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Abstract

Wearable monitoring of Parkinson’s Disease (PD) tremor demands sensors that
combine high low-pressure sensitivity with readouts robust to lead and parasitic
capacitances. We present a flexible Porous-Nanocomposite (PNC) capacitive
pressure sensor that’'s integrated into an Alternating Current (AC) De-Sauty
bridge, along with a two-step calibration process that effectively cancels out lead
and parasitic effects. This innovation allows for picofarad-level resolution in a
wearable design. The device features a carbon nanotube (CNT)-doped porous di-
electric paired with Ag/PI electrodes, and it utilizes a guarded bridge front end
that connects to an instrumentation amplifier and Micro Controller Unit (MCU)
equipped with an Analogue to Digital Converter (ADC). Onboard Digital Signal
Processing (DSP) handles band-pass filtering (around 3-8 Hz) and Welch spectral
estimation for detecting tremors. In our benchtop calibration and tests with con-
senting volunteers, the system demonstrated an absolute sensitivity of about
2.2pF-kPa‘1, with a detection limit close to 14-16 Pa, and it showed a reliable dy-
namic response within the 4-6 Hz tremor range while keeping baseline noise low
and ensuring repeatability under cyclic loading. These findings highlight a com-
pact, low-power solution ideal for continuous fingertip tremor monitoring, paving
the way for further IRB-approved clinical validation to explore its potential for
diagnosis, symptom tracking, and personalized therapy assessment.
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1. Introduction

Parkinson's disease (PD) is a progressive neurodegenerative disorder that consti-

tutes a major health threat to older adults, commonly affecting individuals over the

age of 60 [1]. One of the disease's signature motor symptoms is restoring tremor;
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patients frequently perceive involuntary rhythmic motion of the digits, often de-
scribed as the subjective sensing of the thumb and the four other fingers moving like
"rolling balls" while the hand is at rest. Clinically, this resting tremor typically ap-
pears in the approximate frequency band of 4-6 Hz. Early-stage monitoring of these
tremor characteristics can support clinical assessment and management, which has
motivated significant interest in wearable sensing technologies capable of continu-
ing, real-world monitoring [2].

Conventional wearable approaches for tremor monitoring relatively largely on rigid
inertial sensors, such as accelerometers and gyroscopes. Although effective for mo-
tion capture, these sensors often yield bulky devices that reduce patient comfort and,
accordingly, are not suitable for the long-term, continuous wear necessary for com-
prehensive disease management [16, 28]. Flexible sensors are a promoting alterna-
tive, offering distinct advantages such as mechanical compliance, the ability to es-
tablish formal contact with the skin, and high sensitivity to the subtle contact pres-
sures associated with tremor dynamics. Indeed, wearable and implantable technol-
ogies are making substantial strides in how PD is diagnosed and managed, extend-
ing far beyond just motor symbol tracking. This expansive field includes research
into wearable biosensors for noninvasive metabolic marks, such as L-Dopa in sweat;
Al-driven laboratory diagnostics analyzing Volatile Organic Compounds (VOCs)
from skin secrets; and even impossible neural interfaces designed for closed-loop
diagnostics and therapy [3].

While these biochemical and neural marks hold promise for early diagnosis, the
quantitative, continuous monitoring of motor symptoms remains a cornerstone for
assessing daily disease progression and the efficiency of therapeutic interventions.
Recent monitors for PD terrorists have utilized advanced soft pressure sensors for
force mythology [30]. For instance, a notable study on a kirigami-inspired retch able
piezoelectret sensor array demonstrated ultra-high dynamic sensitivity and an im-
pressively low-pressure detection limit of less than 15 Pa [36]. This system achieved
approximately 99.5% accuracy for tremor localization and showed a strong correla-
tion (about 85% accuracy) with Unified Parkinson's Disease Rating Scale (UPDRS)
motor scoring, highlighting the significant potential of high-performance flexible
sensors in this domain [32].

