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SUMMARY
Parkinson’s disease (PD) prevalence is projected to reach 12million by 2040. Wearable sensors offer a prom-
ising approach for comfortable, continuous tremormonitoring to optimize treatment strategies. Here, we pre-
sent a wristwatch-like triboelectric sensor (WW-TES) inspired by automatic watches for unobtrusive PD
tremor assessment. The WW-TES utilizes a free-standing design with a surface-modified polytetrafluoro-
ethylene (PTFE) film and a stainless-steel rotor within a biocompatible polylactic acid (PLA) package. Elec-
trode distance is optimized to maximize the output signal. We propose and discuss the WW-TES working
mechanism. The final design is validated for activities of daily living (ADLs), with varying signal amplitudes
corresponding to tremor severity levels ("normal" to "severe") based on MDS-UPDRS tremor frequency.
Wavelet packet transform (WPT) is employed for signal analysis during ADLs. The WW-TES demonstrates
the potential for continuous tremor monitoring, offering an accurate screening of severity and comfortable,
unobtrusive wearability.
INTRODUCTION

Parkinson’s disease (PD), a neurodegenerative disorder mani-

festing itself through various motor symptoms, is estimated to

affect over 12 million patients in 2040, as reported by the World

Health Organization (WHO).1 These symptoms, including invol-

untary movements, stiffness, and tremors, significantly affect

daily functioning and progressively diminish quality of life in pa-

tients. Even though medications can help maintain the PD

severity, long-term taking or maximum dose of medication can

lead to side effects, particularly dyskinesia.2 Medicine adjust-

ments are frequently required by clinicians to assign appropriate

doses. Nevertheless, the accuracy of symptom presentation is

worrying. Sometimes, patients do not show immediate symp-

toms in in-person treatment, but it happens during the

day before or after. Finding innovative technology to help

patients and clinicians comfortably monitor PD severity is

necessary for effective care and treatment. Wearable sensors

(WS) have been known in the field of health monitoring technol-

ogy in the past decades and also gained much attention for

emerging as monitoring devices for PD symptoms.3,4 These

tools allow patients with PD and clinicians to autonomously

monitor and understand the relationship between physical

activity and the level of symptom severity. The most common
iScience 27, 111480, Decem
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uses include inertial sensors such as accelerometers (ACC)

and gyroscopes (GYRO),5 as well as biopotentials such as elec-

tromyography (EMG).6 Prior studies have utilized these sensors

to monitor the motor and non-motor symptoms of PD, such as

shuffling steps, sudden movement changes, and abnormal

shaking in patients. However, traditional WS used for PD

monitoring often face challenges such as invasiveness,

restricted movement, user discomfort, potential interference

withmeasuredmovements, and reliance on batteries, which limit

the continuous monitoring of device, in addition to heavy and

bulky size. Therefore, it is necessary to address these challenges

by developing a new type of PD sensor that can carry the patient

and provide functional measures that are associated with quality

of life.

Among the cutting-edge technologies contributing to this field,

triboelectric sensors (TES) have opened up a vast market for

sensing systems through the capability of contact electrification

and electrostatic induction of two distinct materials to generate

electrical signals.7,8 The TES device also shows substantial po-

tential as WS due to its excellent performance in harnessing me-

chanical energies at low frequencies (<5Hz),9,10 which means

that the motion of humans with PD can be potentially detected.

Moreover, the structures andmaterials can be easily designed to

adapt to WS applications.11–13 To date, numerous TES
ber 20, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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structures have been designed and proposed for applications in

physical detection and the monitoring of human activities.14–16

The versatility of TES has enabled its utilization across various

domains, including sports and fitness,17 where it facilitates phys-

ical activity tracking, and healthcare,18 where it is employed in

health monitoring.19,20 The application of TES in these fields is

driven by its capacity to provide real-time, non-invasive data,

thereby offering significant benefits for continuous monitoring

and proactive health management.21,22

According to the literature, previous studies have also attemp-

ted to examine the use of TES for assessment in different struc-

tures. The sock-based TES was developed in 2019 by coating

fabric with PEDOT: PSS and embedding it with lead zirconate tita-

nate (PZT) chips for PD gait analysis.23 However, the use of PZT

ceramic raises concerns due to its brittleness and toxicity, making

it difficult to utilize WS. A design of waterwheel-like TES was pro-

posed; unfortunately, a low signal-to-noise ratio of electrical

output was generated from this kind of TES, making it difficult to

distinguish small signal amplitudes from ambient noise.24 A

stretchable TES was designed in another work based on Ecoflex

and aluminum tomeasure musclemovements of patients with PD

for insights into disease progression. Nevertheless, challenges

persist due to the difficulty of accurately placing sensors on spe-

cific tendons. Variations in fat and tissue also limit the ability of

sensor to measure muscle activity.25 The M-shaped TES for

tremor detection was developed utilizing hydrogel of catechol,

chitosan, and diatom.26 Although the electrical signal information

about tremor amplitude and patterns can be achieved, the chal-

lenges still remain, especially unsuitable device structures for

body attachment. In developing the TES device, other than the

significance of the signal, it is very important to consider the con-

venience of the patient to carry and wear so as not to feel heavy

and bulky during activity. This is because the patient must wear

it all the time. Therefore, there is a desire to develop TES further

with important features of a high signal-to-noise ratio, a light-

weight structure, and comfort to wear. To achieve the goal, a

well-designed structure must consider crucial parameters such

as material selection27 and modification,28,29 suitable operating

mode selection,30 and appropriate structural design.31

Herein, a custom-designed wristwatch-like triboelectric

sensor (WW-TES) is proposed to be a wrist-worn sensor for

PD tremors monitoring. The development process involved

designing a free-standing (FS) mode TES using stainless-steel

and surface-modified PTFE as the triboelectric pair. The basic

structure of regular FS devices was fabricated firstly to observe

the electrical output characteristics, including open circuit

output voltage (VOC) and short circuit output current (ISC) in rela-

tion to the surface-modified PTFE, electrode distance, and fre-

quency to find the possibility for further designing of WW-TES

device. The optimized WW-TES device’s structure is tested

with various frequencies. The practical application for PD tremor

monitoring was validated through activities of daily living (ADLs),

which included tasks such as pouring water and eating based on

the MDS-UPDRS scale. The digital signal process technique

was performed to understand the signal during activities. This

proposed WW-TES shows the potential for screening tremor

severity and provides the possibility to monitor the daily living

conditions of patients continuously.
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RESULTS AND DISCUSSIONS

