to
align with the mechanical energy source and the target device or system's requirements.

2.6.4 Structure Modification

Structure modification of TES refers to altering the physical design or
configuration of the TES. Structure modification is important because it can improve the
efficiency, durability, and functionality of TES, making them more practical and effective
for self-powered sensor applications. Z. Lin, et al. introduced a novel energy harvesting
device known as pendulum-inspired triboelectric nanogenerator (P-TENG) (Figure 22a-
22c). The P-TENG consisted of PTFE and Cu as the triboelectric pair. The results show
that the pendulum-inspired structure allows it to efficiently capture ultra-low-frequency
mechanical energy. In addition, the device demonstrates high output signals. As shown
in Figure 22d, the V,.and I¢, of the P-TENG is value of around 55 V and 0.6 pA,

respectively.
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Figure 22 a-c) Schematic illustrations of the P-TENG, d) The V. and I of the P-TENG.

Source: Z. Lin (2019) Nano Energy p.103908.

Liao J, et al, (42) designed a nestable arched triboelectric nanogenerator (NA-

TENG). The device component consisted of two silicone rubber arch layers: one has

aluminum (Al) film on the silicone rubber surface while the other is silicone rubber as

shown in Figure 23a. The device can be made for many layers. With the increasing of

layers, the electrical output will be enhanced. As illustrated in Figure 23b, the peak value
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of the V. is around ~2.4-2.7 V, while the peak value of the I, is around ~10-15 nA. In
this study, NA-TENG was employed as a sensor detect the movements of knuckles
(Figure 23b-23c). With the structural design, it can not only optimize the outputs but also
provide an interesting approach to design new style of TES devices for wearable sensor

applications.
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Figure 23 a) NA-TENG structure, b) V. of the two devices and |4 of the two devices
and c) Diagram of NA-TENG applied on finger and comparison of V., I and QTR of

NA-TENGs applied on index and middle figures.

Source: J. Liao (2020) Nano Energy p.104417.
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Modifying the structure of the TES can improve its performance and versatility.
With the appropriate structure, the performance of the TES device can be improved or
adapted for specific applications. In the design process, the mentioned parameters hold
significance for developing a TES proficient in detecting low-frequency mechanical
forces and producing a clear electrical signal. This adaptability paves the way for the
device to evolve into a functional application. Consequently, this study aims to develop a
TES for PD monitoring, with careful consideration of these diverse parameters during the
design process.
2.7 Automatic Watch
The automatic self-winding watch is believed to have been first invented in the
1770s. Collecting energy from the wearer's movements is the core idea behind the
automatic winding device. The automatic winding mechanism is able to harness the
kinematic energy of the body's movements to power the mechanical watch movement
(80). The digital images of automatic watch are shown in Figure 24a. The oscillating plate
(rotor) is a key component of the automatic movement, and its function is essential to the
watch's ability to wind itself and operate without the need for manual winding or a
battery. The motion of the wearer’s wrist and the rotor's movement in an automatic watch
work together. As the wearer moves their wrist, the oscillating plate rotates, and this
motion generates kinetic energy. This energy is transferred to the mainspring, which
powers the watch's movement. The image of oscillating weight is demonstrated in Figure

24b.
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Figure 24 a) Automatic watch, b) oscillating plate front and back

Source: https://www.ebay.com/itm/304345920560

2.7.1 Automatic Watch Mechanism-based sensor

The mechanism used in automatic watches, which captures and stores energy
from motion, has inspired research and development of energy harvesting devices.
These devices are designed to convert various forms of mechanical motion into electrical
energy for a wide range of applications, including powering small electronic devices,
sensors, and wearable technology. Zurbuchen A, et al. colleagues explored the potential
of energy harvesting devices as an alternative power source for pacemakers. The
authors adapted the mechanism found in automatic wristwatches to convert the kinetic
energy of the heart's contractions into electrical energy. The results indicated the new
design's promise in harnessing heart motion for powering medical implants. The
component of automatic watch and the harvesting device structure are shown in Figure

25a-b (81).
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Figure 25 a) Schematic and component of automatic watch, b) The harvesting devices

Source: Zurbuchen A (2017) IEEE Trans. Biomed. Circuits Syst p.78-86.

Similarly, Zurbuchen A, et al. demonstrated the potential for battery-free cardiac
pacing using a custom-made pacemaker. The device powered by an energy harvesting
mechanism inspired by the automatic clockwork of a wristwatch. The energy harvesting
mechanism is shown in Figure 26a. The in vivo experiment was performed. The results
show that when heart movements accelerated, it allowed the harvesting mechanism to
extract enough energy to power the internal pacemaker electronics. Moreover, the
device can perform continuous at 120 beats/min and the heart beats signal is shows in

Figure 26¢ (82).
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Figure 26 a) Working principle of the device, b) In vivo pacing: Pacemaker sutured on

the heart and c) Electrocardiogram of the pacing period

Source: Zurbuchen A (2017) Heart Rhythm p.294-9.

Using an automatic watch mechanism for energy harvesting in health monitoring
applications is an interesting concept. The motion of the wearer's wrist, which winds the
watch's mainspring, could potentially be harnessed to generate electrical power for
sensors or other components in a health monitoring device. Furthermore, applying the
automatic watch mechanism to monitor Parkinson's disease (PD) symptoms has not yet
been studied. Therefore, in this work, the author is interested in adapting the automatic
watch mechanism with a triboelectric nanogenerator (TENG) for developing a

triboelectric sensor for PD monitoring.



CHAPTER 3
RESEARCH METHODOLOGY

The fabrication of a TES for PD monitoring is outlined in a seven-part experiment.

First, materials were prepared by selecting an oscillating plate from an automatic watch
and PTFE as the tribo-positive and tribo-negative materials, respectively. The PTFE
surface was then modified by sandpaper polishing to improve performance. All materials
were characterized using techniques such as SEM, EDS, AFM and ATR-IR. Next, a
regular free-standing triboelectric sensor (FS-TES) was fabricated to optimize operating
parameters such as electrode spacing and operating frequency. The wristwatch-like
triboelectric sensor (WW-TES) device frame was then designed using Shapr3D and
fabricated using 3D printing. The electrical output signals from both FS-TES and WW-
TES devices were evaluated using an oscilloscope and digital multimeter. Finally, the
application of the sensor for PD monitoring was tested through activities based on the
Unified Parkinson's Disease Rating Scale (UPDRS).
3.1 Materials Preparation

3.1.1 Materials and Equipment

- Oscillating plate

- Polytetrafluoroethylene (PTFE) (commercial grade, Polytechindustry)

- Conductive aluminum tape (Al tape) (RS Components Co., Ltd)

- Electrical wire

- PLA filament

- 3D printer (Raise3D)

- Double-sided adhesive tape

- Vortex shaker (GENIE2)

- Orbital shaker (SK-O330-Pro)
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3.2 Material Surface Modification

Firstly, the PTFE was carefully cut into a 2cm x 2cm square to ensure uniformity
of size. It was then thoroughly cleaned by immersion in ethanol, followed by ultrasonic
cleaning for 10 minutes. After ultrasonic cleaning, the PTFE sample was allowed to air
dry naturally. Finally, enhancing the surface area of PTFE for increased contact can be
achieved through surface roughening. This process involves sanding the PTFE with
sandpaper. In this case, 1000-grit sandpaper was utilized. The PTFE surface was
sanded unidirectionally across the surface with a defined polishing cycle repeated 20
times to create a controlled pattern. The modified surface PTFE was obtained as shown

in Figure 27.

PTFE Drying

Ultrasonic
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SANDPAPER

_ > 74
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surface

Figure 27 The material surface modification process

3.3 Characterization Techniques of Materials
3.3.1 Scanning Electron Microscope (SEM)
A scanning Electron Microscopy (SEM; FEI QUANTA 250) with the secondary

electron detector at accelerating voltages of 20 kV was utilized to study the morphology
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of the surface morphology of PTFE both normal and roughen. Moreover, the mechanism
at microscale of free-standing mode TES was also studied. Figure 28 shows SEM
equipment. For surface morphology, the pristine and modified PTFE films were cut into 1
cm X 1 cm and attached onto the stub. In order to investigate the microscale insight of
the free-standing mode TENG mechanism, the sample was prepared for regular FS-TES
using the methods described in section 3.4. However, for this particular investigation,
the sample was cut to dimensions suitable for stub mounting. It was then mounted on
the stub following the specified four step movement mechanism of the FS-TES. The
samples then underwent gold coating for a duration of 90 seconds prior to imaging with
the SEM. This process was implemented to enhance their conductivity, ensuring optimal

performance during imaging.

Figure 28 Scanning Electron Microscope (SEM)

Source: https://th.jeol.com/products/scientific/sem/

3.3.2 Electron Backscatter Diffraction (EBSD)
EBSD is typically performed in a scanning electron microscope (SEM). A

focused electron beam is directed at the sample's surface. When the high-energy
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electrons interact with the atoms in the sample, they scatter in various directions. Some
of these electrons are backscattered towards the detector. The SBSE was employed to
study the chemical composition of commercial SUS304 stainless-steel and oscillating
weigh stainless steel. The samples were cleaned prior to analysis. It is ultrasonicated in
ethanol for 10 minutes to ensure thorough removal of any contaminants. The plate is then

allowed to dry completely before it is ready to be attached to the stub for examination.

