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Abstract

According to the World Health Organization, Parkinson’s Disease (PD) affects a significant
portion of the population (about 10 million, nowadays) and is expected to rise in prevalence
over the years. Bradykinesia (slowness of movements) and tremor are the first indicators
of the disease, and assessing these symptoms is crucial to understanding both Parkinson’s
Disease progression and the effectiveness of the treatment. However, nowadays, this
assessment is made based on subjective criteria, such as the Unified PD Rating Scale,
which rates these symptoms from 0 (no symptoms) to 4 (severe symptoms). This can lead
to misinterpretations, causing inaccurate conclusions, resulting in the progression of the
disease due to mistreatment. In this scope, a pressure sensor by additive manufacturing
is developed for an objective assessment of PD symptoms and progression. The sensor is
based on the triboelectric and piezoelectric effects to detect and measure finger movements
(such as frequency and force) without requiring an external power source. The first step of
the research included the design of the sensor, during which various active layer patterns
were tested, and it was observed that smoother designs resulted in a higher output. This
process was followed by the optimization of the prototypes’ 3D-printing parameters,
as well as the synthesis conditions of zinc oxide (ZnO) in the sensors’ active layer to
increase their sensitivity by coupling the tribo and piezoelectric effects. Subsequently, the
performance of the sensors was analyzed under varying impact forces (30 to 60 N) at 2 Hz.
ZnO was synthesized through a thermal bath at 60 ºC and its presence proved to double
the output voltage generated upon an impact. The optimized process was used to develop
two final prototypes: one designed for finger-tapping (FT) testing and the other for tremor
detection, two widely used tests for PD monitoring. The final prototype exhibited the
ability to accurately assess the FT test and detect tremor, suggesting that this device can be
a promising, cost-effective and easily tailorable alternative to current assessment methods
for tracking PD progression.

Keywords: Parkinson’s Disease, Finger Tapping Test, Triboelectric Effect, Piezoelectric
Effect, Additive Manufacturing
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Resumo

Segundo a Organização Mundial de Saúde, a Doença de Parkinson afecta uma parte signi-
ficativa da população (cerca de 10 milhões, actualmente) e prevê-se que a sua prevalência
aumente ao longo dos anos. A bradicinesia (lentidão de movimentos) e o tremor são os
primeiros indicadores da doença, sendo que a avaliação destes sintomas é crucial para
compreender a progressão da doença e a eficácia do tratamento. No entanto, hoje em
dia, esta avaliação é feita com base em critérios subjetivos, como a Escala Unificada de
Avaliação da Doença Parkinson, que classifica os sintomas de 0 (ausência de sintomas)
a 4 (sintomas graves). Este método de avaliação pode levar a interpretações erradas, re-
sultando em conclusões imprecisas, que podem causar a progressão da doença devido à
implementação de tratamentos inadequados. Esta dissertação visa desenvolver um sensor
de pressão através de fabrico aditivo para uma avaliação objetiva dos sintomas e progres-
são da doença. O sensor baseia-se nos efeitos triboelétrico e piezoelétrico para detetar
e medir movimentos dos dedos (como a frequência e a força), não sendo necessária a
utilização de uma fonte de energia externa. A primeira etapa do desenvolvimento incluiu
o design do sensor, durante o qual foram testados vários padrões de camadas ativas, e
observou-se que designs mais suaves resultam numa maior tensão gerada. Este processo
foi seguido pela otimização dos parâmetros de impressão 3D dos protótipos, bem como
das condições de síntese do óxido de zinco (Zno) na camada ativa dos sensores, no sen-
tido de aumentar a sua sensibilidade através do acoplamento dos efeitos triboelétrico e
piezoelétrico. Posteriormente, foi analisado o desempenho dos sensores sob várias forças
de impacto (30 a 60 N) e com uma frequência de 2 Hz. O ZnO foi sintetizado através de um
banho térmico a 60 ºC e a sua presença resultou numa tensão de saída gerada aquando
do impacto duas vezes superior. O processo otimizado foi utilizado para desenvolver dois
protótipos finais: um deles concebido para o teste de batidas do dedo e outro para deteção
de tremores, dois testes amplamente utilizados na monitorização de doença. O protótipo
final exibiu a capacidade de avaliar com precisão o teste de batidas do dedo e detetar o
tremor, sugerindo que este dispositivo pode ser uma alternativa promissora, económica e
facilmente adaptável aos métodos de avaliação atuais para monitorizar a progressão da
Doença de Parkinson.
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Introduction

The following work was developed within the scope of the Master’s Dissertation in
Biomedical Engineering and aims to produce a 3D-printed sensor to objectively assess the
Finger Tapping Test in PD patients.

1.1 Motivation

According to the World Health Organization, the prevalence of PD has doubled in the past
25 years and global assessments in 2019 revealed that more than 8.5 million individuals
were affected by the disease [2]. It particularly affects individuals over 50 years old, and
as age increases, so does the number of diagnoses and symptoms of Parkinson’s Disease.
By 2040, the number of patients diagnosed with the disease is expected to increase to over
17 million [3, 4].

PD is a chronic neurodegenerative disease that is characterized by the decrease of
dopamine, a neurotransmitter that acts in the transmission of signals between nerve cells
[5]. This leads to motor symptoms such as tremor, bradykinesia (slowness of movements),
muscle stiffness and imbalance [6, 7].

The diagnosis of PD relies on clinical criteria such as rating scales and the manifestation
of symptoms like the ones mentioned earlier. A neurology specialist is responsible for
making the diagnosis and monitoring the disease’s progression, scheduling visits every six
to nine months [8]. During a patient’s examination, the neurologist runs specific physical
tests like finger and foot tapping, as well as pronation or supination hand movements [4,
9].

Monitoring the disease typically involves semi-quantitative rating scales to measure
its progression, like the Movement Disorder Society-sponsored revision of the Unified
Parkinson’s Disease Rating Scale (MDS-UPDRS) [4, 10, 11]. There are 4 parts of the MDS-
UPDRS: Part I corresponds to the patient’s "non-motor experiences of daily living"; Part II
concerns "motor experiences of daily living"; Part III is related to "motor examination" and
Part IV corresponds to "motor complications" [12]. The MDS-UPDRS Part III is focused on
evaluating motor symptoms [4, 12, 13], requiring patients to perform some tasks in order
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CHAPTER 1. INTRODUCTION

to assess tremor and bradykinesia. The evaluation is made based on a 5-point scale from
0 to 4 that corresponds to no symptoms, slight, mild, moderate and severe symptoms,
respectively [4, 12, 13]. Nevertheless, employing a rating scale during semi-annual clinical
examinations may have limitations [8, 14]. Even though healthcare practitioners have
standardized training to apply the scale, the assigned scores may vary, introducing intra-
rater and inter-rater variability. This variability can cause errors, impacting the test’s
reliability and reproducibility [4].

The subjective rating scales, coupled with the infrequency of these assessments and
the variation of symptoms between days and even throughout the patient’s daily life,
can introduce potential errors in evaluating the progression of the disease [4, 8, 14,
15]. Alternative or supplementary assessment methods may be beneficial for a more
comprehensive and reliable understanding of the disease’s evolution [4, 15].

Given that the assessment of symptoms and disease progression is crucial for the
effective management of PD [4], the implementation of the 3D-printed sensor proposed
in this work could play a significant role during clinical appointments. Its potential to
enhance the accuracy of tracking disease progression and provide valuable insights into
the patient’s overall well-being makes it a valuable tool in managing the disease.

1.2 Central Aims

This thesis aims to fabricate a 3D-printed device based on the coupling between the
triboelectric and piezoelectric effects.

The main goal is to create a device with the ability to quantify the FT test, able to give
information about the velocity, frequency and force of movements, which will provide
relevant information about both the progression of PD and the efficacy of the medication
[16]. The device was designed using a CAD software and manufactured through 3D
printing, ensuring a cost-effective alternative that can be customized to individual patient’s
needs. The sensor’s working principle relies on the triboelectric and piezoelectric effects.
Tribo/Piezoelectric sensors have been widely explored for pressure monitoring as they
present a straightforward production process and simple working principles [17].

The proposed sensor stands out from alternatives, in particular, devices with built-in
accelerometers, as it does not need an external power source to operate and can be easily
customized. It is worth highlighting the possibility of easily adapting the geometry of
the sensor in order to enhance its performance or adapt it to the user. In this way, the
proposed method is a simple and cost-effective custom-made alternative for monitoring
PD.

The research work described in this dissertation was carried out in accordance with the
norms established in the ethics code of Universidade Nova de Lisboa. The work described
and the material presented in this dissertation, with the exceptions clearly indicated,
constitute original work carried out by the author.
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Theoretical Concepts

In this chapter, some crucial theoretical concepts will be presented to provide an un-
derstanding of the sensor fabrication process and the underlying concepts related to its
operating principle.

2.1 Additive Manufacturing

Additive Manufacturing (AM) is a technology with the ability to take the information from
a CAD file that was later converted into a stereolithography (STL) file (which approximates
the previous design into triangles) and print each layer of information [18]. AM entails
countless advantages when compared to conventional processing methods: it allows the
production of complex geometries with almost no need for post-processing, materials
such as polymers and metals can be used, and it has near-zero material waste. Therefore,
AM is environmentally and economically promising [19]. This technology is based on
incrementing layer-by-layer manufacturing, but different methods can be used according
to the final piece to be manufactured and its intended properties [20]. There are several
AM alternatives, as shown in Figure 2.1, but the most used approach uses powder or wire
as a feedstock that is selectively melted by a focused heat source and later consolidated
by cooling [20].

Fused Deposition Modeling (FDM) has become one of the most widely-used AM
methods. In this process, a filament is fed through a heated element and becomes molten.
Then, the filament is fed through a nozzle and deposited onto the partially constructed
part. According to the final geometry, the head moves on the X-Y plane and deposits
material. When a layer is finished, the platform moves vertically in the Z direction and
starts depositing another layer on top of the previous one. This method allows the use of
thermoplastic materials, such as acrshortabs (acrylonitrile butadiene styrene), acrshortpc
(polycarbonate), acrshortpla (polylactide), acrshorttpu (thermoplastic polyurethane), and
the possibility of combining them with ceramic or metallic powders [18, 21].

3D-printed devices based on the triboelectric effect have been developed over the years,
using materials such as PDMS (polydimethylsiloxane) and PLA.
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Figure 2.1: 3D Printing Processes. Adapted from Wong et al. (2012)[18]. LOM (laminated
object manufacturing), SL (stereolithography), SLS (selective laser sintering), EBM (elec-
tron beam melting), LENS (laminated engineered net shaping)

2.2 Triboelectric Effect

The triboelectric effect occurs in the presence of two different materials. The interaction
between these two materials should provide the donation of electrons by one of them and
the reception of electrons by the other [22]. Triboelectrification is the term used when
electric charges at the contact surface of the materials are generated through friction [23].

In a triboelectric device, opposite electric charges will be induced by the contact
between the two layers of materials under an external mechanical compressive force.
Based on the materials’ tendency to donate or accept electrons (according to their electron
affinity), a triboelectric hierarchy series has been developed. When two materials from
opposite sides of the table contact with each other, electrons are moved from one of the
materials (donor) to the other (acceptor).