Materials modification and electrical output
performance based on free-standing mode triboelectric
sensor
Based on the triboelectric mechanism involving contact electrifi-

cation and electrostatic induction, selecting two distinct mate-

rials is essential. When two dissimilar materials come into con-

tact, electrons are typically transferred from one material to the

other according to their electronegativity (EN) differences. The

amount of charge transferred correlates proportionally to the

EN difference between the materials. In this work, PTFE film

was selected as the tribonegative material due to its high elec-

tron affinity, which arises from fluorine atoms (high EN) within

its structure. Conversely, stainless steel was chosen as the tribo-

positive material for two main reasons: (1) its relatively low EN,

which facilitates electron donation, and (2) the design inspiration

from automatic watches, specifically the WW-TES mechanism.

Given that the operation of WW-TES was inspired by the rota-

tional movement of an oscillating plate in a watch, the second-

hand oscillating plate from the watch mechanism was selected

for contact with the PTFE film. Therefore, stainless steel was uti-

lized as the tribopositive contact material. This selection is

further supported by material characterization results discussed

in the WW-TES design and proposed mechanism section. For

the material modification, the surface of PTFE was polished

with sandpaper to enhance its output performance by increasing

its surface roughness. The morphology and roughness of the

modified PTFE film were analyzed using SEM and AFM. The

SEM images in Figures 1A and 1B show significant changes in

the surfacemorphology of the PTFE film before and after the sur-

face modification. The images reveal a smooth surface of the

pristine PTFE (Figure 1A) before the sandpaper treatment and

a visibly roughened surface after the treatment. The use of sand-

paper resulted in noticeable scratches with line structures on the

surface (Figure 1B). Consistent patterns were observed in the

ATR-IR spectra before and after polishing, as shown in Figure S1,

despite visible physical changes. This indicates that the chemi-

cal structure of PTFE remained unchanged throughout the pol-

ishing process. The AFM results (Figures 1C and 1D) show the

two- and three-dimensional topography (scan area 10 mm 3

10 mm) of the surface before and after the roughening process.

Figure S2 shows the extracted line profile contains the informa-

tion related to roughness. The root means square roughness (Sq)

value for unmodified PTFE was observed to be 45.4 nm and it

was increased to 227.9 nm after modification. It was found by

comparing the generating output of unmodified and modified

PTFE that the VOC and ISC of modified PTFE was higher than

the unmodified PTFE for �1.8 and �1.6 times, as shown in

Figures 1E and 1F. The surface pattern was similar to those in

previous research, where the tribomaterials underwent surface

modification with polishing, which resulted in improved overall

output performance. Hence, the modified PTFE surface was

used in all experiments in this study.

The working principle of regular FS-TES is based on an in-

plane charge separation mechanism. The device consists of a

free-standing stainless-steel layer (2 3 2 cm2) and two PTFE

films (2 3 2 cm2) attached with Al electrodes (2 3 2 cm2). The



Figure 1. The surface characterization and electrical output of pristine PTFE and modified PTFE

(A and B) SEM images of pristine PTFE film (A), and modified PTFE film (B).

(C and D) AFM images showing the surface morphology of pristine PTFE film (C), and modified PTFE film (D).

(E and F) Electrical output VOC (E), and ISC (F) of the PTFE before and after surface modification by polishing.
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stainless steel and two PTFE films are placed parallel to each

other. The stainless steel is moved back and forth mechanically

from one edge of the left-hand PTFE film to the end edge of the

right-hand PTFE film. Meanwhile, the electrodes made of

aluminum were attached to the bottom of the PTFE film and

connected to the electrical wire, which was then connected

to the load. In Figure 2A, SEM images are shown to demon-

strate the FS-TES components. Arrows and symbols are added

to represent the working principle. According to Figure 2A, dur-

ing the initial state, a process known as charge exchange takes

place between PTFE and stainless steel, which is caused by the

difference in their electronegativity. However, the amount of

electrostatic charge generated is equivalent to the continued
contact of the materials. As a result, there is no difference in po-

tential between the two electrodes, leading to the absence of

any current flow in this state. When the stainless-steel layer

partially contacts the PTFE film on the left electrode (LE), their

different ability to attract electrons causes positive charges to

be generated on the surface of the stainless-steel layer and

negative charges to be generated on the surface of the PTFE

layer. This is due to the triboelectrification effect following their

physical contact. Upon the accumulation of negative charges

on the PTFE film, an equal number of positive charges is

induced in the LE. This induces an equal number of negative

charges in the right-hand electrode (RE). This state can be

seen according to the state (i) in Figure 2A. Further, under the
iScience 27, 111480, December 20, 2024 3



Figure 2. Working principle and electrical output of regular TES

(A) SEM images with a schematic diagram of the working principle.

(B) The figure depicting the working principle for FS-TES device.

(C) VOC and ISC of FS-TES by varying the distance of electrodes.(D and E) The electrical output VOC (D) and ISC (E) of FS-TES by varying frequency.

4 iScience 27, 111480, December 20, 2024
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influence of the external force, the stainless steel starts to slide

toward and overlap some parts of the RE while carrying the

positive charge on the surface with it. The positive charges on

the stainless-steel surface will induce the negative charges on

the PTFE film on the RE. Consequently, some of the positive

charges are induced on the RE, causing the previously formed

electrons to flow through the load from the RE to the LE, pro-

ducing an electric output at state (ii). During this sliding motion,

electrons continue to flow between the two electrodes to bal-

ance the local potential until they reach the maximum output.