3.3.3 Atomic Force Microscopy (AFM)

AFM operates on the principle of measuring the interaction forces (typically van
der Waals forces) between the atoms on the tip and those on the sample surface. As the
probe scans the sample, these forces cause the cantilever to bend, and this bending is
detected and used to create an image of the surface. AFM was assisted to determine
the surface morphology of PTFE both normal and roughen. Figure 29 shows AFM
equipment. This work employs Dynamic Force Mode (DFM) with a 20-um scanner
equipped with a cantilever composed of Si, N-type material, coated with Al (Reflex Side).
The cantilever dimensions are specified as follows: a length (L) of 225 um and a width
(W) of 40 um, with a resistance ranging from 0.01 to 0.025 ohm/cm. The spring constant
(k) falls within the range of 36 to 90 N/m. The cantilever's resonance frequencies range
from 160 to 225 kHz. DFM scans an area of 10 um x 10 um at a scan speed of 0.5 10 0.7
Hz. The sample was cut to a size of 1 x 1 cm? and mounted onto silica substrates using
adhesive tape. For the modified PTFE, the surface with the modification faced upwards
for examination. Samples are carefully loaded into the AFM chamber, where they
undergo scanning with a cantilever-tipped probe. The probe interacts with the sample

surface, generating high-resolution topographical images and data.
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Figure 29 Atomic Force Microscopy (AFM)

Source: https://qd-europe.com/nl/en/products/spectroscopy/atomic-force-microscopes-

for-research/

3.3.4 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy

(ATR-FTIR)

Infrared (IR) radiation is used as a source of energy. This IR radiation consists
of wavelengths that are within the infrared region of the electromagnetic spectrum. The
IR region corresponds to the vibrational frequencies of chemical bonds in molecules.
ATR-IR spectroscopy (ATR-IR; Shimadzu IRTracer-100) was employed to analyze the
functional groups and identify the PTFE film in the spectral range of 4000-550 cm™’
Figure 30 shows the ATR-IR spectroscopy equipment. For investigation, both samples,
pristine PTFE and modified PTFE, were cut into the size of 1x1 cm? before being

analyzed in the range of the ATR-IR spectrum within 4000-550 cm’
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Figure 30 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-

FTIR)

Source: https://www.ktssci.com/category.php?id=44

3.4 Regular Free-Standing Mode Triboelectric Sensor (FS-TES) Fabrication

The regular FS-TES device consists of two electrodes and a tribomaterial pair,
namely PTFE and stainless steel. The assembly process involved taking a 2cm x 2cm
piece of modified PTFE, attaching Al tape to it, and connecting it to an electrical wire.
This process was repeated to create two sets of PTFE-attached Al electrodes.
Additionally, a 2cm x 2cm stainless steel sheet was cut and subjected to ultrasonic
cleaning in ethanol for 10 minutes. Subsequently, this cleaned stainless steel sheet was

utilized as the contact material on one side of the FS-TES device as shown in Figure 31.
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Figure 31 The regular FS-TES fabrication process

3.5 Design of the Wristwatch-Like (WW-TES) Device

The device frame fabrication process involved several key steps, each essential
for creating a functional and precisely designed device frame. The process begun with
designing the device frame using the Shapr3D program. The frame was designed to be
cylindrical with specific dimensions: a width, height, and diameter of 2, 7, and 34 mm,
respectively. The frame featured two additional areas extending outward, equipped with
strategically placed holes in the wall to allow electrical wires to pass through to the
exterior. In the center of the frame, a designated platform was provided for attaching an
oscillating weight. With the 3D model ready, the next step was to bring it into the physical
realm through 3D printing. A Raise3D 3D printer was used for the printing process. PLA
filament was chosen as the printing material. The printing process was completed in
approximately 28 minutes. The device's frame fabrication process is illustrated in Figure

32.
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Figure 32 The fabrication of the device’s frame

3.5.1 The Device Assembly

The device was designed to operate in free-standing mode. First, a surface-
modified PTFE was attached with aluminum tape as an electrode and connected to
electrical wires. This was then attached to the frame using double-sided adhesive. The
electrical wire was routed out of the frame through holes on the side. The same action
was repeated on the other side of the electrode. Next, the oscillating plate was attached
to the middle part of the device using hot glue. Additionally, a nut and metal bearing
were attached to the oscillating plate to add weight. Finally, careful attention to detail
was required to confirm that the PTFE and oscillating plate will indeed make precise

contact as intended. The steps of device assembly are demonstrated in Figure 33.
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Figure 33 Schematic of device assembly

3.6 Electrical Output Performance

The electrical output performance in this study can be divided in two parts. First,
the output including V. and /. was measured for the regular free-standing mode TES
using stainless steel and PTFE. The samples were cut into 2 x 2 cm’. The electrical
output study involves varying the distance between the electrodes to 0, 5, 12, 17, and 35
mm and varying the frequency from 3 to 7 Hz. The electrical output was obtained using
an energy-harvesting automatic sliding machine. The frequency of this machine was
controlled by adjusting the motor speed, allowing observation of its effect on the
electrical output. Measurements were taken using an oscilloscope and a Digital
Multimeter (DMM).

In the second part of the study, the output performance of the PD sensor WW-
TES, including V. and /., was measured. The effects of varying the distance between
the electrodes (0, 5, 12, 17, and 35 mm) and the frequency, corresponding to the
severity of PD tremors (ranging from 3 to 7 Hz), on the output of the WW-TES device
were investigated using an orbital shaker for mechanical input as shown in Figure 34a-c,

respectively.
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Figure 34 a) Oscilloscope, b) Digital multimeter and c) Orbital shaker

3.7 Activities Test for Parkinson’s Disease Monitoring.

Once the TES device for measuring PD was assembled, a crucial step involved
testing its functionality and practicality. To assess its usability, the device undergoes
experimentation by affixing a strap, allowing it to be worn on the wrist like a watch. The
experimentation included simulating shaking, mimicking the tremors associated with
varying degrees of PD severity through activity testing, involving tasks such as water
pouring, eating, writing, efc. Testing each activity required wearing a TES device on the
wrist, which subsequently shakes or mimics vibrations based on the frequency of the
disease. This procedure adhered to the severity scale of the Unified Parkinson's Disease
Rating Scale (UPDRS), which classifies the disease on a scale of 0-4 based on its
frequency. Level O represents normal Level 1 indicates slight, low-frequency tremors
(0.5-0.9 Hz) with no significant impact on function. Level 2 represents mild tremors with
a frequency of 0.9-1.8 Hz, causing a modest impact on function. Level 3 signifies
moderate tremors occurring at a frequency of 1.8-3.4 Hz, considerably affecting function
but not preventing it. Level 4 denotes severe tremors with a frequency exceeding 3.4 Hz,
leading to symptoms or signs that prevent normal function. Throughout the experiment,
shaking was executed at the designated frequency for 50 seconds during each activity.
The resulting signal corresponded to the tremor frequency within the UPDRS severity

scale.



CHAPTER 4
RESULTS AND DISCUSSIONS

This chapter presents detailed results and discussions stemming from efforts to
design and develop a triboelectric sensor specifically tailored for monitoring Parkinson's
disease tremors. This includes discussions on material modification, sensor design, and
structural optimization. Subsequently, the electrical output performance of the developed
sensor is evaluated. Furthermore, practical implications of the sensor design in the
context of Parkinson's disease (PD) tremor are explored through activities of daily living
(ADLs), such as pouring water and eating, based on the MDS-UPDRS scale. These
discussions highlight the sensor's potential for providing real-time tremor monitoring

capabilities in a non-invasive manner.

4.1 Material Characterization
4.1.1 The Characterization of Polytetrafluoroethylene (PTFE) Film Before and
After Surface Modification.
4.1.1.1 Characterization by Attenuated Total Reflectance Fourier transform
Infrared (ATR-FT-IR)

Initially, PTFE film was selected as the tribo-negative material for the
sensor construction. The commercial PTFE chosen underwent thorough characterization
using ATR-IR technique to verify its functional groups. According to Figure 35 (Red),
shows the ATR-IR spectra at 4000-550 cm’ range of pristine PTFE film. The characteristic
absorption peaks of CF, groups at 1201 cm’ (C-F symmetric stretching) and 1145 cm’’
(C-F asymmetric stretching). Additionally, peaks located at lower wavenumber around
637 cm’' is indicated to CF, rocking, aligned well with known PTFE peaks reported in the
literature (83, 84). Following the confirmation of the PTFE's chemical composition,
surface modification was performed using sandpaper polishing. Sandpaper polishing is

a simple and cost-effective method to modify the surface roughness of PTFE. This
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process involves rubbing the PTFE surface with sandpaper of 1000 grit size and
polishing in a unidirectional manner. This physical modification aimed to enhance the
output of the TES. The modified PTFE sample was characterized by using ATR-IR to
assess any changes in their chemical properties. The ATR-IR analysis of the modified
PTFE samples revealed that despite the physical surface modification through
sandpaper polishing, there were no significant changes in the chemical properties of the
PTFE as shown in Figure 35 (blue). According to Figure 35 (blue), the strong absorptions
2101 cm” (C-F symmetric stretching) and 1146 cm™' (C—F asymmetric stretching) relate
to the CF, stretching vibrational, while the signal at 633 cm”' can be attributed to the
deformation vibration of the segment CF, rocking (85). This indicates that the surface
modification process successfully altered the surface morphology of the PTFE while the
chemical structure of PTFE remained unchanged throughout the polishing process.
Table 2 demonstrates the ATR-IR pattern of the pristine PTFE and rough PTFE.

Since surface modification plays a pivotal role in advancing the
capabilities of triboelectric materials, making them more efficient, several research have
investigated various surface modification methods to improve the surface properties of
triboelectric materials such as Inductively coupled plasma (ICP) (86), Neutral beam
(NB) treatment (87), soft lithography (88), photolithography (89), ultrafast laser
patterning (90), block copolymer (BCP) self-assembly (91), lon Injection (92). The above
process can be categorized into two types: physical surface modification and chemical
surface modification. Physical modification involves altering the material's physical
properties, such as surface texture or morphology, without changing its chemical
composition. Chemical modification, in contrast, entails altering the material's chemical
structure, which can sometimes lead to the degradation or transformation of the original
chemical makeup. Moreover, surface functional groups tend to detach under mechanical
wear, making them impractical for application (93). Therefore, this work proposes a
simple method for modifying surface roughness, such as sandpaper polishing, without

compromising the chemical integrity of the material.
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Figure 35 ATR-IR pattern of the pristine PTFE and modified PTFE

Table 2 ATR-IR pattern of the pristine PTFE and roughed PTFE

Wavenumber (cm™)
Characteristic bond

Pristine PTFE Modified PTFE
2102 2101 C-F symmetric stretching
1145 1146 C-F asymmetric stretching
637 633 CF, rocking

4.1.1.2 Characterization by Scanning Electron Microscope (SEM)
The morphological characteristics of PTFE were investigated using

Scanning Electron Microscopy (SEM; FEI QUANTA 250) with the secondary electron
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detector at accelerating voltages of 20 kV. Figure 36a and b display the SEM images at
100x magnification of the pristine PTFE and surface modified PTFE film, respectively.
According to Figure 36a, the surface of the pristine PTFE film showed a fairly smooth and
uniform surface, indicating its initial unaltered state. However, the surface morphology
clearly changed after polishing with sandpaper for 20 times in unidirectional as shown in
Figure 36b. The surface of the polished PTFE film appears to have noticeable streaks on
the surface, showing a much rougher texture. This indicated that the surface of PTFE film
was successfully modified. The surface pattern was similar to those in previous research,
where the tribomaterials underwent surface modification with polishing, which resulted in
improved overall output performance (40, 94, 95). Previous research has attempted to
improve the roughness of PTFE surfaces using various methods. For instance, plasma
treatment has been employed to create nanowire-like structures or ridge patterns on the
surface (96). Similarly, Inductively Coupled Plasma Etching (ICP) has been utilized to
produce PTFE film with nanowire-like structures on the surface (97, 98). Another
technique involves the use of anodic aluminum oxide (AAO) to form nanostructures on
the PTFE surface (99). Additionally, thermal imprinting lithography (TIL) has been applied
to achieve micro-grooved architectures (100). These methods have enhanced the
triboelectrification efficiency of PTFE-based TENGs, resulting in increased electrical
output values. However, they often require specialized equipment and are complex. In
contrast, sanding the PTFE with sandpaper, as used in this study, offers a simpler and
more accessible alternative. Despite its simplicity, this method effectively roughens the