Triboelectric sensors use the triboelectric effect to detect changes in physical properties
like pressure or motion [23]. Thus, triboelectric sensors convert a mechanical signal into
an electrical signal [24]. A sensor based on the triboelectric effect can have one of four
working principles (Figure 2.2): the vertical contact separation mode, the lateral sliding
mode, the single electrode mode and the freestanding triboelectric-layer mode.

2.2.1 Vertical Contact Separation Mode

In this mode, the two materials come into contact and then separate vertically. The direct
contact between the materials results in the development of opposite charges, influenced
by their respective electron affinities [25]. When the external force is released, the distance
between the materials increases and a potential difference creates an electron flow in the
circuit, as a result of the electrostatic induction effect. As soon as the two materials are
fully separated, a net energy balance occurs. On the other hand, as the separation between
the materials gradually decreases once more, prompted by an external compression force,
electrostatically induced charges flow in the opposite direction, generating a reverse
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electric current (negative cycle). Consequently, the contact and subsequent separation of
the triboelectric materials through the compression force result in the production of a
positive–negative alternating current cycle [23].

2.2.2 Lateral Sliding Mode

This mode involves the lateral sliding orrubbing of two materials withdifferent triboelectric
properties against each other. When the two layers contact, there are opposing charges
being generated. In the beginning, there is an equal and opposite charge density between
the two layers, but as the top layer slides outward proportionally to the base layer, it
creates dislocated areas in the sliding direction and the triboelectric charges are not fully
compensated, which creates an electrical charge at the surface of each material. This leads
to a flow of electrons from the bottom to the top electrode until the top layer slides out
entirely. This back-and-forth movement generates an electric drop induced by the flow of
electrons across the top and base electrodes and output can be detected [25].

2.2.3 Single Electrode Mode

This mode is characterized by having only one electrode, and the opposing contact layer
lacks any connections. It consists of one moving layer and one grounded electrode layer.
When the first layer undergoes movement, it induces a change in the local electrical field
distribution, initiating a flow of electrons between the two layers to equalize the potential
difference. This mode is capable of operating in both vertical and lateral sliding modes
[25].

2.2.4 Freestanding Triboelectric-layer Mode

In this mode, the moving layer is not attached to any electrodes or wires. It is composed by
two symmetric electrodes and a dielectric layer of the same order in size. The electrodes
are positioned beneath the dielectric layer, maintaining a small separation, and another
small gap is kept between the electrodes. The dielectric layer undergoes pre-charging
through the triboelectric process. Asymmetric charge distribution occurs as a result
of the relative movement between the layer and electrodes. The potential generated
due to these asymmetric charges is counterbalanced by the flow of electrons from one
electrode to another, resulting in an alternating current output. This mode is well-suited
for self-powered vibration sensors.

The performance of the triboelectric sensor is dependent not only on its operating
mode, but also on the materials present in its composition. As so, it is essential to carefully
study the materials to use.
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Figure 2.2: Different Modes for Sensors Based on the Triboelectric Effect. (A) Verti-
cal Contact-Separation Mode. (B) Lateral Sliding Mode. (C) Single Electrode Mode.
(D)Freestanding Triboelectric-Layer Mode. Adapted from Zhao et al. (2024) [26].

2.2.5 Triboelectric Materials

As referred previously, it is necessary to have two materials with different triboelectric
properties to generate an electrical output upon contact between the materials. The output
voltage (OV) of a device based on the triboelectric effect is determined by the materials
present in its architecture. In this scope, the triboelectric series is a fundamental tool as it
lists different materials depending on their electron affinity. A triboelectric series ranks
different materials taking in account their tendency to lose or gain electrons, which can
be measured by using the normalized triboelectric charge density (TECD) [27]. Zou et
al. [27] measured the TECD of different materials based on their triboelectrification with
mercury operating with the contact separation mode. If the tested material was negatively
charged after contacting with mercury, the TECD was recorded as a negative value. On
the other hand, if the material is positively charged after contacting with mercury, the
TECD is recorded as a positive value. The materials that were tested and their TECD are
listed in Annex I. For each material, when 𝛼 > 0, the material tested was more positive
than the reference liquid (mercury) that was used in all tests. On the other hand, if 𝛼
< 0, then the material is more negative than the reference. 𝛼 represents the normalized
triboelectric charge density.

Based on the triboelectric series, it is possible to evaluate which pair of materials will
produce a higher output signal, as the latter is proportional to the distance in the series [28].
Figure 2.3 shows the relative position of different materials, according to their tendency
to lose or gain electrodes.

When analyzing Table I.1 (Annex I), it is possible to conclude thatpolymers presenthigh
average TECD, which might explain their frequent use as triboelectric layers [29]. Besides
high TECD, polymers also present flexibility, elasticity, lightness and conformability, which
make them interesting materials to include in the sensor to be developed in the scope of
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this thesis. Among the different polymers, TPU was chosen due to its remarkable flexibility,
mechanical properties, biocompatibility, ease of processing, durability and adaptability,
making it highly suitable for applications requiring long-lasting and adaptable materials.

Figure 2.3: Triboelectric Series. Adapted from dos Santos et al. (2020) [30].

The piezoelectric effect is an electrical phenomenon that can be coupled with the
triboelectric effect to maximize the output voltage of a sensor.

2.3 Piezoelectric Effect

The piezoelectric effect generates electrical potential in a material when an external
stimulus is applied. It happens in certain materials, particularly the ones that have a
non-central symmetry. The external stimuli create displacements of dipoles within the
material, thus creating the piezoelectric potential [31, 32].

In a monocrystal, the polar axes of all the dipoles lie in one direction, whilst in a
polycrystal, different regions within the material have different polar axes [32].

When the material is at rest, the positive and the negative charges within the material
balance each other, the electric dipoles cancel each other and, in this case, there is no
electrical output. On the other hand, if an external force is applied, the material will suffer
changes in the relative position of the atoms in relation to each other and, consequently, of
the dipoles. This leads to a change in the dipole mode and the charges do not cancel each
other, which results in a potential difference within the material. In this case, there is a
tendency for positive charge to accumulate at one end of the material and negative charge
at the other end. The potential difference generated leads to the movement of charges in
an external circuit, which generates a measurable electrical signal [33].

Piezoelectric Sensors use the piezoelectric effect in order to convert mechanical stimuli
into electrical signals [24, 34].

The piezoelectric effect has been used to develop devices that actuate to control tremor
[35–37]. Hybrid devices (using both piezoelectric and triboelectric effects) have proved
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that this combination can be used to improve the output signal [38, 39].

2.3.1 Piezoelectric Materials

Ceramics, crystals and polymers are classes of materials that present piezoelectricity [33].
Among the several piezoelectric materials, such as quartz, barium titanate, zinc tin

oxide, ZnO stands out as an interesting alternative.This is primarily due to its simple
and cost-effective production process, non-toxicity, and suitability for nanostructured
applications, making it a highly versatile, safer, and more sustainable option compared to
other materials [40, 41].

2.3.1.1 ZnO as a Piezoelectric Material

ZnO is environment-friendly and biocompatible. This metal oxide can be synthesized in
different morphologies through cost-effective and time-effective approaches with good
repeatability and reasonable yield [42].

ZnO has a crystalline hexagonal wurtzite structure (B4) where the Zn2+ cation is
surrounded by four O2− anions [41, 43]. This structure, shown in Figure 2.4, is what allows
the material to generate piezoelectricity. When ZnO suffers an impact, a displacement
between the cation and the anions occurs, leading to an electrical charge redistribution
that establishes an electric dipole and creates a potential difference [44].

Figure 2.4: ZnO’s Crystalline Hexagonal Wurtzite Structure. Adapted from Borysiewicz
et al. [45].

ZnO’s piezoelectricity has led to its use in the development of devices such as sensors
based on the piezoelectric effect [40, 41, 46]. It can be synthesized through several
procedures like radio frequency sputtering, thermal deposition, chemical vapordeposition,
spray pyrolysis, sol-gel, hydrothermal and chemical bath process [41].

ZnO can have different structures based on the size and morphology like nanocolumns,
nanowires, nanosheets, nanofibers, nanoflowers, nanoparticles, quantum dots, nanobelts,
nanoneedles or nanorods, depending on its processing methods [45, 47].
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The hydrothermal method is a simple and low-cost process that allows the growth of
ZnO nanostructures while coating a large substrate area using a relatively low temperature
(under 95 °C) [41].

Triboelectric and piezoelectric materials are the fundamental parts of the sensor’s
active layer. However, another critical component to consider is the device’s electrodes.

2.4 Electrode Materials

Conductive materials are crucial components that influence sensor’s performance. Re-
cently, research about flexible force sensors has been developed, which boosted the use of
conductive materials that are also flexible [48]. The use of metal nanomaterials, carbon
materials and transition metal carbides (like MXenes) has been reported [49, 50]. Carbon
materials have the advantage of being environmentally and biologically friendly.

2.4.1 Laser-Induced Graphene

Graphene is a carbon-based material and its properties, production methods and applica-
tions have attracted a wide research interest [51–53].

Laser-Induced Graphene (LIG) represents a significant advancement in the production
of graphene-based materials, offering a versatile and scalable approach to generating three-
dimensional porous graphene structures. Unlike traditional methods such as chemical
vapor deposition and wet-chemical processes, which require high temperatures, pure
gases, and potentially hazardous chemicals, LIG is formed through a one-step laser
irradiation process [52, 53]. This method typically involves using a commercial CO2

infrared laser system. The properties of LIG can be finely tuned by adjusting the laser
parameters, such as power, pulse width, and spot size, which influence the thickness,
conductivity, and porosity of the resulting graphene [52]. LIG is characterized by its unique
"kinetic" structure, where the graphene lattice includes a mix of hexagon, pentagon, and
heptagon rings, a result of the fast cooling during laser processing [52, 54].

Polymeric substrates like polyimide are commonly used to engrave LIG, but other
organic materials have also emerged as viable alternatives, such as wood [52] and even
paper [55].

LIG on a paper substrate can also be separated from the paper and transferred to other
flexible substrates. Pinheiro et al. [55] developed a technique that enables the water-based
peel-off of LIG from paper, facilitating its efficient transfer to various substrates.

The scalability and simplicity of LIG production, combined with its adaptability to
various materials, position it as a promising material for future technological applications,
including energy storage devices and sensors. Moreover, LIG is an attractive material
to be used in several research areas that require efficient, cost-effective, and versatile
graphene-based solutions.
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State of the Art

In this chapter, a comprehensive literature review will be conducted, focusing on existing
sensors developed for FT evaluation in PD and other neurodegenerative diseases, as well
as the explanation on how the FT exam’s procedure is done nowadays. Different sensors
and the corresponding working principles will be described in detail and a list of the
materials used to produce these sensors will be presented.