This process contributes to the first half-cycle of the FS-

TENG in the state (iii). The second half-cycle is obtained during

the reverse sliding motion of the stainless steel from RE to LE,

and electrons flow in the opposite direction at state (iv). Alter-

nating contact separation between the PTFE with Al electrode

and stainless steel is continued and prolonged, and an alter-

nating current (AC) waveform is achieved. The drawing diagram

of this working principle for FE-TES is also clearly shown in Fig-

ure 2B. In every contact-separation cycle, the total amount of

the transferred charges (Q) is given by Equation 1:

Q = lab (Equation 1)

where s represents the surface triboelectric charge density on

the PTFE’s surface, while a and b are the length and width of

the friction area and the effective range of the charge

induction (d) was assumed to be constant in sliding and FS-

mode TES. The potential difference can be described by

Equation 2:32

V =
� 1

C
3Q + VOC = � d0 +

g

ε0S
3Q +

2sx

ε0

(Equation 2)

Where V is the potential difference between two metal elec-

trodes, C stands for the capacitance, d0 represents the initial

gap distance between components in the nanogenerator, g sig-

nifies the gap distance between the electrodes, ε0 represents the

permittivity of free space, S is the area size of the effective sur-

face, s is the charge density and e stands the permittivity of

the material used in the free-standing layer. The relationship be-

tween charge generation and VOC, where S is the area size of the

effective electrode 1 and 2.32

VOC =
DQSC:S

C
(Equation 3)

Continuing from the result in Figure 1, the enhancement of

electrical output by increasing surface area can be described

by the mathematics Equation 3 that the electrical output de-

pends on S. Thus, improving the surface contact area can in-

crease the total electrical output.33 The generated current can

be calculated as provided in Equation 4.

I =
dQ

dt
=
sab

d=v
=
vsab

d
(Equation 4)

where d and y denote the electrode distances and relative speed

of contact separation. The ISC refers to transfer charge as a func-
tion of sliding time, which can be written as Equation 5, which re-

lies on the stainless-steel motion speed.34,35

ISC =
dQSC

dt
=
dQSC

dx

dx

dt
=
dQSC

dx
n (Equation 5)

Herein, the basic structure FS-TES was fabricated firstly to

explore key parameters affecting its electrical performance.

One of the crucial parameters is the distance between the two

electrodes, which dictates the sliding displacement affecting

electricity generation. The characteristics of VOC and ISC were

examined by considering various electrode distances of 0, 5,

12, 17, and 35 mm to determine the optimal distance for

achieving the maximum electrical output. It could be observed

in Figures 2C and 2D that the output signals of VOC and ISC at

0 mm distance are 8.9 V and 29.0 nA. Upon increasing the elec-

trode distance to 5mm, a substantial rise in the output signal was

observed, with VOC and ISC reaching 17.8 V and 102.5 nA. How-

ever, when the electrode distance exceeded 5 mm to be 12, 17,

and 35 mm, there was a significant decrease in the electrical

signal values. At this point, the electrode distance has less influ-

ence on the output. The output signal decreases to a certain

extent with the increase in electrode spacing. According to

Equation 3, by considering D QSC and S as constant, and VOC

is proportional to C. Normally, dividing the gap between elec-

trodes into smaller segments will significantly increase C, result-

ing in a lower VOC. Thus, in this case, the large distance between

electrodes can effectively decrease the C value to get a higher

VOC. It can be seen that the output signal increases as the dis-

tance between the electrodes increases from 0 mm to 5 mm.

However, there is an optimum gap that generates the largest

output. Beyond this optimumpoint, the output signal value starts

to drop due to the breakdown effect that basically induces the

loss of the electrostatic energy. The breakdown effect leading

to the loss of electrostatic energy in an FS-TENG can be repre-

sented by Paschen’s Law. Paschen’s Law provides a relation-

ship between the breakdown voltage, the pressure of the gas

medium, and the distance between the electrodes. It is ex-

pressed as Equation 6:36

Vb =
apd

lnðpdÞ + b (Equation 6)

where: Vb is the breakdown voltage, d is the distance between

the electrodes, p is the pressure of the gas medium, b is a con-

stant depending on the gas medium, and a is another constant

related to the specific gas. The breakdown effect for FS-TENG

can be considered in two possible ways: one occurs between

two electrodes, and the other occurs between the triboelectric

surfaces and an electrode.37 The breakdown effect can be

formed once the VOC is high enough to cause a discharge spark

and generate the breakdown channel between electrodes,

causing the obvious release of voltage and charge dissipation.

Meanwhile, another breakdown threshold can be formed across

the dielectric layer and bottom electrodes that can be deter-

mined directly by dielectric strength multiplied by its thickness.

The gap distance between the electrodes has a significant effect

on the breakdown threshold. As the gap increases, the break-

down threshold increases, resulting in a decrease in output
iScience 27, 111480, December 20, 2024 5
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performance. Similar to the work of W.-Z. Song et al.,38 where

the influence of electrode spacing on the output of DC-triboelec-

tricity was also found. Various studies have also reported the sig-

nificance of the breakdown effect affecting the output perfor-

mance of electricity generation.36,39 Therefore, in this work, a

gap of 5 mm between the electrodes was determined to be the

optimal distance. The purpose of this work is to create a sensor

that can be worn on the wrist to monitor Parkinson’s disease.

Frequency sensitivity is a crucial factor to consider in the design

process. The frequency variation can directly impact the ampli-

tude of output generation, so the FS-TES device was tested

with an electrode distance of 5mm. Systematic output measure-

ments were taken within the frequency range of 3–7 Hz

Figures 2E and 2F demonstrate the output signals of VOC and

ISC when measuring at 3 Hz, generating 8.64 V and 26.29 nA.