PTFE surface, leading to significant improvements in electrical output values.
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Figure 36 FSEM images showing the surface morphology of PTFE films a) pristine PTFE

film and b) modified PTFE film by sandpaper polishing

4.1.1.3 Characterization by High-Resolution Atomic Force Microscopy (AFM)

The surface roughness of PTFE film was analyzed by AFM technique

within Dynamic Force Mode (DFM), also known as tapping mode. This mode of operation
allows for high-resolution imaging of surfaces by gently tapping a sharp probe tip onto
the sample surface, minimizing damage or distortion. A specialized AFM system
equipped with a 20 um scanner was utilized for these measurements, enabling precise

scanning over the sample area. The silicon cantilevers coated with a thin reflex aluminum
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coating, featuring nominal spring constants (k) ranging from 36-90 N/m and resonance
frequencies of 160-225 kHz, were employed. The results of AFM images are shown in
Figure 37 with a scan area of 10 um X 10 ym providing detailed visual representations
of the surface topography and 3d orthographic image. The topography images provide
a surface top view of the film, with depth information in the Z-direction represented by
color intensity. Light-colored regions indicate the highest points or peaks, while dark-
colored regions signify the lower points. Additionally, the 3D orthographic images offer
three-dimensional representations of the same surface areas, giving a more
comprehensive view of the surface topography. Figure 37a and 37b show the AFM
images of the pristine PTFE and modified PTFE film, respectively. For the top view
topography images of pristine PTFE, the surface appears relatively smooth, with minimal
variations in height. The light regions indicate the highest points on the surface, which
are evenly distributed. After modification by sandpaper polishing, the surface exhibits a
markedly different texture. The light regions, representing the peaks, are more prominent
and numerous, indicating increased surface roughness. The 3D orthographic images of
pristine PTFE reveal a mostly flat surface with subtle variations in height. The peaks are
low and uniformly spaced, giving the surface a smooth appearance. In contrast, the 3D
image of the modified PTFE showcases a dramatically altered surface topology. The
peaks are higher and more pronounced, and the surface features numerous grooves
and valleys created by the sandpaper. This increased roughness and texture are clearly
visible in the three-dimensional view, illustrating the significant impact of the sandpaper
polishing process.

Therefore, analysis of the AFM images revealed evident changes in the
surface roughness of the PTFE film following the modification process. The root means
square roughness (Sq), which quantifies the average deviation of surface height from
the mean plane, was determined to be 45.4 nm with surface area of 101.16 pm2 for the
pristine PTFE film. However, after undergoing surface modification using sandpaper
polishing, the Sq value increased substantially to 227.9 nm with an increasing surface

area of 111.32 pm2. The Sq value of modified PTFE was 5 times higher than that of
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pristine PTFE. The root means square roughness (Sq) values derived from AFM data of
all the samples are presented in Table 3. The detailed AFM results confirm that after

polished PTFE film surface with sandpaper the surface roughness was significantly

improved.
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Figure 37 AFM images of PTFE film a) pristine PTFE film and b) modified PTFE film by

sandpaper polishing
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Table 3 AFM analysis of Sq values, surface areas of pristine PTFE and modified PTFE

PTFE Films Sg (mm) Surface area (pmz)
Pristine PTFE 454 101.16
Modified PTFE 227.9 111.32

4.1.2 The Characterization of Stainless-steel by the Energy Dispersive X-ray

Spectroscopy (EDS) Technique

A commercial stainless-steel plate grade SUS304 with 0.5 mm in thickness was
used as tribo-positive material for the fabrication of regular TES. The composition of
SUS304 stainless steel is known for its specific alloying elements. The typical
composition of SUS304 includes Chromium (Cr): 18-20%, Nickel (Ni): 8-10.5%, Carbon
(C): £ 0.08%, Manganese (Mn): < 2%, Silicon (Si): < 1%, Phosphorus (P): < 0.045%,
Sulfur (S): < 0.03% and Iron (Fe): Balance (101).

Metals, composed of atoms in a crystal lattice, do not have the molecular
vibrations and dipole moments, hence they do not absorb IR radiation in a detectable
way. Moreover, metals are highly reflective in the IR region of the spectrum. They reflect
most of the IR radiation rather than absorbing it, which makes it challenging to obtain an
IR spectrum of a metal. EDS, on the other hand, provides a direct and reliable method
for characterizing the elemental composition of metals, making it the preferred technique
for analyzing materials such as stainless steel. The identification of elements was
characterized by the EDS as shown in the results in part 4.1.2.1. and 4.1.2.2

4.1.2.1 The Characterization of Commercial Stainless-steel
Stainless-steel Grade SUS304 was utilized in this work. Before being
used for testing, the commercial SUS304 stainless steel was inspected to ensure its
authenticity as a genuine stainless-steel. The stainless steel was prepared by cutting it
into pieces of 0.5 x 0.5 cm. These pieces were then ultrasonically cleaned in ethanol for
10 minutes and allowed to dry. Once dried, the sample was attached to a stub and

placed in a chamber for further analysis. The results of the compositional analysis by
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EDS mapping are shown in Figure 38. It can be observed that elements such as Fe, Cr,
Ni, Si, S, P, C, and Mn are found in commercial stainless steel grade SUS304, which has
elements that comply with the specification certificate from reference (102). Confirmation

that the material meets the expected standards for SUS304 stainless steel.
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Figure 38 EDS mapping of commercial stainless-steel grade SUS304

4.1.2.2 The Characterization of Automatic Watch Oscillating Plate
Figure 39 shows digital image of oscillating plate and the EDS mapping
analysis. The EDS elemental spectra and mapping of oscillating plate results showed the
presence of elements consistent with stainless steel, including C, O, Si, P, S, Cr, Fe, and
Ni elements by reporting its composition detailed in Table 4. Cr and Ni are the primary
alloying elements of stainless steel. These findings are in agreement with prior research

references (103, 104). This primarily confirms that the oscillating plate is manufactured
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from stainless steel. It is important to note that EDS can identify the elemental
composition of a material and confirm that it is stainless steel. Although oxygen (O) is
usually not present in stainless steel, in this case, it appears in EDS results. This
occurrence could be due to surface oxides that form as a result of the interaction of the
stainless steel with oxygen in the surrounding environment (105, 106). Nevertheless,

EDS cannot determine the specific type or grade of stainless steel.

0

Figure 39 Digital image and EDS mapping analysis of oscillating plate
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Table 4 EDS analysis results of elements on the surface of oscillating plate

Element Atomic % Atomic % Error Weight % Weight % Error
C 62.9 0.9 32.8 0.5
O 14.1 0.6 9.8 0.4
Si 0.1 0.1 0.1 0.1
P 0.8 0.1 1.1 0.1
S 0.0 0.0 0.1 0.1
Cr 0.0 -5 0.0 —
Fe 2.2 0.2 54 0.4
Ni 19.8 0.5 50.6 1.2

4.2 Regular Free-Standing Mode Triboelectric Sensor (FS-TES) Device

4.2.1 Device Structure and Working Mechanism of the Regular FS-TES

The operating principle of regular FS-TES is based on in-plane charge
separation mechanism (107, 108). The regular FS-TES device consists of a free-standing
stainless-steel layer with a size of 2x2 cm?. Two PTFE foils of the same size are
connected to the Al tape acting as electrodes (2x2 sz) and are attached to the
electrical wire for output to an external load. These components are arranged in parallel,
with the stainless steel and PTFE films adjacent to each other. The stainless steel is
mechanically moved back and forth from one edge of the left-hand PTFE film to the end
edge of the right-hand PTFE film. In Figure 40 illustrate the operating principle of regular
FS-TES. According to Figure 40, in the initial state (i), there is no mechanical force input
to make the stainless-steel move and contact with the PTFE. Therefore, there’s no current

flow. However, when there is mechanical force triggers the stainless-steel to move and
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touch PTFE on the left electrode (LE) in state (ii), a phenomenon known as charge
exchange that occurs between the PTFE and stainless-steel materials. This exchange is
initiated by the difference in their electronegativity levels, leading to the transfer of
charges between the two materials. As a result, positive charges are created on the
surface of the stainless-steel and negative charges are created on the surface of the
PTFE layer through the triboelectric effect. As negative charges are collected on the
PTFE film, an equal number of positive charges are induced in the LE. This makes
electrons flow from the LE and accumulate in the RE. As a result, this step causes the
flow of current. The current will continue to flow until reaching the equilibrium where the
stainless-steel layer moves to completely cover the LE in state (iii). The stainless-steel
was further moved towards the RE, gradually overlapping certain regions. This
movement is accompanied by the transfer of positive charges from the surface of the
stainless-steel layer. The positive charges on the surface of the stainless steel will induce
negative charges on the PTFE film on the RE. Consequently, this induction process will
result in some of the positive charges being transferred to the RE. As a result, electrons
that were previously accumulated on the RE will flow through the load from the RE to the
LE, producing an alternative current at state (iv). During this sliding movement, electrons
continue to flow between the two electrodes to equalize the local potential differences.
This electron movement continues until the system reaches its maximum electrical
power, which the stainless-steel completely overlap the RE in state (v). This phase of
electron transfer plays a crucial role in the first half cycle of the operation of the FS-TES.
The second half of the cycle occurs during the reverse sliding movement, when the
stainless-steel layer moves from the RE back to the LE. During this phase, electrons flow
in the opposite direction, producing an electrical output corresponding to state (vi). This
reverse sliding motion maintains the continuation of the AC cycle within the FS-TES
system. The alternating contact and separation between the PTFE with Al electrode and

the stainless-steel layer are sustained, resulting in an alternating current (AC) waveform.
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Figure 40 The working principle for traditional FS-TES device

In each contact-separation cycle, the total amount of transferred charges (Q) is
determined by:

Q = lab (1)

, where Q represents the surface triboelectric charge density on the PTFE’s
surface, and a and b denote the length and width of the friction area, respectively. The
effective range of charge induction (d) is assumed to remain constant during both the
sliding and FS-mode TES operations. The potential difference can be described by the

equation (109):
-1 g 20x
V=—xQ+Voc=—do+-*Q+— (2)
Cc €S €o
Where V is the potential difference between electrodes, C represents the

capacitance, d, stands for the initial gap distance between components in the
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nanogenerator, g is the gap distance between the two electrodes, €, represents the
permittivity of free space, S stands for the area size of the effective surface, O is the
charge density and € stands the permittivity of the material used in the free-standing
layer. The relationship between charge generation and V., where S is the area size of

the effective electrode 1 and 2 (109).