Comparative research has focused on flexible capacitive pressure sensors, which are
particularly attractive for this application. Unlike some piezoelectric sensors, they
can detect both static and low-frequency pressures and are well-suited for
low-power operation, making their ideal for monitoring the subtle contact pressures
and fricative dynamics between digits during a restoring tremor [33]. However, the
practical implementation of wearable capacitive sensors faces a significant technical
hurricane: the very small, picofarad-level capacitance changes AC generated by sub-
tle pressures are highly sustainable to noise and interference from lead-wire and
parametric capacities. This issue is exposed in a wearable format, where movement,
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cable flexing, and environmental factors can introduce artifacts that exceed the true
physiological signal. Subsequently, practical studies that successfully integrate ad-
vanced porous or nanocomposite dielectrics with compact, parametric-immune
readout electronics and lightweight processing into a functional wearable system
remain limited [25, 31].

In this work, we introduce a flexible capacitive pressure sensing system based on a
Porous-Nanocomposite (PNC) dielectric, co-designed with a robust electronic front
end to overcome these precise integration challenges. The system is optimized to
measure contact pressures between the thumb and fingers to extract tremor char-
acteristics. The hardware front end utilizes an Alternating Current (AC) De-Sauty
bridge for high-sensitivity capacity-to-volume conversion. Crucially, this is paid with
a two-step, parasitic-aware parallel calibration procedure. This integrated approach
effectively cancels out the founding lead and parametric effects, enabling picofar-
ad-level resolution and ensuring that the sensor's high intrinsic sensitivity is pre-

served in a practical wearable design.

2. Materials and Method

2.1. Sensor Fabrication and Operating Principle

To achieve high sensitivity for low-pressure fingertip monitoring, a Po-
rous-Nanocomposite (PNC) dielectric was developed to maximize the change in ef-
fective relative permittivity (\epsilonr) under pressure. The PNC dielectric is fabri-
cated using a nickel foam template as a consistent porous scaffold. This scaffold is
infused with a silicone matrix containing 0.5% Carbon Nanotubes (CNT) and a plat-
inum catalyst. The metallic foam scaffold also provides a degree of electromagnetic
shielding [3]. The complete sensor stack is composed of the PNC dielectric layer, a

flexible polyimide (PI) support film, and silver (Ag)/PI electrode traces Figure 1.
\

Top Electrode \

\ D

PNC Porous (Compressed)

PNC Porous (Uncompressed)

Bottom Electrode

Flexible Substrate

Figure 1. Structural diagram of flexible pressure sensor

The sensor operates on the principle of a parallel-plate capacitor, where capacitance
(CQ)is defined by the geometry and material properties through Equation (1). As il-
lustrated in Figure 2, when external pressure is applied, the porous structure com-

presses [21].
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Figure 2. Capacitive pressure sensor working mechanism

This deformation simultaneously decreases the electrode distance (d) and increases
the effective permittivity (&) as air gaps are reduced, leading to a large, measurable
change in capacitance (AC) [16]. This design is particularly responsive to the static
and low-frequency pressures characteristic of resting tremors. Sensor performance
is quantified by its absolute sensitivity using Equation (2) and normalized sensitiv-
ity by using Equation (3) [8, 10].

C= So«?rg (1)
AC
S = P (2)
AC/C
S, = "% 3)

2.2. Electronic Hardware and System Design

The hardware system is designed to convert the sensor's picofarad-level capaci-
tance changes into a robust digital signal for analysis. The system, shown in the
block diagram in Figure 5, consists of an AC bridge front-end, an analog signal con-
ditioning chain, and a digital acquisition and processing unit. AC Bridge and Parasit-
ic-lmmune Calibration (A) high-sensitivity enhanced De-Sauty AC bridge topology
was selected for the capacitance-to-voltage conversion. The bridge, depicted in Fig-
ure 3, is powered by a stable 32.768 kHz active crystal oscillator. The PNC sensor is
placed in one capacitive arm, with a stable reference capacitor in the opposite arm
and two 10kQ) precision resistors forming the resistive arms [18].
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Figure 3. AC bridge front-end with the PNC sensor, calibration capacitors, and bridge resistors.
The output is amplified by U1 with supply decoupling for stability.

A primary challenge in wearable capacitive sensing is signal corruption from
lead-wire and parasitic capacitances. To overcome this, a two-step parallel calibra-
tion process is implemented. This method utilizes on-board CMOS switches to se-
quentially introduce two known precision capacitors (Ci0 = 1.00 pF Ci1 = 3.00 pF)
into the bridge [8]. By measuring the resulting differential voltage steps (AV10) and
(AV11) using Equations (4-5), a precise conversion slope (@) is calculated from
Equation (6).