As the frequency increased from 3 to 7 Hz, the output signal pro-

gressively increased, reaching a maximum of approximately

25.35 V and 149.30 nA at 7 Hz. It is clear that the output signal

of both VOC and ISC is directly proportional to the increased fre-

quency, due to the increased speed. This shortens the duration

of one working cycle and increases the number of working cy-

cles in a given time. As a result, surface charge can be generated

on the surface with higher density before transferring to an

external load, resulting in an overall increase in total output.

This demonstrates that the device can operate at various fre-

quencies and the output generated is related to the frequency.

The components of the WW-TES device can be divided into

three main parts, including (1) the device frame or package, (2)

the triboelectric material pair, and (3) the stainless-steel rotor

plate as shown in Figure 3A. Some details need to be gently

created on the device frame, i.e., holes and rotor plate substrate

for smooth attaching the materials pair before adding with the

watch strap. The expected design for the final WW-TES device

is displayed in Figure 3B. The experimental steps of device fabri-

cation were separated into two parts of frame fabrication and

WW-TES device assembly, according to the schematic diagram

of the experiment in Figures 3Cand 3D. As illustrated in Figure 3C

(i), the designed frame was done with the Shapr3D software

(Shapr3D App Version 5.572.6640.0) to create exact shape

and size of the frame and all required components, such as holes

and substrate formaterial pair attaching. The 3Dmodel files were

imported into software of ideamaker (ideasMaker 4.3.2 Raise3D

E2) to slice and obtain the gcode files. Subsequently, the frame

was 3D printed using PLA filament on a Raise3D printer (Fused

Deposition Modeling printer; FDM) with a resolution of 0.2 mm.

The printing temperature of 210�C and printing speed of

60 mm s�1 were used. The frame of the device was designed

to be similar to the shape of a round watch case with specific di-

mensions: 2 mm width, 7 mm height, and a diameter of 34 mm.

The frame featured a platform in the center and two inward ex-

tensions for the placement of the rotor plate and PTFE. A visual

representation of the device frame fabrication process can be

found in Figure 3C (ii). The schematic diagram of assembly steps

for the designed WW-TES is displayed in Figure 3D. Initially, a

surface-modified PTFE (10 3 0.5 mm2) is affixed with aluminum

tape (103 0.5 mm2) as the electrode and connected to electrical

wires (step (i)). This assembly is then adhered to one of the in-

ward extensions, with the electrical wires routed out through
6 iScience 27, 111480, December 20, 2024
the side hole according to the step (ii). The same procedure is

repeated for the other inward extension. The stainless-steel rotor

plate is then secured to the central section of the device as can

be seen in step number (iii). A nut and metal bearing, serving as

the proof mass with a total weight of 3.32 g, are affixed to the

rotor plate to help smooth the rotation of stainless-steel during

operation. This is consistent with the step (iv). After assembling

the WW-TES device in part of the WW-TES face, the next step

was to attach it with a watch strap so that it could be worn on

the wrist like a watch. Finally, the final WW-TES device was ob-

tained as can be seen in step (v). The total weight of the device is

33.49 g, which is lighter than that of a regular automatic watch.

Proposed working mechanism and electrical output
performance of the wristwatch-like triboelectric sensor
The WW-TES was designed based on the mechanism of an

automatic watch, aiming for patients to be easier to carry in

case of required monitor of Parkinson’s symptoms at home.

Automatic watches are known for their reliability and long-last-

ing mechanisms as long as the wearer keeps moving. They can

also generate energy from the irregular and chaotic movements

of the wrist.40 An automatic watch movement features a freely

rotating metal weight called the rotor plate. The movement

from the wrist causes the rotor plate to rotate and spin. As it

spins, it automatically coils the mainspring inside, providing po-

wer for the watch. Given the significance of the rotor plate that

can be moved freely to make the automatic watch work, the

attention in this work was then paid to utilizing it to develop a

WW-TES. Therefore, the watch parts of the rotor plate were

bought to fabricate the WW-TES with a custom design. Before

using it, characterization was done to confirm the type and

composition of the material. The EDS mapping technique was

employed as depicted in Figure S3; the results revealed the

presence of elements consistent with stainless steel, including

C, O, Si, P, S, Cr, Fe, and Ni by reporting its composition

detailed in Table S1. These findings are in accordance with prior

research references41,42.

According to the structure of the WW-TES, there is a rotor

plate made of stainless steel, which serves as the tribo-positive

material. It is attached at the center of the frame with a nut and

bolt, acting as the proof mass for smooth rotation. The two

PTFE films serve as the tribo-negative material, affixed to

aluminum electrodes. These electrodes are positioned within

the frame and connected to electrical wires that extend outside

of the frame. Figure 4A illustrates the 3 main steps of a stainless-

steel rotor plate movement inside the WW-TES. The stainless-

steel plate touches the first electrode during the period of stated

rotation, further touches both electrodes in the intermediate

state, and finally rotates to complete the cycle at the end of

the loop. This rotation was filmed by a digital camera in slow-mo-

tionmode tomatch the observed electrical signal for tracking the

AC electricity generation mechanism. The mechanism of electri-

cal output generation from theWW-TES device is proposed. The

schematic diagram was written to clearly describe, as shown in

Figure 4B, by extracting it from the real VOC signal. The proposed

mechanism diagram illustrates the specific working principle of

the WW-TES device, highlighting how the rotor plate undergoes

rotation when exposed to an external force. As can be seen in



Figure 3. Design and fabrication process of WW-TES device

(A) The designed components.

(B) The target of the final WW-TES device with experimental fabrication steps.

(C) The fabrication of the device’s frame using the 3D printing method.

(D) A schematic diagram of the WW-TES device assembly (the scale bar in step v is 1 cm).

iScience 27, 111480, December 20, 2024 7
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Figure 4. The working principle of the WW-TES device

(A) The steps of a stainless-steel rotor plate movement inside the WW-TES device.