(3)
The enhancement of electrical output through increased surface area can be

explained by equation (3) which indicates that the electrical output is dependent on the

surface area (S). Therefore, increasing the surface contact area leads to a higher total

electrical output (96). The generated current can be calculated using equation (4)
__dQ _ oab _ voab
at d/v a
, where d and 'V denote the electrode distances and relative speed of contact

(4)

separation. The [, refers to transfer charge as a function of sliding time, which can be

written as equation (5), which relies on the stainless-steel motion speed (110, 111).

| dQsc _ dQscdx __ dQsc
SC T at dx dt  dx

()

Following surface modification, the electrical performance of pristine and
surface modified PTFE was investigated. According to Figure 41, it was found that the
Voo and Iy, of pristine PTFE were around ~17.59 V and ~71.20 nA, while those of
modified PTFE were around ~29.53 V and ~112.94 nA. These values are approximately
~1.8 and ~1.6 times higher than those of unmodified PTFE, as shown in Figure 41a and
41b. The results are consistent with results previously reported in previous studies where
surface modification was performed using sandpaper. The TENG shows a threefold
increase in output voltage and a fivefold increase in power (94). Modifying surface
roughness with sandpaper can improve electrical performance, as reported in studies
discussing mechanisms for increased electrical efficiency (112, 113). By introducing
textures onto the surface of the triboelectric layers, the effective contact area is

significantly increased. When the textured surfaces come into contact with another
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material, they create more points of interaction compared to a flat surface (114). Figure
42a and 42b show the schematic of diagram of FS-TES with pristine PTFE compared to
modified PTFE surface. The available contact area for interaction is notably expanded.
When these textured surfaces engage with another material, they establish a greater
number of contact points, enhancing the potential for interaction compared to a smooth,
flat surface. This increased contact area facilitates more efficient charge generation and
transfer, ultimately leading to improved performance and energy output in triboelectric
nanogenerators. Consequently, the modified PTFE surface was used in all experiments

conducted in this study.
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4.2.2 The Effect of Electrode Distance on Electrical Output for the Regular FS-

TES

The regular structure of FS-TES was initially fabricated to determine the key
parameters that influence the electrical performance. One of the important parameters is
the distance between the two electrodes, which determines the sliding displacement
that impacts on power generation. Previous research has shown that the separation
distance between the sliding triboelectric surface and the electrodes significantly
impacts the output generation capability of a free-standing mode TES (108). This
distance affects the charge transfer efficiency and overall output of the TES. Herein, by
studying the influence of distance electrode on the TES's performance, the optimal
distance that maximizes output performance can be achieved. In order to determine the
optimum distance for maximum electrical output, the characteristics of V., and /5, were
studied at various electrode distances of 0, 5, 12, 17 and 35 mm. The electrical output
results as a function of electrode distance are shown in Figure 43. According to Figure
43a and 43b, the output signals of V,, and /;, at 0 mm distance are ~8.9 V and ~29.0

nA. When the electrode distance was increased to 5 mm, a significant rise in the output
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signal was observed, with V. reaching ~17.8 V and /. reaching ~102.5 nA. However,
when the electrode distance was increased beyond 5 mm to distances of 12 mm, 17 mm
and 35 mm, a significant decrease in electrical signal values was observed. This
indicates that exceeding the optimal electrode distance adversely affects the
performance, leading to a significant reduction in the V. and /... In the FS-TES, the
electrode spacing determines the distance over which the triboelectric charges can
transfer between the two surfaces during mechanical motion. When the electrode
spacing is too large, the efficiency of charge transfer may decrease due to charge
dissipation, leading to a reduction in the output of the device (115).

According to equation (3), by considering AQSC and S as constant, V. is
proportional to C. Typically, dividing the gap between electrodes into smaller segments
significantly increases the C, which in turn results in a lower V. (116). Therefore, in this
case, increasing the distance between electrodes can effectively decrease the C value,
leading to a higher V.. Therefore, the output signal demonstrates an increase as the
distance between the electrodes extends from 0 mm to 5 mm. However, there is an
optimum gap that provides the highest output. Beyond this optimum threshold, the
output signal begins to decrease due to the breakdown effect, which is essentially the
dissipation of electrostatic energy. The breakdown effect in a FS-TES refers to a
phenomenon where the electric field between the electrodes becomes so strong that it
causes the surrounding medium (usually air) to become ionized, leading to an
unintended discharge or loss of electrostatic energy (117). This breakdown effect,
leading to the loss of electrostatic energy in an FS-TES, can be explained by Paschen’s
Law. Paschen’s Law establishes a relationship between the breakdown voltage, the
pressure of the gas medium, and the distance between the electrodes. This relationship
is crucial for understanding the limitations and behavior of the FS-TES as the electrode

gap varies. The law is expressed as (118):

__ apd
v, = nod) + b (6)
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where: V, stands for the breakdown voltage, d is the distance between the electrodes, p
represents the pressure of the gas medium, b devotes a constant depending on the gas
medium, and a is another constant related to the specific gas. As the electrode distance
(d) increases, it can initially increase the output voltage up to an optimal point. Beyond
this, if the electric field becomes too strong, it can cause a breakdown. If the voltage
across the electrodes approaches the breakdown voltage (V,), ionization occurs, leading
to a conductive path through the medium (air). This causes an unintended discharge,
reducing the stored electrostatic energy and thereby decreasing the effective output.
When the breakdown effect occurs, the output of the device drops because energy that
should be converted to electrical output is lost (118).

The breakdown effect in an FS-TES can be understood in two distinct scenarios:
one occurring between the two electrodes, and the other occurring between the
triboelectric surfaces and electrode (119). Breakdown between the two electrodes is
more common and affects the output than breakdown between the triboelectric surfaces
and one of the electrodes. This disparity in impact arises from the significant influence of
the gap between the electrodes on the breakdown threshold. As the distance between
the electrodes increases, so does the voltage required to produce a discharge spark,
known as the breakdown voltage. When the V. reaches this critical level, it's enough to
trigger the formation of a discharge spark. This spark acts as a trigger for the formation
of a breakdown channel between the electrodes. Therefore, as the gap widens, the
output signal is reduced when the breakdown threshold is exceeded. This underscores
the crucial role of electrode spacing in ensuring signal stability and integrity. Similar to
the work of W.-Z. Song et al. (115), where the influence of electrode spacing on the
output of DC-TENG was studied. Therefore, in this study, increasing the distance
between the electrodes beyond 5 mm reduces the output signal. As a result, a distance

of 5 mm between the electrodes was identified as the optimum distance for this research.
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4.2.3 The Effect of Frequency on The Electrical Output of the Regular FS-TES
Considering the goal of this study to develop a wrist-worn sensor for monitoring
PD, frequency sensitivity becomes a crucial factor. The frequency of PD’s tremor can
vary depending on the stage and the verity of the disease. Generally, the typical tremor

in PD is reported to be around 3-7 Hz (120). This variability in tremor frequency
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necessitates the design of a sensor that is highly sensitive and capable of accurately
detecting tremors within this specific frequency range. Understanding and
accommodating these frequency variations is essential for creating a reliable and
effective monitoring tool that can assist in the management and treatment of PD.
Therefore, frequency variability has also been considered as it has a direct impact on
output generation of FS-TES.

Output measurements were systematically conducted across a range of
frequencies, spanning from 3 to 7 Hz. The FS-TES device, featuring an electrode
distance of 5 mm, underwent representative testing. To investigate the effect of
frequency on the electrical output produced by the FS-TES, the author used a sliding
testing machine. This specialized equipment allows precise manipulation of the
experimental frequency by adjusting the motor speed. By controlling the speed of the
motor, we were able to systematically change the frequency and observe its effect on
the electrical output characteristics of the FS-TES. This method allowed detailed
analyses to be carried out, providing valuable insights into how different frequencies
affect the performance of the sensor and its ability to generate output. Figures 44a and
44b show output signals of V. and /4, with various frequency. When the output signal
was measured at 3 Hz, ~8.64 V and ~26.29 nA were generated. As the frequency is
increased from 3 to 7 Hz, the output signal increases progressively, reaching a maximum
V,c and /4. of approximately ~25.35 V and ~149.30 nA respectively at 7 Hz. It is evident
that the output signals of both V. and /. are directly proportional to the increasing
frequency. At lower frequency, the mechanical motion between the triboelectric materials
is slower and less intense at lower frequencies. This reduced motion results in weaker
frictional forces leads to slower transfer of the generated charges to the external load. At
higher frequencies, the duration of each working cycle is shortened, and the number of
cycles within a given period increases due to the more rapid and intense mechanical
motion between the stainless steel and PTFE films. This increased motion leads to
greater frictional forces and more frequent contact and separation between the materials,

enhancing the generation of triboelectric charges. The increased charge density means
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that more charges are available for transfer, and the high-speed sliding allows for
quicker transfer of these charges to the external load, resulting in higher output voltage
and current (121-124). As a result, there is an overall increase in total output. This
demonstrates that the device can operate at various frequencies, with the output being

directly related to the frequency.
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4.3 Design and Fabrication of the WW-TES Device

In this study, the objective is to develop a sensor that is both efficient and
accurate enough to effectively monitor PD tremor, while also being comfortable and easy
to use for daily wear. This is especially important for elderly patients who require a user-
friendly device that integrates seamlessly into their everyday lives. Inspired by familiar
automatic wristwatches, the sensor is designed to be non-intrusive and minimize
discomfort. In addition, automatic wristwatches were renowned for their reliability and
longevity, working as long as the wearer remained active. They were able to harvest
energy from the irregular and chaotic movements of the wrist (125), making them an
ideal model for this application. An automatic watch movement is equipped with a freely
rotating metal weight known as an oscillating plate. The movement of the wearer's wrist
causes the oscillating plate to rotate. As it rotates, it automatically winds the inner
mainspring, which powers the watch (81, 82). The rhythmic rotation of the oscillating
plate following the movement of the wrist might allow the triboelectric pair materials to
come into contact and separate. Therefore, this work focused on using an oscillating
plate to develop a novel WW-TES device.

The device was designed to resemble a circular watch using the Shapr3D App
(Version 5.572.6640.0) to precisely create the shape and size of the frame along with all
necessary components, such as holes and substrates for material pair attachment. The
3D model files were then imported into the ideamaker software (ideaMaker 4.3.2 Raise3D
E2) to slice the model and generate the gcode files. Subsequently, the frame was 3D
printed using PLA filament on a Raise3D printer (Fused Deposition Modeling printer;
FDM) with a resolution of 0.2 mm. The printing was carried out at a temperature of 210

°C and a speed of 60 mm/s.