AVip = V1o = Vinie (4)

AVi1 = Vi1 —Vinie (5)

— _C10-Cn 6)
AV10—-AV1y

This calculated slope (@) provides a precise, parasitic-immune mapping from
measured voltage to capacitance Equation (7), effectively canceling static parasitic
offsets [24].

AC = aAV )

A compact small-signal bridge model illustrates how the electrical design param-
eters influence the AV/AC mapping. By treating the sensor arm as a series combina-
tion of a resistor (R) and a capacitor (C), we can derive the midpoint expression by
Equation (8) as;

Vexc
V,(C) = TrjwRC (8)

When we linearize around the operating point (Co), we get the local sensitivity that's
used implicitly to calculate () from measurements. By taking the prototype operat-
ing point (with a nominal unloaded capacitance of Co~12.97pF, R=10k(Q, Vex.=1.0V,
and f=32.768kHz), we find that the linearized magnitude is about 2.057mV per pF.
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With the calibration capacitors set at Cio =1.00pF and Ci1= 3.00pF, the measured
voltage steps come out to roughly AV;,~2.057mV and AV;,;~6.172mV, leading to «
~486.05pF/V. Using this slope, a measured unbalance of AV means = 2.00 mV
translates to AC~0.9721pF, and with the fitted sensitivity S = 2.200pF-kPa™*, we get
AP=~(0.442kPa (or 442 Pa). The baseline RMS noise in the prototype is 6=~0.0107pF,
which gives us empirical limits of LOD~0.0161kPa and LOQ=0.0488kPa when
combined with the sensitivity mentioned earlier. We’ve made practical choices (C1g
= 1pF, C4; = 3pF, R = 10k, using driven guard and shield, low-leakage CMOS
switches, and placing switches close to the bridge) to ensure that the (AV) steps are
sturdy against noise while staying within the bridge's linear range. The physical
layout and shielding practices are crucial for maintaining these lab results in a
wearable setup Figure 3.

Signal Conditioning and Digitization The differential output from the bridge (Vaif) is
amplified by a low-noise instrumentation amplifier (AD8221). As shown in Figure 4,
the signal is then passed through a single-pole RC analog anti-aliasing prefilter
(R=10kQ C=187nF, fc = 85 Hz).

v 1fo i

O—¢-in VSt =3
P a
% vour

RY
10k

6
‘o

AD8221

Figure 4. Signal conditioning stage showing AC coupling between U1 and U3.3, RC filtering
before the ADC, and local decoupling for supply stabilization.

This filtered analog signal is then digitized at a 200 Hz sampling rate by a 12-bit An-
alog-to-Digital Converter (ADC, XPT2046). A Microcontroller Unit (MCU,
STC89C52RC) manages the ADC and all subsequent data processing. Standard layout
practices, including local decoupling, shielding, and short differential routing, were
employed to maintain signal integrity [5, 7].
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Figure 5. Block diagram of signal extraction

2.3. Software, Signal Processing, and Analysis

The system firmware was developed in the C programming language using the Keil
IDE and uploaded to the MCU via the STC-ISP tool. The software workflow, illustrat-
ed in the flowchart in Figure 6, is built around four key functional blocks. The pro-
cess begins with a timer/counter program that generates accurate periodic inter-
rupts for sampling [6]. At each interrupt, the A/D conversion program acquires a
sample from the XPT2046 ADC. This raw ADC value is first converted into an abso-
lute capacitance using the stored two-step calibration coefficient (). This capaci-
tance value is then mapped to a pressure value based on the sensor's experimentally
derived pressure-capacitance relationship.