(B) The working principle of the WW-TES device.
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Figure 4B, the generating of the electrical output signal by WW-

TES is separated into three main parts based on the real signal of

an observed voltage of 1) negative peak signal observation (yel-

low region), 2) constant peak signal observation (orange region),

and 3) positive signal observation (red region). The state of the

mechanism to give a negative signal can be described in the 3

steps from (i) to (iii). The state when the rotor plate swings and

contacts the PTFE film is defined as the first state of the mech-

anism (state (i)). The Intermolecular Electron Cloud Overlap

Transfer (IECOT) model43 is basically used to explain the distinct

electron-donating and electron-receiving properties of mate-

rials. Metals typically tend to donate electrons, resulting in a pos-

itive charge on their surfaces. Conversely, PTFE sheets tend to

attract electrons, leading to a negative charge on their surfaces.

Because an Al tape is attached to the PTFE film, it undergoes in-

duction from electrical neutrality to positive charges on the elec-

trode. This induces a flow of electrons, causing them to move

from the left-hand electrode to the right-hand electrode. How-

ever, since the stainless-steel rotor plate has started to touch

PTFE, the current of induced I is small, resulting in signal I < 0.

Upon prolonging time, the rotor plate continues to move, main-

taining contact with the PTFE with more contact area, and un-

dergoes continuous charge transfer until the maximum output

on the negative side is obtained for I << 0, as illustrated at state

(ii). The current flow continues until equilibrium is reached, which

occurs when the rotor plate makes full overlap with the PTFE at

state (iii). This induces an equal number of charges, causing no

current to flow by giving signal I z 0. After that, the state (iv) of

constant V takes place. During state (iv), the rotor plate reaches

some part of the right-hand side electrode. The induced electron

transfer between the rotor plate and the PTFE leads to the devel-

opment of a negative charge on the surface of PTFE. Conse-

quently, the Al electrode undergoes the induction of positive

charges. At the same time, the rotor plate reaches an overlap-

ping position of the two PTFE films and maintains contact with

them throughout its movement. As a result, electrons flow

back and forth between the two electrodes. At this stage, almost

no electrical signals are generated. The next step of the mecha-

nism is explainedwith state (v). The rotor plate continues tomove

away from the left-hand electrode, causing the charge imbal-

ance to reappear. The electrons flow back in the opposite direc-

tion and move from the right-hand electrode to the left-hand

electrode, starting to create the opposite direction with I > 0 of

signal to give an alternative (AC) current. The flow of electric cur-

rent continues until it reaches its maximum peak on the positive

side at the state (vi). The I at this state is supposed to be I [ 0.

Then, the rotor plate continues to rotate to reach a point where it

passes completely over both PTFE films, as can be seen in the

state (vii). At this stage, there will be no current flowing again

(I z 0), which is considered the end of the cycle. If there is a

continuous external force, such as a tremor, this will cause the
Figure 5. The schematic diagram of designing WW-TES with various e

(A) A design of WW-TES with various electrode distances.

(B and C) The electrical output VOC (B) and ISC (C) of the WW-TES device by var

(D and E) The electrical output VOC (D) and ISC (E) of the TES device by the frequ

(F) The cycles of output signal stability.

(G) The stability continues for 4000 s.
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rotor plate to continue to rotate in the manner described above

and produce an electrical signal.

To validate the WW-TES device for providing the highest effi-

ciency, the output signals, including VOC and ISC with various

electrode distances from 5 to 35 mm compared to 0 mm, were

investigated. The adjusting of distance between electrodes

was done at the beginning during the designed 3D printing of

the frame before the assembly component of the device. The

drawing diagram of designing WW-TES with various electrode

distances is displayed in Figure 5A. The output signals were

studied by using an orbital shaker as a vibration generator to

excite the device. According to Figures 5B and 5C, the results

show that the electrical output signal follows a similar trend to

those observed in the basic FS-TES. At 5 mm, the device can

provide the highest electrical output signal of both VOC and ISC,

which is about 0.61 V and 3.5 nA. This result is truly evident

that the electrode distance at 5 mm was the suitable parameter

for constructing the WW-TES device in this work. After the opti-

mization of electrode distance, the WW-TES was able to detect

signals at various frequencies effectively. Basically, the high-

and low-amplitude characteristics of tremors differ in different

PD severity. The classic tremor associated with Parkinson’s dis-

ease occurs at a frequency of 4–6 Hz and is characterized by a

hand tremor that resembles the motion of rolling a pill between

the fingers. Therefore, we further studied the device by

measuring various input frequencies, as illustrated in Figures

5D and 5E. The output signal produced by the WW-TES demon-

strated a proportional increase with the increasing input

frequency. Notably, there is a direct correlation between the

amplitude of the output signal and the tremor frequency. The

characteristics of tremors in Parkinson’s disease are classified

into three types: rest tremor, postural tremor, and kinetic tremor.

Rest tremor occurs when there is no voluntary muscle activity,

while postural tremor occurs when holding head, arm, and leg

motions against gravity. The specific frequency for postural

tremor is 4–7 Hz. Kinetic tremors occur mostly at 7–12 or

over.44 The device used to measure these tremors was sensitive

enough to detect various frequencies, even low ones. To test the

stability of the device, it was subjected to vibration using an

orbital shaker. According to the results in Figure 5F, the output

signal of the device was stable at different frequencies, even

when the device vibrated at 3 Hz for 10 s, followed by a 10-s

pause. This cycle was repeated for 10 rounds. During the exper-

iment, it was observed that the device produced output signals

when it was vibrating and stopped producing output signals

when it was not vibrating. Similarly, stable electrical values are

obtained regardless of the vibration frequency, as shown by

the results for both 5 Hz and 7 Hz. Additionally, when testing sta-

bility by allowing the device to operate continuously for 4000 s, it

was observed that the device consistently detected tremors and

maintained a stable electrical output throughout the experiment
lectrode distances and electrical output

ying the distance of electrodes.

ency.



Figure 6. Humidity testing of WW-TES device

(A) The digital picture of the humidity setup and the operation of WW-TES to detect humidity changes.

(B) The output voltage of WW-TES.

(C) The mechanism of the humidity effect on WW-TES.
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as shown in Figure 5G. From this result, it is also possible to

differentiate between signals during tremor and without tremor.