3.1 Finger Tapping Evaluation

The Finger Tapping Test is one of the motor examinations usually tested on patients
with neurodegenerative diseases like Parkinson’s or Alzheimer’s and is included in the
MDS-UPDRS [56]. It is used to evaluate the patient’s range of motion, fine motor skills,
bradykinesia [57] and medical treatment’s efficiency [57, 58]. The test involves patients
tapping their index finger against their thumb as quickly as possible for 10 seconds, while
keeping their fingers spread as far apart as possible between each tap [56, 58–60]. The
evaluation of the exam is made by a specialist who, based on the observation of the exam
and relying on MDS-UPDRS scaling rates, will quantify it on a scale from 0 to 4, like
it was explained in Section 1.1. It is expected that, comparing with healthy individuals,
PD patients’ movements will become slower and shorter in amplitude with each time
repetition [61].

3.1.1 Devices for Quantitative Assessment of Finger Tapping

Over the years, some devices have been developed with the aim of assessing and quanti-
fying the finger tapping test, most of them making use of inertial sensors.

Romero et al. [62] developed a 3D-printed small, lightweight, strong and ergonomical
device made of PLA that could incorporate an inertial sensor with the aim of quantitatively
identifying and monitoring bradykinesia. This device measured the frequency of the FT
movements in patients with PD before and after receiving their normal levodopa treatment
and it was capable of detecting a maximum frequency in the range of 0.1 to 4.3 Hz. In the
end, it was concluded that, after the medication was administered, there was a decrease in
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the frequency of the movement, which suggests a positive influence of levodopa, allowing
patients to improve their motor control and dexterity.

Also recently, Ravichandran et al. [63] designed a glove that allows in-home evaluation
of patients. This system consists of two textile gloves with flexible sensors incorporated
in the fingers, an inertial measurement unit and a microcontroller unit. It assesses
PD symptoms such as tremor, bradykinesia and fine motor movements through the
performance of MDS-UPDRS Part III exercises, like the FT test. Data is acquired wirelessly,
and the gloves (one in each hand) are connected to a custom tablet. The results of a pilot
study demonstrated the device can successfully collect movement data and differentiate
between pre- and post-medication states in most participants.

Other approaches using everyday technology, such as smartphones [64], smartwatches
[15, 65] and videos [66], have also proved to be effective in assessing the symptoms of the
disease. Machine learning algorithms have been increasingly used in PD data analysis [4,
66, 67].

Table 3.1 shows an overview of the devices developed to quantify symptoms in patients
with PD who were tested for the FT test.

Table 3.1: Quantitative Assessment of Symptoms in Patients with Parkinson’s Disease.

Measure System Symptom Parameters Measured Ref.
Accelerometer,
Touch Sensor Bradykinesia Rythm, Amplitude,

Velocity [68]

Inertial Sensor Bradykinesia Frequency [62]
Flex sensor

Inertial Sensor
Tremors, Dyskinesias

and Bradykinesia
Frequency, Amplitude.

Energy [63]

Accelerometers,
Force Sensors,
Touch Sensors

Tremors,
Bradykinesia,

Rigidity

Frequency, Amplitude,
Force, Time Movement [69]

Leap Motion Controller,
Accelerometer, Gyroscope Bradykinesia Frequency, Amplitude

Angle [67]

By analyzing Table 3.1, it is possible to conclude that most of the devices developed use
inertial sensors (accelerometers and gyroscopes) as their measurement system. Frequency
and amplitude are the most commonly measured parameters using these devices.

3.1.2 Finger Tapping Devices Based on the Triboelectric and/or Piezoelectric
Effects

Vera et al. [70] developed a flexible forearm triboelectric sensor that aims to help in diag-
nosing and monitoring PD. The triboelectric materials used were Ecoflex and PEDOT:PSS
and the sensor working principle was the contact-separation mode. An aluminum film
was bonded to PEDOT:PSS and used as the electrode. This setup allows signal observation
by connecting a measurement circuit through a wire attached to the aluminum film. A
bluetooth low energy (BLE) board was also used. A small, printed circuit board (PCB) was
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attached to the Ecoflex layer, responsible for processing and transmission of the signal. The
PCB had a conditioning circuit with filtering and amplification stages. Subsequently, the
signal was digitized by an Analog-to-Digital Converter within one of the input channels of
the BLE module, which then wirelessly transmitted the data to a computer [71]. The device
was placed above muscles and tendons that control fingers, hand and wrist movement,
located in the forearm. The sensor quantified specific movements that are also required in
the MDS-UPDRS like finger tapping, pronation/supination and hand opening/closing.
The developed reading and processing circuit allowed to monitor bradykinesia and tremor.
Regarding the FT test, different OV was registered according to which finger was used
and the different levels of the MDS-UPDRS rating scale were being emulated. Concerning
the tremor evaluation, it showed that when the tremor amplitude increased, the voltage
also increased with an alternating waveform so that the output signal was correlated with
the wrist motion in amplitude and frequency.

Haque et al. [72] fabricated a contact-separation mode triboelectric sensor using 3D-
printed functional layers. TangoBlack and PDMS were 3-printed through multi-jet model-
ing and direct ink writing, respectively, and used as active layers. Carbon black particles
were dispersed into PDMS and polyurethane, fabricating electrically conductive materials
that were used as electrodes. A spring structure made of polyamide was also 3D-printed
to create a wider gap between the charges’ affinities, enhancing the sensor’s performance.
The sensor was assembled and its impact response to FT was studied (with a force of
approximately 22 N), presenting a peak-to-peak voltage of 197.4 V for a frequency of 1 Hz
and 253 V for 2 Hz. Its response to different active sensing areas, forces and frequencies
was also tested. It was also possible to conclude that TangoBlack has a positive charge
affinity similar to polyurethane.

Relating to the development of triboelectric and piezoelectric sensors based on ZnO
structures synthesized through chemical bath deposition of ZnO structures, Kumbhakar
et al. [73, 74] and Patnam et al. [39] proved its effectiveness in tapping tests.

Kumbhakar et al. [73] developeda 3D-printedstructure made ofPLA thatwas immersed
in a zinc salt and NaOH solution, for the growth of ZnO nanosheets on the polymer surface.
This device showed a stable interface, enhanced charge transfer and performance and its
structure exhibited flexibility, strong adhesion and tunable surface area. The electrostatic
interaction between 2D ZnO and the PLA polymer generated a piezopotential inside
the materials in response to an externally applied compressive force which makes the
developed sensors a valuable alternative for developing wearable sensors. The structure
was blended, twisted, stretched and tapped. The FT movement proved to be the one that
created a higher peak-to-peak voltage of about 3.25 V.

Table 3.2 presents a general review of triboelectric and/or piezoelectric devices that
were not only tested for FT, but whose functional mechanism could be used to test it in
patients with PD.
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Table 3.2: Triboelectric and/or Piezoelectric Devices that Could Be Used for FT Test.

Application Active
Layer Electrode OV for FT

(Peak-to-Peak)
Dimension

(cm2) Ref.

Flexible Forearm
Triboelectric Sensor

PEDOT:PSS,
Ecoflex Aluminum 1.9 V 3.5 × 4 [70]

3D-Printed Sensor
Using ZnO
Nanosheets

ZnO, PLA - 3.25 V 5 × 5 [73]

Piezo/Triboelectric
Nanogenerator for

Sensing Applications

Y-ZnO
PDMS Aluminum 80 V 2 × 2 [39]

Triboelectric
Touch Sensor

PDMS,
TangoBlack

CPDMS,
CPU

197.4 V (1 Hz)
253.0 V (2 Hz) 9 [72]

Triboelectric
Tactile Sensing PDMS Ag Nanowires 1.11 V 7.5 × 7.5 [75]

Flexible Piezoelectric
Tactile Sensor PVDF Aluminum 4.2 V 1.5 [76]

Piezoelectric Polymer
Sensor Pad for

Finger Tap Analysis

PET
PVDF-ZrO2

Aluminum 115 mV 1.5 × 1.5 [77]

Ultra-stretchable
Triboelectric

Nanogenerator
for Tactile Sensing

TPU AgNWs/rGO 20 V 2 × 2 [78]

Table 3.2 shows that the most flexible material used in the development of the devices
was TPU, while the electrodes were mainly aluminum and silver. The peak-to-peak voltage
ranged from 1.9 V to 253 V and the dimensions ranged from 1.5 cm2 to 9 cm2. However,
there is no correlation between these two parameters, given that different materials were
used, as well as different impact forces.
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Materials and Methods

This chapter presents the materials and methods used to fabricate the sensors to be used
in the FT test and to monitor tremor. The developed sensors will be based on both the
triboelectric and piezoelectric effects, having an active layer of TPU/ZnO and working
as a single electrode mode. A chemical characterization of the conductive filament was
performed through Micro-Raman Spectroscopy (MRS) and a structural characterization
through X-Ray Diffraction (XRD) to determine its conductive substance. A morphological
characterization of the samples subjected to the ZnO growing process was performed
using Scanning Electron Microscopy (SEM). The electrical characterization of the materials
used as electrodes was conducted through sheet resistance evaluation.

4.1 Conductive layer

In order to measure a signal from the sensor, it is necessary to have a conductive layer,
which acts as the electrode. Being the active layer of this sensor composed of TPU, it
is important to choose a material that, besides being conductive, can exchange electric
charges with this polymer.

In this scope, carbon additives were reported to enhance the performance of tribo-
electric devices [28, 79]. Thus, carbon tape was initially used as an electrode to test the
sensors, as it provided a simple and cost-effective method for producing an electrode.
This approach allowed for assessing the feasibility of using carbon and TPU as a tribo-
electric pair. After being verified that these materials generated triboelectric response,
other carbon-based materials, such as Conductive Filaflex (CF) and LIG, were tested as
electrodes. Figure 4.1 shows the electrodes used.

4.1.1 Conductive Filaflex Electrode

A CF electrode was printed by Raise 3D and the CF filament was purchased on Recreus
[80]. The design was created through SolidWorks, a CAD software, and ideaMaker 5.0.6.
was used to slice the design and convert the STL file (originated from SolidWorks) into a
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sliced file, compatible with the printer. The bed temperature of the printer was kept at 0
°C and the temperature of the extruder nozzle was 245 °C.

4.1.2 Laser-Induced Graphene Electrode

Initial tests to produce in-situ LIG on a 3D-printed TPU substrate were conducted using
Laser System VLS3.50, a CO2 laser with 10.6 𝜇m, 50 W maximum power and 127 mm/s
maximum scan speed. Squares of 2 × 2 mm2 were sketched using Adobe Illustrator
and engraved on TPU substrate. The substrate was directly placed on the equipment’s
table and the engraving occurred under a nitrogen flow. A combination of values of
power and speed between 1% (corresponding to a power of 0.5 W and a 0.0127 m/s
speed) and 30% (corresponding to a power of 15 W and a 0.3175 m/s speed) was tested.
The pulses per inch (PPI) used was 1000 and the distance was kept constant at the focal
point. However, a difference between these values of about 10% would originate a hole
in the substrate. Neither the conditions tested led to the formation of LIG due to the
low thermal resistance of the substrate. Therefore, a fire-retardant treatment of the TPU
substrate was conducted. Pinheiro et al. [55] describes the treatment of paper with sodium
tetraborate decahydrate as a fire retardant and a similar procedure was used for TPU. A
0.1 M sodium tetraborate decahydrate (Borax, Na2[B4O5(OH)4]·10H2O, 99%, 1303-96-4)
aqueous solution was prepared, and a TPU sample was immersed in the solution for 2
hours under stirring. The TPU piece was first heated on a hot plate at 100 °C for 10 minutes
with the aim of enhancing the adhesion of borax to the TPU. In the end, it was left drying
at room temperature overnight. The chemically treated TPU was then irradiated using
the combinations of power and speed that were previously tested. However, no LIG was
formed.