4.3.1 The First-Generation of the WW-TES Design
Figure 45a illustrates the material components of the first generation of WW-TES
device. Initially, the research goal was to confirm that the contact between oscillating

plate and negative material layer can produce electrical signal by taking
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triboelectrification and electrostatic induction mechanism. The device was constructed
with simple structure. The Kapton tape was assembled into a sphere plate to hold the
oscillating plate, meanwhile a material pair was set inside the plastic frame. The device
structure and components are shown in Figure 45b. The testing process was conducted
by rotating the oscillating plate while simultaneous measuring the output signal by
oscilloscope. As can be seen in Figure 45c, the result of the obtained electrical output
sighal was unclear. The characteristic peak of signal is similar to the output from
electrical conductor rather than indicating a triboelectrification signal from the contact of
two materials. Consequently, further experimentation and redesign was necessary to

create a more stable and robust frame.

a) Oscillating plate

ape

Signal when oscillating plate stop

Signal when oscillating plate rotate

0.0: 1.000s/ Stop. 0.0s 1.000s4
5

12009

Figure 45 The first-generation of WW-TES design
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4.3.2 The Second-Generation of the WW-TES Design

The second generation of the design is shown in Figure 46. Figure 46a
illustrates the first design of the WW-TES. The device features a circular frame with a
diameter of 34 mm, a height of 7 mm, and a wall thickness of 3.5 mm. At the center of
the device, a platform measuring 20 mm X 5 mm is constructed to hold the oscillating
plate. The platform is designed with a central hole to accommodate electrode placement,
enabling wires to extend outward without any obstruction. This design feature is intended
to connect the electrode to the oscillating plate, incorporating a brush electrode
commonly found in motor designs. The wires are carefully routed through the bottom of
the device frame to prevent any interference with the rotation of the oscillating plate. On
the other hand, another electrode was fabricated composed of PTFE, which is connected
to Al tape that attached to electrical wires. Figure 46b displays the schematic diagram
and digital images of WW-TES that are fully assembled device with all components
installed. And finally, the device tested the electrical output signal. To test the electrical
signal, the device was shaken to apply mechanical force. This caused the oscillating
plate to rotate and contact the PTFE electrode, aiming to generate an electrical signal
from their interaction. However, the experimental results showed no detectable electrical
signal. The generated signal was indistinguishable from the baseline noise as shown in
46c¢, indicating that the intended interaction did not produce a measurable electrical
output. Therefore, further design and optimization are required to determine if it's feasible

to generate an electrical signal using this configuration of materials in a WW-TES device.
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Figure 46 The design of the second-generation WW-TES

Following the initial first-generation design, several improvements were made
to enhance the device. While the fundamental characteristics of the device remain
consistent with the original design, key adjustments were implemented to optimize its
performance and suitability as shown in Figure 47. These modifications have refined the

basic elements to develop a device that is more efficient and user-friendly.
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4.3.3 The Third Generation of WE-TES Design

According to Figure 48, the third-generation design of this device can be
divided into 3 types. The 1% type was circular with a central platform for attaching the
oscillating plate. However, this design was not successful because, when the
tribomaterial pairs were attached to the inside of the frame, the distance between the
contact materials was not appropriate as shown in Figure 48a. This caused the oscillating
plate to rotate without making contact with the tribomaterial pairs. Therefore, the design
was revised, resulting in the creation of the second design as shown in Figure 48b. The
2" type included an inward extension platform for attaching the contact material inside.
However, it had only one fixed position. In addition, the size of the platform may have
been incorrectly measured, resulting in the oscillating plate getting stuck with the inward
extending platform. Despite these changes, the design was still unsuccessful. As the
device being designed relied on the free-standing triboelectric sensor mechanism,
which required the installation of two electrodes, a new 3" type was designed as shown
in Figure 48c. The final design resulted in a device with a diameter of 33 mm, a height of
7 mm, and a side wall thickness of 2 mm. The inner wall featured a platform for attaching
materials at two contact points, and a central platform for attaching the metal oscillating
plate. The frame featured a platform in the center and two inward extensions for
placement of the oscillating plate and PTFE. Once the third design is finalized and
deemed acceptable, it is used as a prototype to create the subsequent device frame.

In this prototype, the distance between the electrodes is further adjusted for
achieving the highest amplitude of electrical output. Since the operation of this device
relies on a mechanism of contact and separation of materials to produce an electrical
signal. This experiment was therefore devised to find the optimum conditions for the
proper distance between the electrodes to produce and transport the most electrical
charges in time and achieve the highest electrical signal value. The illustration of device
frame with various electrode distances is displayed in Figure 48d, showcasing spacings
of 0, 5,12, 17, and 35 mm. The consideration of varying these distance values was

decided based on the size of the device frame and the position of electrodes in contact
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with oscillating plate. The distance adjustments started at 0 mm, which means there is
no distance between two electrodes, and then progressively increased to 5 mm, 12 mm,
17 mm and maximum 35 mm. As depicted in Figure 48d, the electrodes are positioned
in opposite way to each other at the maximum distance of 35 mm. Distance Larger than
35 mm was not designed because they will come up with the same spacing of electrodes
as 17 mm. Meanwhile, the distance at lower than 5 mm was also not designed because
the distance of 5 mm is still too short. The signal amplitude at narrower electrode’s
distance, for example, 2 or 3 mm, is probably not significantly different. Figure 48e
shows the assembled frame devices attached to a tribomaterial to form a complete
sensor system. It can be seen from the images that the oscillating plate and PTFE films
are firmly affixed to the PLA frame and prepared for testing their electrical output

characteristics.
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d) Designing of WW-TES with various electrode distance
0 mm 5 mm 12 mm 17 mm 35 mm

Figure 48 The design for device frame a) The 1% type, b) The 2" type and c) The 3™
type (Final), d) The device frame with various electrode distances of 0, 5, 12, 17 and 35
mm and e) Frame devices are attached to a tribomaterial and are assembled to form a

Sensor.
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4.4 Proposed Working Mechanism of the WW-TES

According to the structure of the WW-TES, there is an oscillating plate made of
stainless steel, which serves as the tribo-positive material. An oscillating plate is attached
at the center of the frame with a nut and bolt, acting as the proof mass for smooth
rotation. The contact area of the oscillating plate is 40.0 mm diameter x 1.2 mm thickness
= 48 mm’. The two PTFE films used as the tribo-negative material were cut into 10.0 mm
x 5.0 mm, which equal to the 50 mm’ surface area, and attached to the same size of Al
electrodes (10.0 mm x 5.0 mm). These sets of PTFE/Al electrodes were positioned within
the frame and connected to electrical wires. Each electric wire was then passed outward
to the load through a drilled hole. Figure 49a-c illustrates the structural components and
the 3 main steps of a stainless-steel oscillating plate movement inside the WW-TES
which include the starting of rotation, intermediate rotation and finally the complete cycle.
Based on the cross-sectional area of PTFE and the oscillating plate, the total effective
contact area, when the rotating material comes into contact with PTFE, is 1.2 mm

thickness of oscillating plate x 10 mm PTFE wide = 12 mm?2.

a)

Started rotation Intermediate rotation Complete cycle

»

Figure 49 Working mechanism of WW-TES device during a) The starting rotation, b)

Intermediate rotation and c¢) Complete cycle.

The output generation mechanism of the WW-TES device could be described
according to Figure 50 by extracting from the real V. signal. This rotation was recorded

in slow motion by a digital camera to match the observed electrical signal with the



87

mechanism of AC electricity generation. When the rotation of the oscillating plate was
observed during operation, it was found that it rotated in an anti-clockwise direction.
Figure 50 illustrates the specific working principle of the WW-TES device, highlighting
how the oscillating plate undergoes rotation when exposed to an external force. We
define the state when the oscillating plate swings and contacts PTFE film as the first state
(i). At this state, due to their distinct electron-donating and -receiving properties, metals
typically tend to donate electrons, resulting in a positive charge on their surfaces.
Conversely, PTFE sheets tend to attract electrons, leading to a negative charge on their
surfaces. Since an Al tape is attached to the PTFE film, it undergoes induction from
electrical neutrality to positive charges on the electrode. This induces a flow of electrons,
causing them to move from the left-hand electrode (LE) to the right-hand electrode (RE).
The oscillating plate continues to move, maintaining constant contact with the PTFE and
undergoing continuous charge transfer. The induced current is small, resulting in a
signal where | < 0, until the maximum peak output on the negative side is obtained for |
<< 0, at state (ii). The current flow continues until equilibrium is reached, which occurs
when the oscillating plate makes full overlap with the PTFE at state (iii). This induces an
equal number of charges, causing no current to flow (I=0). During state (iv), the
oscillating plate reaches some part of the RE. Inducing electron transfer between the
oscillating plate and the PTFE leads to the development of a negative charge on the
PTFE's surface. Consequently, the electrons accumulated on the RE now flow backwards
towards the LE, creating the opposite direction with | > 0 of signal to give an alternative
(AC) current. As the oscillating plate rotates further to RE, the flow of electric current
continues continuously until it reaches its maximum peak in the positive side at the state
(v). The | at this state is supposed to be | >> 0. As the oscillating plate continues to
rotate, it reaches a point where it passes completely over both PTFE films in state (vi). At
this stage there is no current flowing (I=0). The oscillating plate continues its rotation,
and during stages vii through ix, no electric current is produced. As the oscillating plate
moves away from both the LE and RE, the induced charge gradually diminishes as the

oscillating plate rotates further away from both LE and RE which is considered the end of
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the cycle. The | during state (vii) to (ix) is expected to be |=0. The charge exchange
between the oscillating plate and the PTFE occurs again when the oscillating plate
returns to the initial state. This repetition of the initial step results in another exchange of
charges, leading to the continuous generation of an electrical signal as previously

described.
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Figure 50 Working principle of WW-TES device
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4.5 The Electrical Output Performance of WW-TES Device

4.5.1 The Effect of Electrode Distance on Electrical Output Of WW-TES Device

From an investigation into the optimum distance between the electrodes during
the regular FS-TES test procedure, it was found that a distance of 5 mm gave the best
electrical signal transmission. To confirm this finding, the WW-TES was assembled with
the distance electrodes set at 0, 5, 12, 17 and 35 mm. An additional round of testing was
then carried out to confirm the optimum distance electrode consistently produced the
highest quality electrical signal. To validate the WW-TES device, the output signals
including V. and /4, were studied by using orbital shaker as a vibration generator to
excite the device. The electrodes distance was investigated by adjusting the distance
between electrodes during the assembly of the device and observing the corresponding
electrical output signal. According to Figure 51a and 51b, the results show that the
electrical output signal follows a similar trend to those observed in the basic FS-TES. At
5 mm, the device can provide the highest electrical output signal of both V. and /.
about ~0.61 V and ~3.5 nA. The electrical output of the WW-TES is lower compared to
the regular FS-TES due to differences in the contact area sizes between the two devices.
This difference arises from the fact that, during the assembly of the WW-TES device, the
sizes of the electrodes and the PTFE film were reduced to accommodate the overall
dimensions of the device. Despite this reduction in contact area, the electrical signal
values of the WW-TES followed a similar trend to those of the regular FS-TES. This result
is truly evident that electrodes distance at 5 mm was the suitable parameter for

constructing WW-TES device in this work.
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Figure 51 The electrical output V. a) and Iy, b) of WW-TES device by varying the

distance of electrodes from 0, 5, 12, 17 and 35 mm.