The stability of the WW-TES was further evaluated through

continuous operation for 72 h (1st round), followed by storage un-

der ambient conditions before an additional uninterrupted 72-h

test (2nd round). Comparative results, as illustrated in Figure S4

of the supporting information, indicate that the WW-TES main-

tained a highly stable electrical output signal. Even under a

7 Hz applied force, the output voltage showed no significant

decrease over the two rounds of 72-h continuous operation.

SEM images in Figures S5A and S5B present the comparison

of surface morphology for roughness PTFE before and after pro-

longed uses. The rough surface with clear groove lines can be

seen due to the polishing with sandpaper. After prolonged use

for 144 h, some rough spots were smoothed out due to long con-

tact with the oscillating plate but keep showing grooves.

Scratches on the PTFE surface are still evident, which means

that initial features of the surface still remain after extended oper-

ation. The AFM images of the PTFE surface post-stability testing,

shown in Figures S5C and S5D, reveal a roughness (Sq) of

approximately 206 nm, which is only marginally lower than the

initial Sq of modified PTFE (�228 nm) prior to operation. These

results confirm that the WW-TES device can operate continu-

ously without degradation in electrical signal stability or material

integrity. This stability can be attributed to the nature of the signal

generation process, which relies solely on contact rather than
applying substantial pressure between the PTFE and the oscil-

lating plate.

The TES operation is dependent on surface phenomena,

which means that external factors can have an impact on the

corresponding electrical signal. Moisture (H2O) in the air, along

with other organic/inorganic contaminants, can pose a serious

problem for the TES’s function and operation. High humidity, in

particular, can create a conductive layer that can act as a driving

force for the accumulated charges to dissipate on the tribe

material’s surface, resulting in unreliable or incorrect data. To

investigate the influence of humidity on the output voltage of

the WW-TES, the device was continuously operated under

various humidity levels ranging from low to high. Figure 6A pre-

sents a visual depiction of the experimental setup and the

WW-TES operation to detect the change in the humidity condi-

tions. According to the output voltage results in Figure 6B, the

linear correlation of output voltage with the increasing humidity

levels is illustrated. The WW-TES could exhibit the distinguish-

able AC voltage with the changing of humidity from 21 to 81%

RH,where a significant decrease in output voltagewas observed

from almost 1.0 to 0.2 V Figure 6C displays the working mecha-

nism of the effect of humidity on the output voltage of WW-TES.

Indeed, the interaction of water molecules can be possibly ad-

dressed in two steps: (1) chemisorption of the first H2O layer

and (2) physisorption of the following H2O layers. The electrical

field generated along this triboelectrification and electrostatic
iScience 27, 111480, December 20, 2024 11
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induction can lead to protons (H+) hopping among the surface-

absorbed H2O and provide the hydroxide (OH�) and hydronium

(H3O
+) species.45 In the initial stage, at low humidity conditions

(21%RH), chemisorption occurs as a small quantity of watermol-

ecules forms the initial layer on the triboelectric material surface

at low relative humidity. The water molecules chemisorbed onto

the surface of triboelectric materials and then undergo proton

migration by hopping across the surface and making H2O disso-

ciation into H3O
+ andOH¯ following the equation of H2O+H2O/

OH¯ + H3O
+.46 Due to the restriction of this layer by chemisorp-

tion, this process does not impact the resistance and may not

change significantly the charge carrier density of the solid layer.

When the humidity increases to themiddle region of the RH level,

a serial water layer can be formed. Other water molecules tend to

be physisorpted on the surface of the first chemisorbed H2O

layer or even OH� through hydrogen bonds. According to the

Grotthuss explanation of the ion transfer mechanism, when the

RH level is further increased, more and more water is adsorbed

and reaches three or more layers of serial water molecules that

accelerate the transfer of H+, leading to the provision of more

charge carriers.47 Therefore, as humidity levels rise, the produc-

tion of ions occurs, and their movement over energy barriers be-

tween these physiosorbed layers enables the hopping of protons

through neighboring absorbed water molecules.45 The addi-

tional charge flow would lead to leakage current during WW-

TES operation and thus decrease the electrical output of the

TES devices. The physique process is responsible for the

notable drop in the voltage of the WW-TES between 21 and

81% RH. It is shown that the WW-TES should be operated and

worked without high humidity or even not further kept in a

high-humidity environment.

Practical application test
Tremors are a critical symptom in individuals with Parkinson’s

disease (PD). The severity of tremors often indicates the progres-

sion and severity of the disease. Currently, the tremor severity in

PD is assessed on a scale of 0–4 based on the Movement Disor-

der Society-sponsored revision of the Unified Parkinson’s Dis-

ease Rating Scale (MDS-UPDRS) scale.48,49 The scale catego-

rizes the disease based on the frequency of tremors. Level

0 represents the absence of symptoms or normal functioning,

while level 1 shows slight, low-frequency tremors (0.5–0.9 Hz)

with minimal impact on function. Symptoms or signs of such

low frequency or intensity do not affect functionality. Level 2 rep-

resents mild tremors at a frequency of 0.9–1.8 Hz, resulting in

modest functional disruption and a noticeable impact on daily

life. Level 3 signifies moderate tremors occurring at a frequency

of 1.8–3.4 Hz, significantly affecting function without preventing

it. As a result, individuals may experience challenges with activ-

ities of daily living such as dressing, eating, and writing. Level 4

denotes severe tremors exceeding 3.4 Hz, resulting in symptoms

or signs that severely impair normal function. These very severe
Figure 7. Practical application: Activities of daily living (ADLs) testing

(A) Schematic image of WW-TES device in this work (the scale bar is 1 cm)

(B) Schematic of activity movement for the experiment: (i) pouring water and (ii)

(C) Output signal for water pouring activity.