Cheng et al. [81] and Cao et al. [82] demonstrated the LIG fabrication on a TPU substrate
using a Nd: YAG laser irradiation machine with a 1064 nm wavelength. Therefore, the
Laser System PLS6MW, a fiber laser of 1.06 𝜇m was also used. The chemically TPU
substrate was irradiated with this laser, using combinations of power and speed that were
also tested on the first laser. However, none of these combinations among others that
were tried, with parameters being increased step by step, resulted in the production of
LIG. While the previous laser showed that a difference equal to or above 10% between the
power and speed parameters would lead to a hole, the same was not verified using the
fiber laser. Even conditions such minimum speed and maximum power that did not allow
the fabrication of LIG on TPU, resulted in a substrate without any visible alterations.

Without being feasible to produce LIG directly on the TPU substrate following the
previous procedure, a water peel-off transfer of paper-based LIG was done as described
by Pinheiro et al. [53]. A previously chemically treated paper with borax as a fire-retardant
was used as a substrate to produce LIG electrodes and was irradiated with the CO2 laser.
Paper was fixed to a glass support (ensuring a flat surface), rast mode was used, the PPI was
set at 1000, the power and speed used was 12% (6 W and 0.1524 m/s, respectively) and the
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distance between the laser beam and the substrate was -1.6 mm. The pattern intended to
be laser engraved was a 2 × 3 rectangle with a coupled 2 cm diameter semicircle (as shown
in images 4.1b, 4.1c and 4.1d) and it was also designed through Adobe Illustrator. Before
the transfer, the samples that were 3D-printed with the purpose of being used as substrates
for the LIG were sprayed with an adhesive spray and were left drying for 30 minutes. The
paper transfer followed the following steps: first, both surfaces were submerged in water;
then, the paper with LIG substrate was pressed against the 3D-printed sample (that was
previously made adhesive) during 10 seconds; finally, the paper substrate was peeled off
and the LIG pattern was attached to the 3D-printed substrate. Figure 4.1 shows all the
electrodes developed and tested.

(a) Carbon Tape. (b) CF. (c) TPU w/ LIG. (d) CF w/ LIG. (e) CF for Attach-
ment.

Figure 4.1: Electrodes Subjected to Different Impact Forces (between 30 N and 60 N).

4.2 Sensor Fabrication

A commercial polyurethane filament was chosen as an active layer of the triboelectric
sensor to develop an adaptable and flexible device. The thermoplastic polyurethane (TPU
95A white) was purchased from UltiMaker and the printer used was UltiMaker S3, a
FDM-type 3D-printer.

The resistance of a triboelectric pressure sensor changes when a pressure is applied,
which will change the sensor’s OV. Thus, the pattern used, more specifically the pattern of
the contact area, will influence this resistance and consequently the sensor’s sensitivity [83].
According to what was used in literature to produce pressure sensors [83–86], patterns
such as curves, cones, spheres, waves and hexagonal shapes were printed.

The different designs were also modeled through SolidWorks and UltiMaker Cura
5.6.0 was used to slice the design and convert the STL file into a sliced file, compatible
with this printer. Different types of infill and printing speeds were tested in order to assess
the best parameters to print each design. The bed temperature of the 3D printer was kept
at 0 °C and the extruder temperature used was 225 °C.

Table 4.1 presents the designs produced, as well as the corresponding printing settings
used. All the designs had a dimension of 20 × 20 mm2 and a 2 mm base thickness.
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Table 4.1: 3D-Printed Designs (the images depicted scale is 750 𝜇m).

Design Design
Name

Protrusion
Height

Space Between
Protrusions Infill Printing

Speed

Square - - 15 % 35 mm/s

Cones 1.5 mm 2 mm 15 % 15 mm/s

Spheres 1.5 mm 2 mm 15 % 20 mm/s

Waves 2 mm 3mm 15 % 15 mm/s

Archimedean
Square 1 mm 0.5 mm 15 % 25 mm/s

Circle - - 15 % 35 mm/s

Archimedean
Circle 1 mm 0.5 mm 15 % 25 mm/s

Hexagons 1.5 mm 2 mm 10 % 25 mm/s

Hexagon
Holes 1.5 mm 2 mm 15 % 25 mm/s

4.2.1 Synthesis of ZnO

ZnO was the material chosen to act as piezoelectric sensing element, as it is, as referred
previously, biocompatible, environmentally friendly, non-toxic and can be synthesized
through cost-effective and time-effective processes.

A similar procedure as Kumbhakar et al. [73] described was used to fabricate ZnO
on a 3D-printed sample. First, sodium hydroxide (NaOH, 98% 1310-73-2) solution (3 M)
was prepared and the 3D-printed structure was submerged in it for 2 hours, with the
aim of increasing the roughness of the surface in order to stimulate ZnO growth. A Zinc
Nitrate Hexahydrate (Zn(NO3)2 · 6H2O) solution (0.5 M) on a mixture of water in ethanol
(EtOH:H2O, 50/50) was prepared, as well as another solution of NaOH (30 mg/mL) and
ethanol. The 3D-printed sample was immersed in the Zinc Nitrate solution and the second
solution was added dropwise, increasing the pH until 10 was reached. Every step of the
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procedure was done with the solution at 60 °C and it was kept at this temperature for
3 hours after a pH value of 10 was reached. Taking into account the ZnO structure, the
3D-printed design used was the "Hexagon Holes", so that the growing of ZnO nanosheets
was promoted. Figure 4.2 summarizes the ZnO growing procedure.

The procedure described below was the one used for the final prototype. However,
other conditions were also tested. Besides the "Hexagon Holes" design, the procedure of
the ZnO growth was also tested using the "Hexagons" pattern. Moreover, for the "Hexagon
Holes" pattern, the synthesis time and temperature were varied between 2 hours and 3
hours and 60 °C and 70 °C, respectively, in order to understand the influence of these
parameters on the metal oxide growth.

Figure 4.2: Scheme of ZnO’s Synthesis Procedure.

4.3 Characterization Techniques

Several characterization techniques were used to analyze and draw conclusions about
the sensor’s properties. The chemical composition of the CF was studied, as well as its
resistivity. After the ZnO growing process, a chemical and morphological characterization
were also performed, in order to assess the structures deposited at TPU’s substrate.

For a chemical and structural characterization, techniques such as Micro-Raman
Spectroscopy and X-Ray Diffraction were performed, respectively. Differential Scan-
ning Calorimetry (DSC) was used to evaluate the thermochemical propertiesof TPU. A
morphological characterization using Scanning Electron Microscopy was also important
to conclude about the ZnO growing. An electrical characterization was also performed in
order to evaluate the Sheet Resistance of the electrodes used.

4.3.1 Micro-Raman Spectroscopy

Renishaw inVia Qontormicro-Raman spectrometerwas used to take Raman measurements.
Micro-Raman Spectroscopy was used to determine the substances present in the filafex
filament and which one allows it to be conductive. For this reason, a 20 × 20 mm2 3D

18



4.4. EVALUATION OF THE SENSOR’S RESPONSE UNDER DIFFERENT IMPACT FORCES

printed CF square was studied using a Horiba Jobin-Yvon HR800 spectrometer with a 532
nm laser. The power was 1%, which corresponds to 500 mV, and the exposure time was
45 seconds with 3 accumulations. This technique was also performed on a sample after
the ZnO growth procedure to conclude about the effectiveness of this synthesis method.

4.3.2 X-Ray Diffraction

X-Ray Diffraction was also conductedon the CF sample to identify the conductive substance
the filament was composed of. A TPU, a CF with transferred LIG, a TPU with transferred
LIG and a carbon tape samples were also analyzed. The crystallinity of the resulting
particles after the Zno growth procedure was also assessed by XRD. The analysis were
performed between 10° and 90° (2𝜃) with a scanning step size of 0.033° using a XRDynamic
500 from Anton Paar equipped with a PiXcel detector and a monochromatic Cu K𝛼

radiation source with wavelength 1.540598 Å.

4.3.3 Sheet Resistance

The sheet resistance of the TPU and of all the materials used as electrodes was performed
on a Biorad HL 5500 equipment at room temperature, with the aim of assessing their
resistivity.

4.3.4 Differential Scanning Calorimetry

DSC was performed to analyze the behavior of TPU under elevated temperatures. This
analysis aimed to determine the temperature range suitable for the ZnO synthesis pro-
cesses. The equipment used was the DSC 204 F1 Phoenix, and the analysis was conducted
over a temperature range of 20 °C to 540 °C.

4.3.5 Scanning Electron Microscopy

Scanning Electron Microscopy was an important technique to determine the presence of
ZnO after the procedure used for its synthesis (described in 4.2.1). Before this technique
was employed, samples were subjected to a 20 nm gold/palladium (80/20 wt%) coating.
The equipment used was a Hitachi Regulus 8220 Scanning Electron Microscope (Mito,
Japan) and it was performed at room temperature.

4.4 Evaluation of the Sensor’s Response Under Different Impact
Forces

The impact performance of a non-patterned design using carbon tape, CF, TPU with
transferred LIG and CF with transferred LIG as electrode materials was evaluated using a
homemade impact machine that applied forces between 30 N and 60 N with a frequency
of 2 Hz. The voltage signal was measured using a 50 MHz bandwidth Digital Oscilloscope
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(Tektronix, TDS 2001C). The resulting CSV files were analyzed using the feature "Quick
Peaks" on OriginPro 2024. This feature finds peaks in data plots within a region of interest.
All the positive and negative voltage peaks were registered and then peak-to-peak voltage
was calculated. For each force, the mean and standard deviation were estimated based
on 40 peak-to-peak voltages. The impact response of the different designs was also tested
using CF as an electrode, as well as the impact response before and after the ZnO’s growth.
To assess the sensor’s experimental detection limit, tests using weights from 200 g to 5 g
were performed. FT and tremor emulated tests were also performed using the sensors’
prototypes.

4.5 Final Prototypes

The sensor’s final prototypes for the FT test and for the wristband to detect tremor were
also modeled using SolidWorks and printed using UltiMaker S3 with TPU 95A. During
the printing process, the bed temperature of the 3D printer was also kept at 0 °C and the
extruder temperature was 225 °C. The infill used for all the prototype pieces was 15% and,
for both active layers, the "Hexagon Holes" pattern was used.

In order to enable the ZnO growth (described in Section 4.2.1) on TPU’s surface, an
electrode that could be attached to the TPU sensor after that procedure was developed. If
the electrode was later printed over the TPU substrate where the ZnO growth had already
happened, some misprinting might have occurred. Hence, an attachment system was
revealed to be a better option. The design of both prototypes was conceived in a way that
allowed the attachment of the CF electrode (Figure 4.1e). Therefore, the active layer of
both prototypes was increased to 3 × 2 cm2.