4.5.2 The Effect of Frequency on Electrical Output of WW-TES Device

After optimization of electrode distance, the effect of different frequency on
output amplitude from WW-TES was determined to predict the ability of device to detect
signal at various frequencies effectively. Notable, a direct correlation between the

amplitude of the output signal and the frequency is quite well known for normal TES.
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Herein, since the high- and low-amplitude characteristics of tremors differ in different PD
severity, it is therefore essential to determine the output characteristics of the designed
WW-TES to be highly sensitive to the specific frequency range. Such sensitivity ensures
that the devices can accurately capture and characterize the tremors, providing valuable
data for assessing the progression and severity of PD.

In this work, the WW-TES'’s efficiency was also studied by measuring various
input frequencies corresponding with PD severity by placing the device on the vibration
shaker that can control the frequency range from 3 to 7 Hz. The signal results are
illustrated in Figures 52a and 52b. At 3 Hz, the WW-TES generated the V. and /., of
~0.25 V and ~2.0 nA. Then, the output signal of V. and /. produced by the WW-TES
demonstrated a proportional increase with the increasing input frequency until reaching
maximum value at 7 Hz. This result indicates that our design WW-TES device contains
capability to generate output signal at various frequencies and was sensitive enough to
respond even low frequency of 3 Hz.

By connecting the relationship between frequency detection and severity of
disease symptom, the characteristics of PD tremors have been separated into 3 stages
of the rest tremor, postural tremor, and kinetic tremor. All detected peaks within the ~3
Hz range are associated with both resting tremors. Resting tremors typically manifest
when there is no voluntary muscle activity, occurring when the muscles are at rest. In
contrast, postural tremors are specifically found within the 4-6 Hz frequency range,
which are evident when maintaining a posture against gravity, such as holding the head,
arms, or legs steady. Furthermore, kinetic tremors, which occur during voluntary
movement, predominantly fall within the 7-12 Hz range, though they can sometimes be
detected at frequencies higher than 12 Hz. These frequency distinctions are critical for
the precise detection and monitoring of the various tremor types associated with PD
(126). Therefore, it can be claimed that the designed WW-TES in this work is able to
detect the mechanical vibration energy at different frequencies, corresponding to
different levels of PD tremor. Even though the accelerometer (ACC) sensor developed in

previous research can be used to detect PD tremors at 4 to 6 Hz with the signal
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amplitude increasing as the frequency increased (127), the ACC equipment was still
large and bulky. The WW-TES proposed in this work can be more comfortable used and

also provide higher sensitivity to detect signal at even lower frequency at 3 Hz.
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Figure 52 The electrical output V. a) and /. b) of TES device with increasing of the

frequency from 3-7 Hz.
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4.5.3 The Stability Test of WW-TES Device

In addition to the ability to detect mechanical vibration at low frequency, the
stability of constant signal providing is also crucial. Ensuring the stability of a WW-TES
device is essential for its long-term functionality and accuracy in detecting mechanical
stimuli for delivering consistent and reliable performance over extended periods. Figure
53a shows the output signal of WW-TES stability’s testing at different frequency from 3, 5
and 7 Hz. The vibration shaker was turned on and off rhythmically while simultaneously
measuring the resulting signal. First, the device vibrated at 3 Hz for 10 seconds, followed
by a 10 second pause by stopping the shaker, and then the vibration was resumed. This
cycle was repeated for 10 rounds. During the experiment, it was observed that the
device produced output signals when it was vibrating, and stopped producing output
signals when it was not vibrating. In the absence of any shaking, the signal maintains at
almost zero, indicating that the electrical value is low attending the baseline. Upon
applying mechanical vibration, the device can generate an electrical signal over
baseline. At a frequency of 3 Hz, the electrical signal of approximately ~1.0 V was
observed and remained consistent at this level over 10 cycles of operation. This trend
persisted as the frequency increased. At 5 Hz and 7 Hz, the signal amplitude rose to
around ~1.5V, and ~2.0 V. In the presence of vibrations, the signal magnitude escalates
proportionally with the vibration frequency and sustains this behavior throughout all 10
cycles. The consistent and repeatable behavior of the device in responding to vibrations
at different frequencies, along with its stability over multiple cycles, suggests that the
device is indeed stable in its operation.

Additionally, the long-term operating stability’s testing was observed by
allowing the WW-TES device to operate continuously for 4000 cycles with simultaneously
measuring electrical output signal. It can be seen in Figure 53b that at 7 Hz, the device
can maintain a stable electrical output signal at ~2 V along 4000 cycles of continued
operation. Therefore, it can be concluded that the designed WW-TES confirms the

capability to withstand several cycles of operation without potentially degrading its
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performance over time in addition with consistently maintained a stable electrical output

throughout the experiment.
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Figure 53 a) The cycles of output signal stability, b) The stability continues at 7 Hz for

4000 seconds.
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4.5.4 The Effect of Humidity on the Output Performance of WW-TES Device

Another parameter that is also important for PD sensor application is stability as
a function of environment that encompasses the sensor's ability to withstand various
environmental conditions without decreasing output performance or degradation.
Environmental factors, especially humidity, can significantly affect the dropped
performance of TES. According to the TES working mechanism that is based on the
coupling of triboelectrification and electrostatic induction, high humidity can cause a
layer of water to form on the surface of the triboelectric materials. The higher charged
conductivity normally related to humid air will increase the leakage of charges and
significantly further reduce the output performance of the TES.

Studying the effect of humidity on the electrical signals of WW-TES is also
crucial in the case of WW-TES devices that are aimed at being used in everyday life.
They will encounter various atmospheric conditions affecting their electrical signals.
Basically, the presence of moisture (water molecules; H,O) at the material’s surface is
most often related to the humidity level. Herein, the influence of humidity on the output
voltage of the WW-TES was thoroughly investigated. The experiments were carried out at
room temperature in ambient air by fixing frequency of 5 Hz, and for a wide range of
relative humidity (%RH) from 21 to 81%RH. The device was continuously operated by
placing it on the top of orbital shaker and covering it with the humidity control unit. The
operation was undergoing at varying humidity levels, ranging from low to high. The
experimental set-up can be seen in Figure 54. The initial humidity condition was
approximately 21% and was then increased in 10% increments by simultaneously
recording the electrical output at each step of operation. This process continued until the
humidity reached 81%. This systematic approach allowed a detailed analysis of how
different humidity levels affected the performance of the WW-TES, providing insight into

its behavior over a range of environmental conditions.
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Figure 54 The humidity setup

Figure 55 shows the results of the WW-TES to detect humidity changes in the
humidity conditions. The WW-TES displayed noticeable AC voltage variations as humidity
levels changed from 21% to 81% RH, with a significant decrease in output voltage. The
relationship between output voltage and rising humidity levels is shown. It can be seen
that at a humidity level of 21% RH, the output voltage was ~1.0 V. When the humidity
increased from 21% to 81% RH, a significant decrease in output voltage to ~0.2 V was
observed, reducing by around 5 times. It can be evident that external factors, especially
moisture in the air, can significantly affect its electrical output. As mentioned above, in
high humidity environment, moisture can form a conductive layer on the surface of the
triboelectric material. This conductive layer facilitates charge dissipation, which can
interfere with the sensor's ability to generate accurate signals.

Figure 56 displays the working mechanism of the effect of humidity on the
output voltage of WW-TES. The absorption of water molecules can be understood in two
stages: (1) the chemisorption of the initial H,O layer and (2) the physisorption of the
subsequent H,O layers. The electric field produced by triboelectrification and
electrostatic induction can cause protons (H+) to hop among the surface-absorbed H,O
molecules, leading to the formation of hydroxide (OH") and hydronium (HSO+) ions (128).
In the initial stage, chemisorption occurs as a small quantity of water molecules forms
the initial layer on the triboelectric material surface at low relative humidity. The water

molecules chemisorbed onto the surface of triboelectric materials and then undergoes
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dissociation into cations H™ and anions OH ™ (73) (H,O0 — H"+ OH ). As the relative
humidity (RH) level increases further, additional water molecules are physically adsorbed
onto the surface of the initial chemisorbed H,O layer. This physical adsorption process is
responsible for the significant drop in the voltage of the WW-TES observed between 21%
and 81% RH. During this process, the initial chemisorbed layer is followed by successive
layers of adsorbed water molecules, leading to a decrease in the device's voltage output
(129). Furthermore, the physically adsorbed layers of H,O play a role in the dissociation
and formation of H30+. In this process, the H30+ group transfers a proton to an adjacent
H,O molecule, resulting in the formation of another H,0" (H,0 + H,0 — OH + H,O")
(130). As humidity levels increase, ions are generated, and they traverse energy barriers
between the physiosorbed layers, facilitating proton hopping among adjacent absorbed
water molecules. This phenomenon enhances conductivity by enabling the movement of
protons through the material. This conduction mechanism is consistent with the well-
known proton hopping mechanism of Grotthuss (128). It is shown that the WW-TES
should be operated and worked without high humidity or even not further kept in a high

humidity environment.
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4.6 Practical Application Test

Tremors are a key symptom in patients with Parkinson's Disease (PD) and often
reflect the progression and severity of the condition. Currently, PD tremor severity is
evaluated using the MDS-UPDRS scale. This scale classifies the disease on a scale from
0 to 4 according to the frequency of the tremors (131, 132). Level 0 indicates no
symptoms or normal function. Level 1 is mild, low frequency tremor (0.5-0.9 Hz) with
minimal impact on function. These low frequency or low intensity symptoms do not
significantly interfere with daily activities. Level 2 is characterized by mild tremor at a
frequency of 0.9-1.8 Hz, resulting in moderate functional impairment and a noticeable
impact on daily activities. Level 3 describes moderate tremor at a frequency of 1.8-3.4
Hz. This tremor has a significant impact on function, without being completely disabling.
Daily activities such as dressing, eating and writing may become difficult. Level 4

represents severe tremor above 3.4Hz, causing symptoms that significantly affect normal
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functioning. These very serious symptoms have a profound effect on daily life, resulting
in a significant reduction in activities of daily living, a significant loss of independence,
and a serious effect on quality of life (131, 133-135). Based on MDS-UPDRS scale, it can
be used as a standardized tool used by clinicians and researchers to assess the severity
and progression of PD symptoms, helping clinicians track disease progression, monitor
treatment effectiveness, and make informed decisions about patient care (136).