(D) Output signal for eating activity (E) Wavelet packet transform decomposition
symptoms profoundly affect daily life, leading to substantial lim-

itations in activities of daily living, significant loss of indepen-

dence, and a severe impact on quality of life. The MDS-

UPDRS scale is a standardized tool used by clinicians and

researchers to evaluate the severity and progression of Parkin-

son’s disease symptoms. It helps clinicians monitor disease pro-

gression, assess the effectiveness of treatment, and make

informed decisions about patient care.50

In order to test the effectiveness of the WW-TES device in

monitoring Parkinson’s disease in real-time, the device is

secured with a strap and worn on the wrist like a watch. This is

shown in Figure 7A. The test involves simulating tremors associ-

ated with varying levels of PD severity by performing everyday

tasks, known as activities of daily living (ADLs).51 The MDS-

UPDRS ADL section is used to assess an individual’s ability to

perform daily personal tasks including bathing, dressing, eating,

and pouring liquids.52 Difficulties in performing these activities

can significantly impact the independence and quality of life of

individuals with Parkinson’s disease (PD). Therefore, this study,

evaluated the proficiency of individuals with PD in handling uten-

sils by conducting ADL tasks such as eating and pouring water.

These tasks provide valuable insights into an overall motor

symptoms of the individual. For the water-pouring activity, the

sequence of movements included picking up a container, lifting

it, pouring water into a glass, and setting the container back

down. This sequence simulates the process of pouring water

from a container into a glass, as depicted in Figure 7B (i). Simi-

larly, for the eating activity, the movements involved lifting a

spoon, scooping food upwards, and alternating the position of

spoon between up and down, mimicking typical actions during

eating, as illustrated in Figure 7B (ii). Throughout both activities,

the WW-TES device was worn on the wrist. The tremor intensity

was adjusted according to the frequency levels specified by the

MDS-UPDRS scale, which measures the severity of Parkinson’s

disease (PD) tremors.

To capture the electrical output data, theWW-TES device was

connected to a NodeMCU ESP8266, which features a Wi-Fi

module for IoT integration. The connection diagram is presented

in Figure S6 of the supplementary information. The NodeMCU

ESP8266 includes one analog pin (A0), 16 digital pins, three

3.3 V power pins, and four GND pins. The electrical signal from

the WW-TES is directed to the A0 pin, with the device output

linked to the A0 and GND pins on the NodeMCU ESP8266.

This configuration enables the ESP8266 to display real-time

data on a computer screen or store the recorded data for further

analysis by experts.

The output signal presented in Figure 7C (i) shows the output

signal for the 28activity of pouring water, capturing movements

of both a normal state (no tremor) and tremor occurrence during

the task. During the normal state, the wearer could lift the

container and pour water into a glass without any trouble due

to the absence of hand shaking. Without hand shaking, there is
eating.

: (i) water pouring, and (ii) eating.
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no mechanical force to trigger the rotor plate inside the device to

rotate, resulting in no output signal being generated. However,

there are noticeable peaks in the output signal due to the wrist

movement when picking up the container and pouring water.

This hand movement causes the rotor plate to rotate against

the PTFE plate, resulting in a small electrical peak output. On

the contrary, when the frequency of the tremor increased, the

WW-TES device produced output signals directly proportional

to the tremor frequency intensity. According to Figure 7C (ii-v),

two regions of the signal were observed which are higher ampli-

tude and lower amplitude in one output signal. The higher ampli-

tude region is indicated when picking up and holding the

container, while the lower amplitude region is for the turning of

the wrist to pour water into a glass with the shaking hand. Similar

to output signals have been observed from eating experiments.

In Figure 7D (i), the normal state is depicted, where no peak

output is generated due to the absence of hand tremors. Howev-

er, some peak outputs appear, attributed to hand movements

while scooping rice, causing the rotor plate to be able to rotate

against PTFE films and generate small peak signals. On the other

hand, as the tremor frequency increases, the output signal also

increases as can be seen in Figure 7D (ii-v). During eating move-

ments with hand tremors, the output signal shows two distinct

regions: a lower amplitude region during spoon lifting and rice

scooping, and a higher amplitude region when trying to hold

up the spoon. The results of the two activities have shown that

as the frequency increases, the output signal amplitude also in-

creases proportionally with the tremor frequency level 0–4 of the

MDS-UPDRS scale. This indicates that the WW-TES device can

detect the severity of Parkinson’s disease, indicating whether it

has progressed or not. Electrical signals can reveal if the severity

is increasing as more intense tremors result in higher electrical

output signals. Early clinical identification of PD is crucial to

stop the disease from progressing. In this regard, we provide

effective approaches for impacted person detection based on

wavelet packet transforms (WPT). For detection, the signals

are first preprocessed, and patterns are produced using the

WPT. Two distinct instances for different people are taken into

consideration when they eat and pour water. Two distinct im-

pulses are obtained using the WW-TES in this proposed work.

The output signals from the device are gathered and supplied

into the WPT. The contours show that the color coding in WPT

changes for an affected individual and a normal one, which

aids in determining whether to seek medical assistance. Fig-

ure 7E illustrates how WPT is used to detect the movement of

the pouring of water pouring event and eating, respectively.

The ability of the WW-TES to capture vibration patterns

throughout the day offers valuable insights into a patient’s PD

tremor characteristics. This continuous data stream can be

leveraged for enhanced diseasemonitoring, as tracking changes

in vibration patterns over time can provide a more objective un-

derstanding of disease progression and treatment efficacy. Inte-

grating WW-TES data with large datasets of Parkinson’s patient

vibration patterns could pave the way for the development of

computational algorithms for predicting disease severity, symp-

tom exacerbation, and potentially, treatment response. This

approach holds promise for transitioning PD management from

a reactive to a predictivemodel, enabling personalized treatment
14 iScience 27, 111480, December 20, 2024
strategies and improved patient outcomes. Although various PD

sensors utilizing different technologies are available on both

commercial and laboratory scales, the WW-TES offers distinct

advantages for future development. Its design leverages simple

materials, a straightforward fabrication process, and cost-effec-

tiveness, making it a promising option for PD tremor detection. A

comparison of PD sensors employing other technologies, detail-

ing their structure, type, detection method, operating frequency,

device size, scale, and limitations, is provided in the supplemen-

tary information (Table S2).
Conclusions
This work presents a wristwatch-integrated triboelectric sensor