The FT test is composed by 2 pieces; one for the thumb and one for the index finger.
Considering the way that FT is tested, it was important to have an ergonomical design
that could adapt to each patient’s fingers. Different designs for the index finger were
also developed and tested. The thumb piece, as well as the index finger pieces that were
designed to cover the whole index finger, were printed vertically to the printing bed with
a printing speed of 15 mm/s.

The wristband developed with the purpose of detecting tremor was printed laid down
on the printer bed and the printing speed used was 25 mm/s.

FT tests took place and the procedure adopted was the same explained in 3.1, that
consists in tapping the index finger to the thumb, while doing it with the highest amplitude
and speed movement.

The wristband with the attached CF electrode was tested using the impact machine
previously mentioned, where the force exerted was controlled. Moreover, it was also
tested for emulated tremor.
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Results and Discussion

In this chapter, the results obtainedwillbe discussedandanalyzed. In particular, the results
of the morphological, structural and chemical analyzes of the materials incorporated in
the sensors will be presented. Additionally, studies regarding the electrical properties
of the materials used as electrodes and the response of the developed sensors under
different impact forces (30 N to 60 N) will be analyzed. The insights obtained from
these analyzes will contribute to a deeper understanding of the materials used and their
potential applications in the area of triboelectric and piezoelectric pressure sensors.

5.1 Electrode Materials

The materials tested as electrodes, namely carbon and LIG, were studied using Raman
Spectroscopy and X-Ray Diffraction. Additionally, their electrical properties were evalu-
ated based on Sheet Resistance studies. Each material was used as an electrode and the
electrical response of sensors with different electrode types was studied for impact forces
between 30 N and 60 N (with a 2 Hz frequency impact).

5.1.1 Raman Spectroscopy

The Raman spectrum of TPU was analyzed and compared with the ones in the literature.
MRS reports the frequency shifts as a function of excitation photon energy and is

based on the scattering effect. When a laser irradiates the sample, photons will interact
with it and produce new scattered photons. Raman spectroscopy measures the shift of
the inelastic scattered photon after this interaction. This technique produces a Raman
spectrum consisting of peaks or bands, with their positions determined by the vibrational
frequencies of the molecules in the sample. By analyzing these frequencies, it becomes
possible to identify the specific chemical compounds present in the material [87, 88].

When analyzing the spectrum of TPU, presented in Figure 5.1, the typical TPU peaks
can be observed [89–91]. The Raman shifts of the most intense peaks for TPU are reported
to be around 866, 1185, 1617, 2875 and 2926 cm−1. These peaks match the ones observed in
the figure, although the last two are less closely aligned. The peak at 1617 cm−1 is related
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to the aromatic structure stretching and the last two peaks correspond to C-H stretching
vibrations [92].

Figure 5.1: Raman Spectrum of TPU.

Raman Spectrum of CF was also analyzed, as it is a commercial material whose
composition is not detailed. The sample was analyzed in three different areas and Figure
5.2 shows a representative spectrum of the CF filament.

Figure 5.2: Raman Spectrum of Conductive Filaflex.

The Raman spectra of carbon-based materials usually show different peaks. Two
peaks are commonly detected, called the D peak and the G Peak. The D Peak concerns sp²
hybridized carbon structures and is related to the disorder of the carbon material. It is the
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result of dislocations in the lattice [93, 94]. The G Peak is associated with the vibration of
carbon bonds and indicates the presence of sp² carbon, regardless of the order or disorder
of the material [94]. The 2D Peak is also commonly present in carbon-based materials [95].

By observing the Raman graphics, it is possible to detect three peaks: the first one,
corresponding to the D Peak, around 1360 cm−1, the second one, the G Peak, around 1590
cm−1 and the third peak is located around 2938 cm−1.

According to Dychalska et al. [93] a D-Band with a Raman shift of 1345 cm−1 and a G-
Band between 1500 and 1600 cm−1, as it is shown in Figure 5.3, corresponds to amorphous
carbon.

Figure 5.3: Raman Spectrum of Amorphous Carbon. Adapted from Dychalska (2015) et
al. [93].

The third peak visualized, at 2938 cm−1, could correspond to the highest Raman peak
of TPU that was previously detected (Figure 5.1) and it was reported of being around
2926 cm−1 [91]. Comparing the obtained peaks with the ones reported in literature, it was
concluded that amorphous carbon is present in the composition of CF . X-Ray Diffraction
was also performed to characterize this material.

5.1.2 X-Ray Diffraction

X-Ray Diffraction was also performed to identify the conductive material present in the
CF filament. This technique is specifically used to study crystalline structures. When a
beam of X-rays is directed at a material, it is scattered by the atomic layers or crystalline
planes, resulting in the phenomenon of diffraction. A detector that rotates at an angle
of 2𝜃 records and processes the diffracted X-rays and their intensity is registered as the
angle varies [96, 97].

If the sample is crystalline, the atoms are arranged in a regular, well-defined structure
with distinct planes. However, if the material is non-crystalline, the scattered X-rays do
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not interfere constructively and, consequently, no distinct diffraction peaks are formed
[97].

By analyzing Figure 5.4, which displays the XRD patterns of CF, CF with transferred
LIG, TPU with transferred LIG, and TPU, a correlation between the diffraction peaks and
the materials can be observed.

Figure 5.4: XRD Patterns of CF, CF with transferred LIG, TPU with Transferred LIG and
TPU.

A large band between 15° and 25° is present in all spectra, suggesting that this peak is
associated with the polyurethane material [98]. The TPU and TPU with transferred LIG
have a common peak, around 27°, that may be related to the thermoplastic polyurethane
material.

Regarding the CF electrode, no sharp peak is observed. Instead, two broad bands
appear: one between 15° and 30 ° and another between 40° and 47°. These bands are also
present for the CF with transferred LIG electrode, indicating that they regard compounds
of the conductive filaflex filament.

For the electrodes with transferred LIG (CF with transferred LIG and TPU with
transferred LIG), a distinct peak near 22° is detected. Considering that this peak is unique
to these electrodes, it may be attributed to the presence of LIG. Additionally, a similar
peak around this value has been reported in previous research [99, 100], supporting the
hypothesis that the obtained peak is related to the LIG.

In the case of amorphous carbon, where the atoms are distributed randomly, there is
no constructive interference between the scattered X-rays, which leads to no diffraction
peaks being formed [97].

Considering these XRD results, and those previously obtained from Raman spec-
troscopy, it was concluded that CF predominantly contains amorphous carbon.
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5.1.3 Sheet Resistance

Sheet Resistance measurements were performed to assess the electrical properties of all
the electrodes used.

Sheet Resistance values of TPU, carbon tape, CF, CF with transferred LIG and TPU
with transferred LIG were acquired. However, the samples tested did not have the same
thickness; hence, resistivity was calculated using the following equation,

𝜌𝑠 =
𝜌

𝑡
(5.1)

where 𝜌𝑠 , 𝜌 and 𝑡 represent the sheet resistance, resistivity and thickness, respectively.
Table 5.1 shows the mean resistivity ± SD. Materials are ordered from the highest

resistivity to the lowest.

Table 5.1: Results of Sheet Resistance For TPU, Carbon Tape, CF, CF with Transferred LIG
and TPU with Transferred LIG.

Material 𝝆 ± SD (Ω/cm)
TPU 4 × 1010 ± 2 × 1010

Carbon Tape 3 × 103 ± 4 × 101

Conductive Filaflex 9 × 101 ± 1 × 102

Conductive Filaflex
With LIG 9 × 101 ± 7 × 10−4

TPU With LIG 3 × 10−1 ± 6 × 10−4

TPU presents the highest resistivity, as expected, since polymers have low conductivity
and therefore high resistivity. Although TPU has a higher resistivity than CF, TPU with
transferred LIG shows the lowest resistivity, but its value is still in the same order of
magnitude as CF with LIG. CF has a resistivity value nearly ten times higher than the one
registered for CF with LIG, while for TPU this value is 1011 higher than the one registered
for TPU with transferred LIG.

Later, the impact response using these materials as electrodes was studied.

5.1.4 Impact Performance

The impact response of the "Square Design" (Table 4.1), a non-patterned design that
worked as the active layer, was tested using all the conductive electrodes mentioned earlier
(carbon tape, CF, TPU with LIG and CF with LIG) with the aim of selecting the best one
for the sensor.

Figure 5.5 shows the peak-to-peak average voltage generated by the impact between
the TPU and the different electrodes, under impact forces of 30 N, 40 N, 50N and 60 N,
which translates to a pressure of 75 kPa, 100 kPa, 125 kPa and 150 kPa.

Carbon tape was firstly tested to understand if the use of carbon materials as electrodes
of sensors where TPU was used as an active layer was effective. In the context of the
triboelectric series, when two materials come into contact and then separate, one material
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tends to lose electrons and become positively charged, while the other tends to gain
electrons and become negatively charged, generating a potential difference [23]. As
carbon is expected to be more positively charged than TPU, it may have a tendency for
losing charges, becoming positively charged when contact between the two happens.
These charges will be transferred to TPU, which will become negatively charged. When
the external force ceases and the two materials are separated, an output voltage can be
detected and measured using an oscilloscope.

By analyzing Figure 5.5, a common observation across all electrodes is the effect of
increased pressure. For each material, a higher impact results in a higher output voltage.
This is expected because greater pressure can increase the contact area or the deformation
between the materials, leading to the exchange of a larger number of charges. Nevertheless,
the increase in voltage with pressure will not continue indefinitely, as there is a limit to the
number of charges that can be generated or stored by the materials due to their physical
and chemical properties, and once a threshold pressure is reached, further increases in
pressure will not result in a higher output voltage, as the system reaches charge saturation.
Graphically, this charge saturation is converted into a plateau.

As can be seen in Figure 5.5 and table in Appendix A, for all the pressures, the CF
electrode lead to the highest OV, while carbon tape lead to the lowest one. TPU with LIG
and CF with LIG reveal a moderate OV.

Figure 5.5: Peak-to-Peak Voltage of Different Electrodes Combined with the Square Design
Upon Impact Forces of 30 N, 40 N, 50 N and 60 N.

The relatively small errorbars suggest a consistency of the measurements. Furthermore,
the standard deviations of each electrode have the same order of magnitude. All of this
leads to the conclusion that results are precise and the sensors present a stable and
reproducible response.

Regarding the sensitivity of the sensor with each electrode, the slope of each linear
regression was studied. The ratio between variations in the output signal and the input
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variable in a sensor results in its sensitivity [101]. The slope indicates the rate at which
voltage increases and the obtained results are shown in Table 5.2. CF with LIG electrode
shows the highest slope and, therefore, the highest increase in voltage with pressure,
while TPU with LIG electrode shows the lowest slope and slowest increase in voltage with
pressure, even though these were not the electrodes that recorded the highest and the
lowest voltage overall.

Although there is some importance in using an electrode that provides high OV (so
that the finger-tapping signal can easily be distinguished from noise), the chosen electrode
should be the one that, more than showing the highest OV, can maintain its integrity over
the impact and yield sensors with high sensitivity.