In order to check that the WW-TES can be utilized for real PD monitoring, the
device is subjected to experimentation by securing it with a strap, enabling it to be worn
on the wrist like a watch as shown in Figure 57. This experimentation involves simulating
tremors corresponding to different levels of PD severity through activities of daily living
(ADLs) (137). The ADL section of the MDS-UPDRS is of particular importance as it
assesses the person's ability to carry out essential daily tasks related to personal care,
such as bathing, dressing and feeding, pouring liquids, etc. (138). For people with PD,
difficulties with these activities can greatly reduce independence and quality of life.
Therefore, in order to assess the ability to use utensils, in this study we performed ADL
tasks such as eating, pouring water and writing. These tasks offer valuable insights into
an individual's overall motor symptoms. For the water pouring activity, the movements
including pick up a container, hold it up, pour water into a glass, and then place the
container back down were performed. This simulated the process of pouring water from
a container into a glass as shown in Figure 57a. Similarly, for the eating activity, specific
movements were performed, including lift the spoon, scooping the food upwards, keep
holding up the spoon and put it back down. This mimicked the actions involved in eating
as shown in Figure 57b. For the writing activity, an experiment was conducted in which
the WW-TES device was worn on the wrist and the spiral drawing test was performed.
The Spiral Drawing Test is a clinical assessment tool commonly used in the evaluation of
PD (139). In this test, individuals are instructed to draw spirals on a piece of paper to
assess motor control, hand-eye coordination, and the presence of tremors or other
movement abnormalities, which are common symptoms of PD. In this work, the author

has drawn a spiral starting from the center of the paper and extending outwards in a
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continuous movement until it reaches the edge of the paper as shown in Figure 57c. The
vibration frequency was varied based on the MDS-UPDRS scale during writing to

observe the resulting electrical signals.

Figure 57 Schematic of activity movement for the experiment, a) Pouring water, b) Eating

and c) Writing.
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During these activities, the WW-TES device was worn on the wrist. The intensity
of tremor was adjusted according to the frequency specified by the MDS-UPDRS scale,
which assesses the severity of PD tremor. The output signal presented in Figure 58a (i)
shows the output signal for the activity of pouring water, capturing movements of both a
normal state (no tremor) and tremor occurrence during the task. In a normal state, the
wearer could lift the container and pour water into a glass without any difficulty because
there was no hand shaking. Without shaking, there is no mechanical force to cause the
oscillating plate within the device to rotate, thus no output signal is generated. However,
noticeable peaks appear in the output signal due to wrist movement when picking up the
container and pouring water. This hand movement causes the oscillating plate to rotate
against the PTFE plate, producing a small electrical peak output. In contrast, when the
frequency of the tremor increased, the WW-TES device generated output signals that
were directly proportional to the intensity of the tremor frequency. According to Figure
58a (ii-v), two regions of signal amplitude were observed within a single output signal: a
higher amplitude region and a lower amplitude region. The higher amplitude region
corresponds to picking up and holding the container, while the lower amplitude region
corresponds to the wrist turning to pour water into a glass with a shaking hand. In
addition, Wavelet Packet Transform (WPT) analysis shows that the color coding in WPT
changes patterns according to different signal amplitudes, which correspond to varying
tremor severity levels within the MD-UPDRS scale as shown in Figure 58b.

Similar to output signals have been observed from eating experiment. In Figure
59a (i), the normal state is depicted, where no peak output is generated due to the
absence of hand tremors. However, some peak outputs appear due to hand movements
while scooping rice. These movements cause the oscillating plate to rotate against the
PTFE films, generating small peak signals. On the other hand, as the tremor frequency
increases, the output signal also increases as can be seen in Figure 59a (ii-v). During
eating movements with hand tremors, the output signal displays two distinct regions: a
lower amplitude region during spoon lifting and rice scooping, and a higher amplitude

region when attempting to hold up the spoonMoreover, WPT analysis of the eating
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activity signal also observed changes in color coding patterns according to different
signal amplitudes, as shown in Figure 59b. In the writing test section, experimental
results show that when writing in a normal state, there is no vibration other than the
movement of the wrist (Figure 60(i)). Therefore, there is no electrical signal. However, as
the frequency of the vibrations increases, the electrical output also increases in
amplitude (Figure 60(ii-v)). The analysis of these activities revealed a clear relationship
between frequency and output signal amplitude, where an increase in frequency
corresponded with a proportional increase in the output signal amplitude, aligned with
the tremor frequency levels 0-4 as defined by the MDS-UPDRS scale. This finding
highlights the capability of the WW-TES device to accurately detect the severity of PD
and track its progression. The variation in electrical signals serves as a reliable indicator
of disease severity, with more intense tremors generating higher electrical output signals.
This innovative approach has significant potential to shift the management of PD from
traditional treatment to the development of personalized treatment strategies, ultimately

leading to better patient outcomes and more effective disease management.
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Figure 58 a) Output signal for water pouring activity and b) Wavelet packet transform

decomposition of water pouring activity.
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Figure 60 Output signal for writing activity

In this research, a new type of tremor sensor named WW-TES was designed to
monitor tremors in PD. Unlike previous work that integrated various sensors such as
Accelerometers (ACC), Gyroscopes, and Inertial Measurement Units (IMUs) into the
main sensor, the WW-TES sensor is designed to be compact and lightweight. Previous
studies have shown that sensors like ACC, Gyro, and IMUs can effectively detect the
frequency range of PD tremors. However, integrating multiple sensors into one device
can result in a larger and heavier tremor sensor. The WW-TES sensor was developed
using a triboelectric sensor mechanism approach. The results of the study demonstrated
that the WW-TES sensor could accurately detect tremors in the frequency range
associated with PD. Furthermore, due to its compact size and lightweight design, it is

more convenient for patients to use compared to traditional sensors as shown in table 5.



Table 5 Comparison of sensor devices for monitoring tremor in Parkinson's disease.
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Device/ Body Frequency Weight Sensor type and  Output signal Power Ref.
Position (Hz) test Sensing principle source
0.25-3.25 Not Gyro: Measures  Frequency Battery  (63)
portable angular velocity power
spectrum
(FPS)
indicated to
dyskinesia
RoMM (1999) severity
4-6 heavy ACC: Measures Electrical Battery (127)
acceleration signal
force proportional
A Mobile Cloud- to
Based sensor acceleration
3-12 Heavy  ACC: detect Magnitude of  Battery  (140)
changes in electrical
acceleration, signal
Gyro: Measures proportional
angular velocity,  to motions
Mag: Magnetic
field
3.5-7.5  Light IMUs: Electrical Battery  (141)
weight ~ Combination of signals
ACC, GYRO, and  (combined)

SensHand (2020)

sometimes MAG
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Device/ Body Frequency Weight Sensor type and  Output signal Power Ref.
Position (Hz) test Sensing principle source
2-10 Light TENG: Converts  Electrical Self- (30)
weight mechanical output powered
CCDHG—TENG energy into relatively to
(2021) electrical energy  frequency
through
triboelectrification
and electrostatic
induction.
i, Not Capacitive Electrical Battery  (142)
portable sensor: Measure  signal related
e 75 change in to movement
NCC sensor :
capacitance patterns and
(2021) Gyro: Measures  position
angular velocity changes
2 Not EMG: Muscle Electrical Battery  (143)
portable electrical activity  signal related
to tremor
activity
3-7 Hz Light Triboelectric Electrical Self- This
weight  sensor: Converts  yoltage or powered work
mechanical current
energy into proportion to

WW-TES (2024)

electrical energy
through
triboelectrification
and electrostatic

induction.

the

movement




CHAPTER 5
CONCLUSIONS

5.1 The Results of Materials Characterization and Electrical Output

5.1.1 The Results Polytetrafluoroethylene (PTFE) Surface Modification

Characterization and Electrical Output

Significant insights have been gained from investigating the use of PTFE film as
a tribo-negative material for sensor construction. The initial characterization of
commercial PTFE through ATR-IR confirmed its chemical composition, revealing
characteristic absorption peaks associated with PTFE functional groups. Subsequent
surface modification via sandpaper polishing aimed to enhance the sensor's output, with
ATR-IR analysis confirming the alteration of surface morphology while maintaining the
chemical structure of PTFE.

The SEM results further revealed the morphological changes induced by
surface modification, showcasing a noticeable enhancement in surface roughness. This
enhancement was corroborated by AFM, which revealed a significant increase in Sq
from 45.4 to 227.9 nm post-polishing.

The electrical performance evaluation of both pristine and surface-modified
PTFE demonstrated marked improvements in V. and /4. for the modified PTFE. It was
found that the VOC and ISC of pristine PTFE were measured at approximately 17.59 V
and 71.20 nA, respectively. In contrast, the V. and /., of modified PTFE were found to
be approximately 29.53 V and 112.94 nA, respectively. These values represent an
approximate increase of 1.8 times for V. and 1.6 times for /. compared to pristine
PTFE.

5.1.2 The Results of Oscillating Plate

The characterization of the automatic watch oscillating plate using the EDS
technique has provided valuable insights into its elemental composition. The EDS
analysis revealed the presence of elements consistent with stainless steel, including C,

O, Si, P, S, Cr, Fe, and Ni, confirming the material's composition. It is important to
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emphasize that while EDS can accurately identify the elemental composition of a
material, it cannot determine the specific type or grade of stainless steel. Nonetheless,
the confirmation of stainless-steel composition adds to our understanding of the
oscillating plate's properties and materials used in its construction.

5.2 The Results of Electrical Output Performance of Regular Free-Standing Mode
Triboelectric Sensor (FS-TES)

The electrical output performance of a regular free-standing triboelectric sensor
(FS-TES) was investigated to assess the effect of the electrode distance parameter on
the electrical output signal. The aim of this analysis was to identify the most suitable
distance to optimize the performance of subsequent devices.

The investigation into the FS-TES operation revealed a critical dependence on
electrode distance for optimal electrical output. Results indicated that an electrode
distance of 5 mm provides the highest output signals of both V. and /., around 17.8 V
and 102.5 nA, respectively. Beyond this distance, a reduction in output signals was
observed due to the breakdown effect, underscoring the importance of maintaining an
optimal electrode gap.

5.3 The Results of Fabrication of The Wristwatch-Like TES (WW-TES)

The fabrication of the device frame is a crucial aspect of developing a functional
WW-TES. Beginning with the design phase using the Shapr3D program. The cylindrical
frame, measuring 2 mm in width, 7 mm in height, and 34 mm in diameter, was carefully
crafted to accommodate the necessary components. Transitioning from the digital
design to physical realization, 3D printing using PLA filament and a Raise3D printer
facilitated the fabrication process, and the final result was a device with a diameter of 33
mm, a height of 7 mm, and a side wall thickness of 2 mm. Initial designs of the WW-TES
focused on incorporating the oscillating plate within a circular frame. However, the first
and second designs encountered challenges related to the distance between the
contact materials, hindering effective contact with the oscillating plate. Subsequent
revisions led to the development of a third design, featuring a more optimized structure

with appropriate design. The final design of the WW-TES, characterized by a diameter of
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33 mm, a height of 7 mm, and a side wall thickness of 2 mm. The frame featured a
platform in the center and two inward extensions for placement of the oscillating plate
and PTFE.
5.4 The Results of Electrical Output Performance of The Wristwatch-Like TES (WW-
TES)

The electrical output performance of the WW-TES underwent comprehensive
evaluation to validate its efficacy as a tremor detection device. Utilizing an orbital shaker

as a vibration generator, the device's output signals, including V. and /., were studied

Ny
across varying electrode distances of 0, 5, 12, 17 and 35 mm. Results mirrored those of
the regular FS-TES, with optimal electrical output observed at an electrode distance of 5
mm, showcasing V. and [y values of approximately 0.61 V and 3.5 nA, respectively.
This finding underscores the significance of electrode distance in enhancing device
performance, establishing 5 mm as the optimal parameter for constructing the WW-TES.
Further investigation focused on the device's frequency sensitivity, crucial for detecting
tremors associated with PD severity. By assessing tremor frequencies ranging from 3 to
7 Hz, the WW-TES demonstrated remarkable sensitivity and responsiveness, aligning
with characteristic PD tremor frequencies.