(WW-TES) for continuous and unobtrusive tremor monitoring in

Parkinson’s disease (PD). The WW-TES design leverages a

free-standing triboelectric mechanism with optimized electrode

distance, demonstrating a direct correlation between tremor

severity (based on MDS-UPDRS) and the captured signal ampli-

tude during activities of daily living. This finding suggests the po-

tential of WW-TES as a tool for objective tremor assessment and

early detection of severe PD symptoms. Furthermore, the self-

powered nature of the sensor paves the way for integration

with real-time monitoring systems and tremor prediction algo-

rithms. Future studies will explore the long-term performance

of the WW-TES in clinical settings and its potential for personal-

ized treatment strategies in PD management.
Limitations of the study
So far, the prototype of the WW-TES has been tested only in lab

simulations; the clinical trials with patients with PD will follow

pending the approvals from regulators. Currently, the device re-

quires wired connections, hence impacts portability and com-

fort. Integration with NodeMCU ESP8266 is foreseen in order

to implement a wireless version. Real-time feedback for both

the patient and the provider cannot be provided in the present

state of development, but this will be added in subsequent ver-

sions with a view to further extending the monitoring capability.

Initial long-term stability testing under controlled conditions

has been promising, but additional studies are required to deter-

mine durability for everyday use.
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PLA filament Commercial Supplier N/A
EXPERIMENTAL MODEL AND SUBJECT DETAILS

This research involved test subjects wearing watch sensors tasked to evaluate the detection of the tremor and generate output sig-

nals. In this study, the researcher is the subject in simulating Parkinson’s disease tremors frommild to very severe. These simulations

are based on the MDS-UPDRS scale-a rating system that classifies the tremors by frequency, and hence the obtained signals were

analyzed.

METHOD DETAILS

Materials preparation
A commercial stainless-steel plate grade SUS304 (Guenter Company, Thailand) with 0.5 mm in thickness was used as tribo-positive

material. The PTFE film with 0.1 mm in thickness was selected as tribo-negative material. The surface-modified PTFE was done

through polishing using sandpaper number 1,000 and polished in a unidirectional manner with a specified cycle of 2 times, resulting

in the creation of a roughened PTFE surface. Both commercial stainless-steel and surface-modified PTFE filmwere cut into 23 2 cm2

for the regular TES device. The commercial stainless-steel rotor plate was used instead of stainless-steel film to fabricate the WW-

TES by following the custom design. Polylactic acid (PLA) filament (purchased from Shenzhen eSUN Industrial Co; Ltd) was used in

3D printing. With the exception of PTFE, all the materials were used as received.

Characterizations
The morphological and surface roughness characteristics of PTFE were investigated using Scanning Electron Microscopy (SEM; FEI

QUANTA 250) with the secondary electron detector at accelerating voltages of 20 kV. Additionally, high-resolution Atomic Force Mi-

croscopy (AFM) (Seiko Instruments SPI3800N/SPA400) was conducted in Dynamic ForceMode (DFM), also known as tappingmode,

with a 20 mm scanner. Silicon cantilevers covered with a thin reflex aluminum coating, featuring nominal spring constants (k) ranging

from 36 to 90 N/m and resonance frequencies of 160–225 kHz, were employed. The Attenuated Total Reflection-Infrared Spectros-

copy (ATR-IR; Shimadzu IRTracer-100) was employed to identify the functional groups of PTFE in the range of ATR-IR spectrum

within 4000-550 cm�1. Energy Dispersive X-ray Spectroscopy (EDS; Bruker) was used to analyze the elemental composition of

the rotor plate to confirm its stainless-steel composition.

Regular TES fabrication
The TES device comprises a pair of triboelectric materials in an FSmode structure. Firstly, a 23 2 cm2 PTFE film is cut, and an Al tape

of the same size is attached to its one side to act as an electrode. This electrode is then connected to an electrical wire. On the other

side of the device, a stainless-steel film of the same size is cut and connected to the electrical wire.
e1 iScience 27, 111480, December 20, 2024
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Electrical output measurement and signal analysis
The study focuses on the electrical output performance of a TES device, which is divided into two parts. In the first part, the electrical

output of the basic TES device was measured under compressive force using a sliding testing machine that moves horizontally back

and forth. The VOC and ISC signals were measured using a Digital Storage Oscilloscope (Keysight DSO-X 2012A) and Digital Multi-

meter (DMM;GDM-9061Dual MeasurementMultimeter). The frequency can be adjusted to study the electrical output characteristics

by controlling the speed of the motor of a sliding testing machine. In the second part, the output performance of the WW-TES device

was measured for the PD monitoring application. For testing the WW-TES, an orbital shaker was employed to provide vibrational

forces during electrical output measurements. The shaker’s adjustable frequency range allowed for tests within the Parkinson’s

tremor frequency range (3–7 Hz), enabling a simulation that closely resembles real-life operating conditions for the sensor. In all mea-

surement conditions, electric wires were connected directly from the device to an oscilloscope and a digital multimeter (DMM) to

record voltage and current, respectively.

The application of the WW-TES for Parkinson’s tremor detection was evaluated through simulated scenarios. A typical patient ac-

tivity wasmimicked by adjusting hand-shaking frequency according to each symptom level, with theWW-TESworn throughout. After

acquiring the electrical signal data, tremor pattern analyses were conducted using MATLAB R2016a software, utilizing the third

decomposition level of the Daubechies wavelet transform for accurate pattern recognition.

QUANTIFICATION AND STATISTICAL ANALYSIS

The electrical output voltage and current were collected with oscilloscpe and digital multimeter (DMM). For practical application, the

WW-TES data were colltect via NodeMCU ESP8266. Figures were produced by Origin from the raw data.

ADDITIONAL RESOURCES

This study has not generated or contributed to a new website/forum.
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