Table 5.2: Sensitivity of Sensors Composed of a Non-patterned Active Layer and CF, CF
with LIG, TPU with LIG and Carbon Tape as Electrodes.

Electrode Sensitivity (V/kPa)
CF 0.24 ± 0.07

CF with LIG 0.25 ± 0.02
TPU with LIG 0.09 ± 0.01
Carbon Tape 0.090 ± 0.001

Regarding electrode’s integrity, it is worth mentioning that the electrodes with trans-
ferred LIG presented cracks after 200 impact cycles. Moreover, the LIG started detaching
from the substrate, resulting in an active layer with LIG, as can be seen in Figure 5.6.

(a) TPU Substrate. (b) CF With Tranferred LIG. (c) TPU With Tranferred LIG.

Figure 5.6: Resultant Samples after Impact Tests with the Presence of LIG (the depicted
scale is of 750 𝜇m).

According to the presented results, the CF electrode was the one used to develop the
FT sensor.

5.2 Sensor Fabrication

The sensor was entirely fabricated using 3D-printed TPU. In this sub-chapter, conclusions
regarding the 3D printing process will be presented.

(DSC) was employed to analyze the thermal behavior of TPU, providing insights into
its performance at elevated temperatures.
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The effectiveness of the ZnO deposition process on the surface of TPU samples will be
evaluated through techniques such as XRD and SEM.

Finally, impact response tests were conducted to investigate the influence of different
designs, contact areas, and the presence of ZnO on the output voltage. Impact tests were
also performed to assess the sensor’s detection limits.

5.2.1 3D-Printing

The 3D-printing process started with an investigation into the different adjustable parame-
ters, including infill, infill pattern and printing speed. All these parameters were adapted
for each design shown in Table 4.1 according to what led to the best samples’ features.

The protruding designs, such as the Cones, Spheres, Waves and Hexagons were the
ones whose height and distance between each detail influenced the final piece. In these
cases, a 1.5 mm height and a 2 mm distance between each little design (for instance,
between each cone) revealed to be the minimum values that could be used and produce
a good quality piece after being printed. The printing speed directly impacts its final
condition. These pieces, having such small details, required a low printing speed. The
Archimedean designs revealed an easier printing process, where a higher printing speed
was used and the width and distance between each protruding was lower (1 and 0.5 mm,
respectively). Smooth designs’ printing speed was increased to 35 mm/s, since a higher
speed did not jeopardize its final quality. The square designs were all 20 × 20 mm2 and
the circles had a diameter of 22.6 mm, so that all the designs had an area of 4 cm2.

Later, the active layer had to be extended in order to add space for the electrode to
be attached after the ZnO growth. The FT prototype was composed of three 3D-printed
pieces: the thumb (Figure 5.7), the index (Figure 5.8) and the electrode (Figure 4.1e). The
thumb piece prototype had a diameter of 2 cm, with a printed-in rectangle with "Hexagon
Holes" design (the active layer). Different index finger designs were developed with the
aim of identifying the most viable one in terms of comfort and OV generated. This piece,
as well as the index one, showed its comfort, lightness and ergonomic design during FT
tests. It is worth noting that this prototype could be resized and adapted to the finger size
of each patient.

A 20 cm size wristband sensor was also developed (Figure 5.9) to detect tremor. This
prototype has an active layer with the same size and design as the FT sensor prototype,
as well as a design that could attach the CF electrode. Besides the attachment for the
electrode, another one was designed so that the same wristband could fit a diverse number
of patients, with each person being able to choose the hole to attach, according to their
wrist size.

Regarding the 3D-printed process, it is generally possible to conclude that an infill
of 15% while maintaining a printing speed equal to or below 25 mm/s with deactivated
"enable retraction" feature would yield a final piece with the desired characteristics, such
as good flexibility and detail. Deactivating the retraction was a crucial step because, being
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(a) Sensor With At-
tached Electrode.

(b) Sensor Proto-
type.

(c) Active Layer.

Figure 5.7: Prototype Sensor for FT Test.

(a) Ring Finger De-
sign.

(b) Finger with plane. (c) Flat Finger. (d) TPU Finger.

Figure 5.8: Index Finger Designs.

(a) Wristband. (b) Wristband with
Attached Electrode.

(c) Active Layer. (d) Wristband Attach-
ment.

Figure 5.9: Wristband Design.

TPU a thermoplastic material, it tends to stretch out when the extruder pulls the filament,
which can cause an inconsistent extrusion and even clogging. In short, this feature enables
a smoother and more continuous extrusion, leading to fewer printing flaws.

5.2.2 Impact Response of Different Active Layers

The impact performance of sensors composed of an electrode of CF and active layers of
TPU with different patterns (Table 4.1) was tested to evaluate how the designs affected the
OV. The material used for the electrode was CF because, especially in contact with sharp
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protrusions like "Cones", it was the one that would maintain its integrity, contributing
to the decrease of variability. All the designs tested had an active area of 4 cm2 and a 2
mm thickness. Tests were performed for 30 N, 40 N, 50 N and 60 N and the results can be
observed in Figure 5.10 and Table C.1 in Appendix C.

Figure 5.10: Impact Tests for Different Designs Upon Impact Forces of 30 N, 40 N, 50 N
and 60 N Using the CF Electrode.

For each design and pressure impact, 40 peaks were analyzed and mean and standard
deviation were calculated. The slopes depicted on Figure 5.10 represent the sensor’s
sensitivity for each active layer pattern. Table 5.3 shows the sensitivity values of the
sensors tested. Designs with bigger protrusions, like "Cones" and "Waves", registered the
lowest output values, probably due to the size of the protrusions. Since it is not possible
to print these designs with reduced heights due to the inherent limitations of the printer,
the overly large dimensions of the protrusions may lead to a decrease in the contact area,
resulting in a lower output voltage. For this reason, and also because it would not create
the best surface for the electrode to be attached, the use of these designs in the final
prototype was discarded.

The "Square" design showed the highest output response for all the pressures applied,
followed by the "Archimedean Circle" and "Spheres". The "Archimedean Square" and
"Circle" designs revealed a very similar OV. Since both share the same active layer area
and 3D-printing parameters, a comparable output voltage was expected. Therefore, the
results obtained are well-aligned with theoretical predictions.
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Table 5.3: Sensitivity of the Sensors for Different Active Layer Patterns Using the CF
Electrode.

Pattern Sensitivity (V/kPa)
Square 0.24 ± 0.07

Archimedean Circle 0.12 ± 0.02
Spheres 0.23 ± 0.01

Archimedean Square 0.13 ± 0.03
Circle 0.17 ± 0.02
Waves 0.05 ± 0.01
Cones -0.011 ± 0.009

5.2.3 Differential Scanning Calorimetry

DSC was applied to the polymer to study its thermal stability. This technique determines
the temperature and heat flow that induce material transitions as a function of time and
temperature. DSC measures the heat flow difference between a sample and a reference
while both are under a controlled temperature. The thermal power needed to keep both at
the same temperature is measured and plotted as a function of temperature [102]. Figure
5.11 represents the DSC for TPU.

By analyzing the weight loss curve of the graph (green curve), it is possible to conclude
that until 550 °C is reached, 86.28% of the sample’s weight was lost.

Figure 5.11: Differential Scanning Calorimetry of TPU.

The DSC curve (blue curve) reveals endothermic peaks at 66 °C, 330 °C, 349 °C, 395
°C, 422 °C and 445 °C. The first peak can be related to heat absorption, indicating the
beginning of TPU’s melting [103]. Peaks between 330 °C and 340 °C may correspond
to urethane bonds decomposition, whereas peaks at 422 °C and 445 °C suggest the
polyetherol degradation process [104]. The final peak, localized at a higher temperature,
corresponds to an advanced decomposition of the polymer, possibly related to carbon
bonds (C-C) breaking [104].
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In conclusion, until 300 °C is reached, TPU shows good thermal stability. Above this
temperature, there is a significant mass loss, indicating degradation of the polymer.

Taking into account these results, it was demonstrated that the substrates did not
undergo significant changes at the synthesis temperatures used. This ensures the structural
integrity of the materials throughout the process, indicating that the applied thermal
conditions are suitable for preserving the desired properties of the substrates without
compromising their stability.

5.2.4 ZnO Growth

Based on the procedure established by Kumbhakar et al. [73], the growth of ZnO structures
on TPU substrates was performed at 60 °C and 70 °C.

Considering DSC results, the thermal bath temperature for the ZnO growth was kept
at 60 °C, as reported by Kumbhakar et al. [73]. The upper limit of the synthesis temperature
was 78 °C, as it is the ebullition point for ethanol, one of the solvents used for the solution
that will lead to the ZnO growth. Therefore, 70 °C was the chosen temperature, since it
did not seem to cause major changes in TPU and allowed a 3-hour ZnO synthesis without
the complete evaporation of the solvents. This way, the influence of temperature on the
growth and morphology of ZnO structures was studied.

The structures and morphology of the particles grown at the surface of the TPU
substrates were analyzed using XRD and SEM. XRD was used to study the crystal
structures formed after the ZnO’s growing procedure and SEM was performed to assess
their morphology.

5.2.4.1 Scanning Electron Microscopy

SEM analysis took place to study the morphology of the Zinc-based structures that grew
on the surface of the TPU substrates. This technique uses an electron beam and once
it reaches the sample’s surface, the beam is scattered. The signals resulting from the
interaction between the electrons and the sample are detected and converted into an
image that represents the sample’s morphology and composition [105]. It is necessary
to have a conductive sample in order to avoid charge accumulation on its surface and
capture good-quality images. As TPU is a polymer, it was necessary to previously subject
the samples to a thin film conductive coating of gold/palladium.

The images obtained are shown in Figure 5.12, which correspond to samples that were
kept at 60 °C during the ZnO’s growing procedure. Figure 5.13, presents the images of
the samples resulting from the growth process performed at 70 °C.

In image A of each Figure (5.12 and 5.13), the presence of thin nanosheets on the
surface of the TPU substrate is clearly visible. It is observed that the hexagonal holes
provided a more favorable site for deposition when compared to the smooth areas of the
sample.
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Figure 5.12 illustrates images with thin andelongatedstructures that are consistentwith
the morphology of nanosheets. These images have been compared with those documented
in the literature for ZnO nanosheets. Images C and D of Figure 5.12, when compared to
images reported by Wang et al. [106] after a two-step growth process, suggest the presence
of ZnO nanosheets. Image D exhibits similarities to images of mesoporous nanosheets,
where Zn5(OH)8Cl2 hexagonal nanosheets were converted thermally, as documented by
Zhu et al. [107]. Liang et al. [108] also reported similar images for pristine porous ZnO
nanosheets.

Figure 5.12: SEM Images of "Hexagon Holes" Sample Resulting from the Growth Process
Performed at 60 °C. (A) 50× Magnification, (B) 2.5× Magnification, (C) 15× Magnification,
(D) 60× Magnification.

Concerning the sample maintained at 70 °C (Figure 5.13), slight differences in the shape
of the structures grown on the surface of the polymer sample were observed. Images C
and D suggest the presence of some ZnO nanoflowers [109, 110] or nanoplates [111, 112],
when compared with the literature. Therefore, the increase in temperature appears to
have influenced the morphology of the deposited structures.