To assess device stability, the WW-TES underwent rigorous testing under
controlled vibration conditions using an orbital shaker. Results revealed consistent
electrical output throughout vibration cycles, affirming the device's stability and reliability
in detecting tremors. Furthermore, extended testing over 4000 seconds demonstrated
sustained performance, highlighting the device's robustness and suitability for long-term
monitoring applications.

However, the performance of the WW-TES is sensitive to environmental factors,
particularly humidity levels, which can affect the electrical output signal. Increased
humidity levels will result in a reduced output signal, highlighting the importance of
operating the WW-TES in low humidity environments to ensure reliable and accurate

performance.
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5.5 The Results of Practical Test

The practical application testing of the WW-TES has demonstrated its potential
as a valuable tool for monitoring PD tremors. Tremors are a key symptom of PD, and their
severity often correlates with the progression of the disease. By simulating tremors
corresponding to different levels of PD severity through activities of daily living (ADLs),
such as pouring water, eating, and writing, the WW-TES device was evaluated for its
proficiency in detecting tremors.

During the experiments, the WW-TES device was worn on the wrist, and the
intensity of tremors was adjusted according to the frequency specified by the MDS -
UPDRS scale. The output signals generated by the device accurately reflected the
tremor intensity, with higher tremor frequencies resulting in higher electrical output
signals. This direct correlation between tremor severity and electrical output signal
amplitude indicates that the WW-TES device is capable of detecting the severity of PD
tremors and tracking disease progression.

Overall, the results of the practical application testing highlight the efficacy and
promise of the WW-TES device as a valuable tool for monitoring PD tremors in clinical
settings and improving the quality of life for PD patients.

5.6 Remarks and Future Perspectives

This thesis presents the developments on triboelectric sensors for such an
application as PD monitoring by designing the TES in the frame by wristwatch liked
structure. The device is called WW-TES. The results indicated that this WW-TES can be
used to effectively detect PD tremor from tracking electrical output signal. Discrimination
of signals can be observed by their amplitude corresponding to tremor severity levels
("normal" to "severe") based on MDS-UPDRS tremor frequency. However, there is still
plenty of room for development of this kind of device to further enhance the sensor
performance. There are many aspects to consider for optimization. Firstly, a thorough
understanding of the limitations of the sensor is essential. In addition, the characterization
of sensor performance through key parameters, with a particular focus on the 3S

properties: stability, selectivity, and sensitivity, should be addressed. By addressing
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these aspects, we can significantly improve the detection of PD while ensuring the
accuracy and reliability of the results that will not only strengthen the sensor's
effectiveness in PD detection but also contribute to its overall performance in practical
applications.

5.6.1 WW-TES Limitations

In actual use, the sensor will be exposed to a variety of atmospheric conditions,
and there may be other uncontrollable factors that affect its performance. One significant
factor is humidity. Experimental results indicate that humidity has a substantial impact on
the electrical output signal of the sensor. Specifically, as humidity increases, the output
signal decreases significantly. To mitigate this issue, several strategies can be
employed. First, the sensor should be designed with a protective cover to shield it from
humidity. Additionally, the materials used in the sensor's fabrication can be enhanced to
possess hydrophobic property. This would help repel water or moisture that may adhere
to the tribomaterials, thereby preserving the sensor's functionality and accuracy in
various environmental conditions.

Repeatability is one of the factors in sensor design. A well-designed sensor
should be able to consistently reproduce the same electrical output when exposed to
identical conditions. This means that the sensor should be highly reliable in its
measurements, ensuring that it provides consistent results each time it is used or
reassembled.

5.6.2 WW-TES properties

5.6.2.1 Stability of WW-TES
The stability of a PD tremor sensor refers to its ability to detect tremors
consistently and accurately over time, without fluctuation or error. Here are some key
aspects that define the stability requirements for such sensors:
- Consistency: The sensor should provide a consistent output signal of
tremor severity based on tremor frequency over multiple sessions
and extended periods of use. This ensures reliable monitoring of PD

progression. In this study, the consistency of the output signal was



113

evaluated through a series of tests. The WW-TES device was
subjected to a cyclical vibration pattern: vibration for 10 seconds,
followed by a 10 second pause and then resumption of vibration,
repeated for a total of 10 cycles. This was done to monitor the
consistency of the generated electrical output signals. The results
showed that the WW-TES device maintained a consistent electrical
output signal amplitude throughout the experiment.

- Long-term Performance: The sensor should maintain its ability to
detect tremors over a long period of time, ensuring reliable data
collection for ongoing monitoring and treatment adjustments. In this
study, the long-term performance of the WW-TES device was tested
by subjecting it to rotate 4000 cycles. The results revealed that the
device could operate continuously for 4000 cycles without any
decrease in electrical output signal throughout the operation.

5.6.2.2 Sensitivity of WW-TES

The sensitivity of a PD tremor sensor refers to its ability to detect tremors
very quickly. A high sensitivity sensor can detect even the lowest frequency tremor. This
includes detecting subtle tremors characteristic of PD, across a wide dynamic range of
severity (from mild to severe), and within the specific frequency range typical of PD
tremors (3 to 7 Hz). When tremor occurs, the oscillating plate within the device must
promptly respond by rotating against the PTFE and generating an output signal
corresponding to the tremor level. This sensitivity plays a critical role in enabling the
sensor to effectively monitor and assess tremor severity over time, thereby facilitating
better management and treatment of PD. To assess the sensitivity of the WW-TES device
to PD tremor, an experiment can be performed in which the frequency of the simulated
tremor gradually varied from the lowest to the highest range typical of PD. The electrical
signals received should correspond directly to the frequencies, particularly at lower
frequencies where the tremor is less pronounced. At these frequencies the peak

amplitude of the signal should remain relatively low. As the tremor frequency increases,
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simulating the more intense tremors typical of PD, the peak amplitude of the output
signal should increase proportionally. The sensor should be able to discriminate between
signals based on the differing frequencies.
5.6.2.3 Selectivity of WW-TES

The selectivity refers to the sensor ability to specifically identify and
measure tremors associated with PD while distinguishing them from other types of
movements. Selectivity is crucial for ensuring that the sensor accurately targets the PD
tremors without being influenced by other physiological or environmental signals. The
ability to differentiate between can be tested by conducting the experiment with various
types of vibrations and frequencies. First, test the WW-TES device with known PD tremor
frequencies, typically ranging from 3-7 Hz. This helps establish amplitude, and rhythmic
patterns specific to PD tremors. Next, perform various voluntary movements such as
tapping, shaking, or waving the hands, and observe the output signal's amplitude and
pattern. Then, conduct tests where both voluntary movements and simulated PD tremors
are performed simultaneously. The observed output signals should exhibit greater peak
amplitude due to the increased intensity from the combined forces of voluntary
movements and tremors. Keep this data as standard information and consider using
advanced data analysis techniques, such as machine learning algorithms, to process
the sensor data. These techniques can help differentiate between PD tremors and other
movements by learning from a large dataset of labeled examples. In addition, the
freestanding design of the WW-TES has the advantage of separating the signals when
the wearer experiences hand tremor by twisting the wrist either to the left or to the right.
This action causes the oscillating plate inside the device to rotate, making contact with
the PTFE on either side in a clockwise or anti-clockwise direction, generating different
patterns of electrical signals. This makes it possible to determine whether the patient has

PD tremor or another type of tremor pattern.
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5.6.3 Possible Future Designs for Improving the Sensor's Properties and

Facilitating Potential Commercialization

To further enhance the future design of the WW-TES sensor for efficiency and

commercialization, consider the following points

5.6.3.1 Structural Design Improvements

Future design and development efforts will be crucial in improving the

capabilities of the WW-TES device to ensure that it is able to effectively monitor PD

tremors. With a focus on the design of a suitable structure, the efficiency of the sensor in

terms of sensitivity, selectivity and stability can be significantly improved. Here are key

areas for further development:

To increase the sensitivity of the WW-TES sensor's structural design,
it is important to optimize the contact surfaces between the
triboelectric materials to maximize charge generation and increase
the effective contact area. This enhancement improves the sensor's
responsiveness to even the slightest vibrations.

To enhance selectivity in the structural design, optimize electrode
placement and sensor positioning on the wrist. Consider that different
areas such as above, below, or to the side of the wrist may capture
distinct signal patterns corresponding to various tremor intensities.
The device may respond differently to different levels of tremors and
detect signals with varying patterns depending on the severity of
tremors. Therefore, further research into these factors is necessary to
effectively differentiate between the severity levels of Parkinson's
disease tremors.

To enhance stability in the structural design, ensure the sensor
housing is robust and durable enough to withstand daily wear and
humidity by using high-strength, lightweight materials. Additionally,
prevent humidity from affecting the device by considering methods

such as adding a sealing component to shield the sensor from
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moisture, dust, and contaminants, thereby maintaining consistent
performance in diverse environments. Securely fasten components
such as the oscillating plate, triboelectric materials, and electrodes
to withstand strong tremors, ensuring they are tight, stable, and
resistant to loosening.
5.6.3.2 Integration with Electronic Circuits
Integrating the WW-TES sensor with advanced electronic circuits can
significantly enhance signal processing capabilities will allow for signal amplification,
and real-time analysis, thus improving the accuracy and reliability of tremor detection.
Incorporating wireless communication modules will enable seamless data transmission
to external devices such as smartphones, tablets, or computers, facilitating remote
monitoring and data analysis.
5.6.3.3 Commercially Development
The primary focus should be on developing scalable manufacturing
processes to produce the WW-TES device cost-effectively, while ensuring consistently
high reliability of the output signal. This can be achieved by ensuring stable performance
and integrating electronic circuits, along with enabling wireless functionality, which
would significantly enhance the device's reliability. Additionally, consideration should be
given to obtaining the necessary certifications and regulatory approvals for medical
device standards. Develop a comprehensive commercialization strategy including
market analysis, pricing strategies, distribution plans and robust customer support to

facilitate successful market entry.
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