The procedure for the ZnO growth was also tested using the "Hexagons" pattern. The
surface of the TPU substrates after the synthesis was studied using SEM and the results are
presented in Appendix B. Comparing the designs, it was concluded that holes facilitate
ZnO growth, as it allows for better ZnO deposition. For this reason, the "Hexagons Holes"
design was chosen for the final prototype. SEM was also used to investigate samples with
a synthesis time of less than 3 hours (Appendix B). However, a decrease in synthesis time
may cause a reduction in the quantity of Zinc-structures deposited, as well as originate
different morphologies.
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Figure 5.13: SEM Images of "Hexagon Holes" Sample Resulting from the Growth Process
Performed at 70 °C. (A) 50× Magnification, (B) 2.5× Magnification, (C) 15× Magnification,
(D) 60× Magnification.

5.2.4.2 X-Ray Diffraction

XRD was performed to conclude about the presence of ZnO. Zn(OH)2 is a precursor
substance in ZnO’s hydrothermal synthesis, which, upon precipitation, strongly tends
to be transformed into ZnO [113]. Thus, the presence of Zn(OH)2 was also evaluated.
The International Centre for Diffraction Data (ICDD) datasheet for both materials was
analyzed and its characteristic peaks were compared with those observed in the XRD
pattern.

Figure 5.14 and Figure 5.15 show the XRD patterns for TPU and TPU after the ZnO
synthesis process, as well as ZnO’s and Zn(OH)2 ICDD patterns. Figures 5.14a and 5.15a
refer to the sample resulting from the growth process performed at 60 °C, while 5.14b and
5.15b refer to the one performed at 70 °C.

By analyzing Figure 5.14, it was concluded that the diffraction pattern of the TPU
shows a broad band around 20°, which is present in the diffractograms of the samples
both before and after synthesis. Both samples exhibit a peak at 36°, which is observed in
the diffractogram of the sample before and after the ZnO synthesis process, leading to the
conclusion that this peak is caused by a component of the TPU filament. Additionally, both
samples show a small peak around 69°, which may correspond to ZnO’s characteristic
peak at 69.1°. Regarding the second graph (5.14b), a peak at 56.58° coincides with ZnO’s
characteristic peak reported at 56.60°. All other visible peaks not previously mentioned
are likely associated with the TPU material rather than ZnO.

Therefore, since the sample subjected to the highest temperature shows a greater
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(a) Temperature of Synthesis: 60 °C. (b) Temperature of Synthesis: 70 °C.

Figure 5.14: X-Ray Diffraction Spectra for Samples Subjected to ZnO Growing Process at
60 °C (a) and 70 °C (b) Compared with ZnO’s ICDD Datasheet.

number of peaks matching those reported for ZnO, it is concluded that an increase in
temperature may have favored the synthesis of ZnO. According to the ICDD pattern of
Zn(OH)2, the most intense peaks can be found at 20.1°, 20.8°, 25°, 27.1°, 27.7°, and 40.6°.

In both conditions studied (Figure 5.15), two peaks around 20° and 27.4° are observed.
However, these peaks are also present in the spectra of thermoplastic TPU, suggesting
that they may be related to TPU rather than Zn(OH)2. Alternatively, the TPU peaks may
be masking those of Zn(OH)2.

(a) Temperature of Synthesis: 60 °C. (b) Temperature of Synthesis: 70 °C.

Figure 5.15: X-Ray Diffraction Spectra for Samples Subjected to ZnO Growing Process at
60 °C (a) and 70 °C (b) Compared with Zn(OH)2’s ICDD Datasheet.

Furthermore, in both conditions, a peak appears around 38°, which is not evident in
the TPU pattern. Zn(OH)2 has a characteristic peak at 40.6°; however, given the deviation
of 2.6°, the peak around 38° may not be caused by Zn(OH)2 but rather by other present
substances. Therefore, the hypothesis of Zn(OH)2 being synthesized during the process
described at 4.2.1 was not disregarded.
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Raman spectroscopy was subsequently performed to confirm the chemical synthesis
of ZnO.

5.2.4.3 Raman Spectroscopy

As the XRD results were inconclusive, with characteristic peaks of the substance overlap-
ping those of TPU, micro-Raman spectroscopy was conducted to confirm the presence
of ZnO. The analysis focused on the range where the characteristic peaks of ZnO are
typically located. The Raman spectra of TPU and TPU after undergoing the ZnO synthesis
procedure are presented in Figure 5.16. Peaks around 99, 331, 384, and 438 cm−1 were
observed in the spectrum of the treated sample but were absent in the spectrum of pris-
tine TPU. These peaks were subsequently compared to the characteristic peaks of ZnO.
According to the literature, peaks at 98 and 437 cm−1 are related the ZnO nonpolar optical
phonons and a second order peak is assigned at 328 cm−1 [114]. A peak at 385 cm−1 is
also a characteristic ZnO peak [114]. Therefore, it was possible to confirm the successful
incorporation of ZnO into the TPU substrates following the synthesis procedure.

Figure 5.16: MRS of TPU before and after undergoing the ZnO growth process.

5.2.4.4 Final Prototypes

The following results regard the impact tests performed using the final prototypes.
Although the "Square" design showed the highest OV, the "Hexagon Holes" design

was used for the active layer of the final prototypes, as it is expected to promote ZnO’s
depositions. The active layer was increased by 2 cm2 relative to the active layers used on
previous tests, so that the CF electrode (Figure 4.1e) could be attached.

Samples with the "Hexagon Holes" design were tested with and without the ZnO
growing process. In this case, samples were tested with the electrode attached and the
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TPU layer used had a 6 cm2 surface and also had 2 mm of thickness. Like the previous
impact response tests, the impact forces used were 30 N, 40 N, 50 N and 60 N, and the
results can be seen in Figure 5.17 and Table 5.4. The resultant output signal for each
sample and force can be observed in Appendix D.

Figure 5.17: Impact Tests for Prototypes with an Active Layer of "Hexagon Holes" With
and Without ZnO Upon Impact Forces of 30 N, 40 N, 50 N and 60 N.

Table 5.4: Results of Peak-to-Peak Voltage for Prototypes With and Without ZnO.

Sample with ZnO Sample without ZnO

Pressure (kPa) Peak-to-Peak Voltage
± SD (V)

Sensitivity
(V/kPa)

Peak-to-Peak Voltage
± SD (V)

Sensitivity
(V/kPa)

50
67
83
100

25 ± 1
41 ± 1
52 ± 1
58 ± 2

0.68 ± 0.1

10.5 ± 0.5
16.9 ± 0.6
21.7 ± 0.7
26.2 ± 0.6

0.31 ± 0.02

The influence of ZnO on the OV was pronounced, as it was observed that across all
tested pressure levels, the presence of ZnO resulted in more than a twofold increase in
the OV. This substantial enhancement underscores the significant role of ZnO in boosting
the electrical response.

The standard deviation associated with the peak-to-peak voltage computed for each
impact force is small, which indicated the sensors produced present a stable response and
high reproducibility.

The linear regression slope, i.e., the sensor’s sensitivity, increased twofold in the
presence of ZnO, indicating that, under identical pressure impacts, a sensor containing
ZnO produces an output voltage that is twice as high as that generated by a sensor lacking
this substance.

The successful growth of ZnO on the sensor substrate has been demonstrated, showing
that ZnO effectively enhances the OV of the sensor. This improvement is significant, as
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it adds substantial value to the development of the finger-tapping sensor being pursued,
as the sensor is able to discriminate among close impact force values, due to its high
sensitivity.

In order to test the limit detection of the developed prototype, weights of 200 g, 100
g, 50 g, 20 g, 10 g and 5 g were positioned on top of the attached CF electrode with TPU
substrate. Results are presented in Figure 5.18 and Table 5.5.

Figure 5.18: Impact Tests to Identify Limit Detection in Prototypes With and Without ZnO.

Table 5.5: Results of Peak-to-Peak Voltage for Limit Detection.

Peak-to-Peak Voltage ± SD (V)
Pressure (kPa) Sample With ZnO Sample Without ZnO

3.27 0.66 ± 0.06 0.32 ± 0.03
1.63 0.31 ± 0.09 0.36 ± 0.04
0.82 0.18 ± 0.05 0.14 ± 0.04
0.33 0.18 ± 0.03 0.15 ± 0.02
0.16 0.12 ± 0.02 0.10 ± 0.02
0.08 0.08 ± 0.01 -

As it was expected, for the sample with ZnO, the higher the weight used, the higher
the pressure exerted and, consequently, a higher OV was generated. However, regarding
the sample without ZnO, there is a fluctuation in OV between 3.27 kPa and 1.63 kPa and
between 0.82 kPa and 0.33 kPa, where the lower pressure value registered the higher OV.

For ZnO treated substrate it was possible to identify peaks generated by the 5 g weight,
while for the TPU without ZnO it was not possible to distinguish with accuracy peaks
created by the impact of the weight.

The 100 g weight generated a higher OV for the sample without ZnO when compared
with the one with ZnO. This outcome and the fluctuations registered for the sample
without ZnO were unexpected and contradict the initial hypothesis. However, it may be
attributed to errors in peak identification or variations in the drop height. Although all
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weights were intended to be dropped from a height of 4 cm from the tested sample, slight
variations in height could have introduced discrepancies, leading to these results.

These impact tests led to the conclusion that the developed sensor has a detection limit
of 0.08 kPa.

Finger-tapping tests were conducted using the prototype for FT depicted in Figure
5.7. Various designs for the index finger (Figure 5.8) were also evaluated to assess the
influence of the contact area during impact and to determine the comfort level of each
design. These designs and the movement tested can be seen in Figure 5.19. Figure 5.20
shows the output signal of each of the index finger designs, which was acquired with the
oscilloscope.

(a) Ring Finger De-
sign.

(b) Finger with Plane
Design.

(c) TPU Finger De-
sign.

(d) Flat Finger De-
sign.

Figure 5.19: Execution of Finger Tapping Tests Using Different Index Finger Designs.

The "Ring Finger" design generated the highest peak-to-peak voltage and had the
largest contact area among all tested designs. This design proved to be comfortable and
effectively prevented any displacement during the tests. The "Finger with Plane" design
was the most successful, as it allowed the entire index finger to be securely attached to
the piece, with no displacement observed during the FT test. However, due to its smaller
contact area compared to the "Ring Finger" design, the OV recorded was correspondingly
lower. The remaining designs produced the lowest OV values. While the "Flat Finger"
design was still considered viable, the same could not be said for the "TPU Finger" design
(for which the contact area could not be calculated, since it has a cylinder shape, causing
a contact area variation), which did not perform as well.

Table 5.6: Results of Peak-to-Peak Voltage for Finger-Tapping With Different Index Finger’s
Designs.

Index Finger Design Impact Area (cm²) Peak-to-Peak Voltage ± SD (V)
Ring Finger 16.56 2.1 ± 0.3

Finger with Plane 10.07 1.3 ± 0.2
Flat Finger 11.96 0.7 ± 0.1
TPU Finger - 0.5 ± 0.1

Consequently, the final prototype for the index finger was a hybrid, combining the
secure attachment of the "Finger with Plane" design with the larger contact area of the
"Ring Finger" design.
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(a) Ring Finger. (b) Finger with Plane.

(c) Flat Finger. (d) TPU Finger.

Figure 5.20: Finger Tapping Tests for Different Index Finger Designs.

Finally, tremor was simulated using the wristband shown in Figure 5.9. The detected
signal can be seen in Figure 5.21. It was not possible to evaluate individual peaks, and only
a high degree of tremor could be detected. Even so, it was possible to distinguish tremor
from a resting position, demonstrating the developed sensors can be used as valuable
tools for monitoring PD progression.

Figure 5.21: Output Voltage Resultant of Emulated Tremor Using Wristband Prototype.
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Conclusion and Future Work

In line with the lack of objective ways to monitor Parkinson’s Disease progression and the
effectiveness of medication, a 3D-printed sensor based on the triboelectric and piezoelectric
effects was developed. The initial phase involved studying different active layer designs,
such as the ones mentioned on Table 4.1, and electrode configurations to gain a deeper
understanding of how geometry and materials influence the output voltage of a device
based on the triboelectric effect. Later, a thermal bath method was conducted in order to
synthesize ZnO on 3D-Printed samples made of TPU, to improve the sensor’s sensitivity
by incorporating this piezoelectric material in the device’s structure.

Different impact forces were tested (between 30 N and 60 N), the detection limits were
evaluated using weights between 5 g and 200 g, and it was proven that ZnO’s presence
enhances the sensor’s output voltage. A final prototype was developed using conductive
filaflex as an electrode and TPU as an active layer where zinc-based materials were
grown. The final prototype successfully detected finger-tapping movements, allowing
the assessment of movement frequency, force and rhythm. Additionally, a wristband
designed to detect tremor movements was developed using the same materials and
principles. However, this prototype was not sensitive enough to detect mild tremor.

Future work could focus on improving the FT sensor to provide more accurate and
reliable results. Exploring alternative 3D-printing polymers, such as PDMS, which is
commonly cited in literature, may offer new insights into material performance. Moreover,
increasing the synthesis temperature of ZnO should be considered to determine the
optimal temperature that maximizes the output voltage. Testing the growth of other metal
oxides, such as zinc-tin oxide, could also be a viable approach, as it would allow for an
evaluation of which materials offer better adhesion to the substrate and which contribute
to an increase in output voltage.

Furthermore, integrating a real-time data acquisition circuit connected to a smartphone
would ease the test procedure and allow patients to perform this task at home. Imple-
menting machine learning algorithms could automatically distinguish the finger-tapping
patterns of a healthy individual from those of a Parkinson’s Disease patient. Additionally,
algorithms that automatically calculate peak-to-peak voltage, tapping frequency, and

41



CHAPTER 6. CONCLUSION AND FUTURE WORK

amplitude would facilitate the device’s usability.
Further advancements could also focus on improving the wristband to enhance its

sensitivity, making it capable of detecting mild tremors, thus expanding its utility. One
approach could involve increasing the surface area of the active layer, as well as testing
other flexible filaments and metal oxides.

By incorporating these improvements, the device could become a versatile tool for
monitoring Parkinson’s Disease, offering both diagnostic and therapeutic benefits.

The manufacturing process for developing the sensors is simple and cost-effective,
allowing foreasy customization to meet individual userneeds. It holds significant potential
as a valuable tool for objectively monitoring patients with Parkinson’s Disease, enabling
its use not only during doctor appointments but also in the comfort of the patient’s home.
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A

Results of Peak-to-Peak Voltage of
Different Electrodes

This appendix contains Table A.1, which regards the peak-to-peak voltages originated
from sensors with different electrode materials combined with the "Square" design upon
impact forces of 30 N, 40 N, 50 N and 60 N.

Table A.1: Results of Peak-to-Peak Voltage of Different Electrodes Combined with the
Square Design Upon Impact Forces of 30 N, 40 N, 50 N and 60 N.

Peak-to-Peak Voltage ± Standard Deviation (V)
Pressure (kPa) Carbon Filaflex Carbon Filaflex with LIG TPU with LIG Carbon Tape

75
100
125
150

32 ± 2
43 ± 2
46 ± 2
49 ± 4

10.1 ± 0.4
19 ± 1

22.4 ± 0.9
28 ± 1

15 ± 1
18 ± 1
19 ± 2
22 ± 1

4.7 ± 0.3
6.9 ± 0.5
9.0 ± 0.5
11.5 ± 0.5
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B

Scanning Electron Microscopy
Results

This appendix contains Figure B.1 and Figure B.2 , regarding the SEM results of the designs
with hexagons as protrusions ("Hexagons") and "Hexagon Holes", respectively. For both
samples, ZnO synthesis was executed at 60 °C for 2 hours.

Figure B.1: SEM Images of "Hexagons" Sample Resulting from the Growth Process
Performed at 60 °C for 2 Hours. (A) 30× Magnification, (B) 1.5× Magnification, (C) 2.5×
Magnification, (D) 4.5× Magnification.
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APPENDIX B. SCANNING ELECTRON MICROSCOPY RESULTS

Figure B.2: SEM images of the "Hexagon Holes" Sample Resulting from the Growth
Process Performed at 60 °C for 2 Hours. (A) 50× magnification, (B) 2.5× magnification, (C)
15× magnification, (D) 60× magnification.
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C

Results of Peak-to-Peak Voltage for
Different Designs

This appendix contains Table C.1, which regards the peak-to-peak voltages originated
from sensors with different active layer patterns upon impact forces of 30 N, 40 N, 50 N
and 60 N, using the CF Electrode.

Table C.1: Results of Peak-to-Peak Voltage for Different Designs Upon Impact Forces of 30
N, 40 N, 50 N and 60 N Using the CF Electrode.

Peak-to-Peak Voltage
for Each Pressure Impact
± Standard Deviation (V)

75 kPa 100 kPa 125 kPa 150 kPa
Square 33 ± 2 43 ± 2 46 ± 2 49 ± 4

Archimedean Circle 24 ± 3 28 ± 3 31 ± 3 32 ± 4
Spheres 8.1 ± 0.4 12.4 ± 0.5 19.2± 0.5 25.1 ± 0.5

Archimedean Square 5.5 ± 0.8 11.5 ± 0.7 14 ± 1 16 ± 1.0
Circle 4.7 ± 0.4 10.2 ± 0.5 13 ± 1 16 ± 2
Waves 3.2 ± 0.2 5.8 ± 0.2 6.4 ± 0.4 7.4 ± 0.3
Cones 4.8 ± 0.3 3.7 ± 0.3 3.7 ± 0.4 4.1 ± 0.5
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D

Output Voltage for Prototype With
and Without ZnO

This appendix includes the output voltage signal obtained for the prototype. Figure D.1
concerns the sample without ZnO, while Figure D.2 concerns the sample after the ZnO
growing process. Both figures show the output from Tektronix Oscilloscope for 30 N, 40
N, 50 N and 60 N of impact force, respectively.
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APPENDIX D. OUTPUT VOLTAGE FOR PROTOTYPE WITH AND WITHOUT ZNO

(a) 30 N (b) 40 N

(c) 50 N (d) 60 N

Figure D.1: Output Voltage for Prototype Without ZnO Upon an Impact Force of: (a) 30
N, (b) 40 N, (c) 50 N and (d) 60 N.
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APPENDIX D. OUTPUT VOLTAGE FOR PROTOTYPE WITH AND WITHOUT ZNO

(a) 30 N (b) 40 N

(c) 50 N (d) 60 N

Figure D.2: Output Voltage for Prototype With ZnO Upon an Impact Force of: (a) 30 N,
(b) 40 N, (c) 50 N and (d) 60 N.
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I

Triboelectric Series

This annex contains a list of materials and their triboelectric charge density studied by
Zou et al., called Triboelectric Series.

Materials at the end of the table have a tendency to lose electrons, while materials
from the top of the table have a tendency to attract electrons.
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ANNEX I. TRIBOELECTRIC SERIES

Table I.1: List of Materials Ordered According to Their TECD. Adapted from Zou et al.
[27].

Material Average TECD (𝝁C m−2) 𝜶
Chemical-resistant Viton fluoroelastomer rubber -148.20 -1.31
Acetal -143.33 -1.27
Flame-retardant Garolite -142.76 -1.26
G-10 Garolite -139.89 -1.24
Clear cellulose -133.30 -1.18
Clear polyvinyl chloride (PVC) -117.53 -1.04
Polytetrafluoroethylene (PTFE) -113.06 -1.00
Abrasion-resistant polyurethane rubber -109.22 -0.97
Acrylonitrile butadiene styrene (ABS) -108.07 -0.96
Clear polycarbonate (glossy) (PC) -104.63 -0.93
Polystyrene (PS) -103.48 -0.92
Ultem polyetherimide (PE) -102.91 -0.91
Polydimethylsiloxane (PDMS) -102.05 -0.90
Polyester fabric (plain) -101.48 -0.90
Electrical insulating Garolite that is easy to machine -100.33 -0.89
High-temperature silicone rubber for food use -94.03 -0.83
Polyimide film (Kapton) -92.88 -0.82
Duralar polyester film (PET) -89.44 -0.79
Polyvinylidene fluoride (PVDF) -87.35 -0.77
Polyetheretherketone (PEEK) -76.25 -0.67
Polyethylene (PE) -71.20 -0.63
High-temperature silicone rubber -69.95 -0.62
Wear-resistant Garolite -68.51 -0.61
Low-density polyethylene (LDPE) -67.94 -0.60
High-impact polystyrene -67.37 -0.60
High-density polyethylene (HDPE) -59.91 -0.53
Weather-resistant EPDM rubber -53.61 -0.47
Leather strip (smooth) -52.75 -0.47
Oil-filled cast nylon 6 -49.59 -0.44
Clear cast acrylic (PMMA) -48.73 -0.43
Silicone -47.30 -0.42
Abrasion-resistant SBR rubber -40.13 -0.35
Flexible leather strip (smooth) -34.40 -0.30
Noryl polyphenylene ether -31.82 -0.28
Poly(phenylene Sulfide) (PPS) -31.82 -0.28
Pigskin (smooth) -30.10 -0.27
Polypropylene (PP) -27.23 -0.24
Slippery nylon 66 -26.09 -0.23
Weather and chemical resistant Santoprene rubber -25.23 -0.22
Chemical and vapor resistant Aflas rubber -22.65 -0.20
Polysulfone -28.92 -0.17
Cast nylon 6 -18.35 -0.16
Copy paper -18.35 -0.16
Chemical-resistant and low-temperature fluorosilicone rubber -18.06 -0.16
Delrin acetal resin -14.91 -0.13
Wood (marine-grade plywood) -14.05 -0.12
Wear-resistant slippery Garolite -11.47 -0.10
Super-stretchable and abrasion-resistant natural rubber -10.61 -0.09
Oil-resistant Buna-N rubber 2.49 0.02
Food-grade oil-resistant Buna-N/vinyl rubber 2.95 0.03
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