To isolate the tremor signal, the pressure data is passed through a zero-phase
4th-order Butterworth bandpass filter (3-8 Hz). For tremor analysis, Welch spectral
estimation is employed on windowed, overlapped data segments to calculate the
signal's band-power, specifically within the 4-6 Hz range associated with Parkin-
sonian tremor. Finally, a threshold decision-alarm program compares the measured
pressure and its spectral characteristics to preset limits (informed by UPDRS crite-
ria). A human-machine interface (HMI) program continuously updates an OLED dis-
play with the real-time pressure reading. If a tremor event is detected, an alarm is
triggered using a ULN2003 driver chip and a buzzer. The system is powered by a 5V
supply from an AMS1117-5.0 voltage regulator [14, 15].
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Figure 6. Parkinson’s disease monitoring flowchart

2.4. System Characterization and Human Participant Study

The PNC sensor's performance was quantitatively assessed by calibrating its re-
sponse across a 0 to 10 kPa pressure range, with a high density of measurements at
the low-pressure end. The resulting pressure-capacitance relationship is shown in
Figure 7. The analysis revealed an absolute sensitivity (S) of 2.200 pF. kPa'! and a
normalized sensitivity (Sn) of 0.186 kPa! in the target region. The system's baseline
capacitance (Co) after calibration was =~ 1297 pF, and the baseline
root-mean-square (RMS) noise (@) was measured at = 0.0107 pF. This low noise
floor, combined with the high sensitivity, yields a theoretical Limit of Detection
(LOD) of =~ 14.6-16.1 Pa and a Limit of Quantification (LOQ) of = 48.6 Pathe sys-
tem's dynamic response was characterized by a 10-90% rise time (t:) of approxi-
mately 0.176 seconds, which is sufficiently fast to track tremor oscillations in the
4-6 Hz band without significant attenuation [15].

Human Participant Emulation Pilot measurements were conducted with two healthy
adult female volunteers (ages 25-30), who were members of the laboratory. All
measurements were non-invasive and presented minimal risk. Written informed
consent was obtained from both participants prior to data collection. For the pilot
test, the sensor was placed on the distal phalanx of the left thumb, and recordings
were collected for 5 minutes under resting conditions to demonstrate the feasibility
of the integrated system.

3. Results and Discussion

3.1. System performance and analysis

Before we dive into the sensor's performance metrics, it's important to note that the

integrated system went through a thorough commissioning process to lay down a
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solid and dependable measurement foundation. This crucial initial phase had two key
steps: first, we physically balanced the AC De-Sauty bridge, and then we carried out a
two-step electronic calibration of the entire signal acquisition chain. These steps
aren't just warm-ups; they're vital for achieving the precise measurements needed to
track subtle physiological changes, like those seen in Parkinsonian tremors. The
strong foundation built during this process guarantees the accuracy and reliability of
all the results that follow. The first step involved carefully adjusting the sensor board
to balance the AC bridge, effectively eliminating any standing offset voltage. A
well-balanced state was marked by a tiny bridge midpoint differential of about 0.5
mV. This is a stark contrast to the potential unbalanced midpoint voltage, which
could be anywhere from 300-500mV, highlighting the impressive dynamic range and
sensitivity of the bridge setup. Reaching this low-voltage null point is crucial, as it
sets a quiet operating baseline with minimal noise.

This way, the amplified output voltage reflects pressure-induced changes in the sen-
sor's capacitance, rather than being muddled by a large, possibly drifting, DC offset.
This balancing act significantly enhances the system's SNR right from the start of the
analog front-end. After getting the physical balance just right, we ran a two-step par-
allel calibration routine to figure out the system's electronic transfer function and
tackle those pesky real-world non-idealities. This process gave us an initial no-load
sensor capacitance (Co) of 12.97pF. To double-check this in-situ measurement, we
took the sensor and had it independently assessed with a high-precision LCR meter,
which showed a capacitance of 13.409pF. The fact that these two values are so close,
with a deviation of less than 3.3%, really backs up the effectiveness of our two-step
calibration method.

It proves that this technique effectively cancels out the confusing effects of parasitic
capacitances from leads, connectors, and PCB traces. This immunity to parasitics is
super important when moving a sensor from a controlled lab setting to a lively
wearable application, where cable movement and environmental interference are
just part of the deal. By isolating the system's response to a known change in capaci-
tance, we can be sure that our measurements truly reflect how the sensor responds
to pressure. With everything set up and running smoothly, we locked in the final op-
erating parameters: a 32.768 kHz bridge excitation frequency, 10kQ resistive bridge
arms, an optimized gain for the instrumentation amplifier, an anti-aliasing filter with
a cutoff frequency around 85 Hz, and an ADC sampling rate of 200 Hz.

3.1.1. Calibration Results and Mapping

To assess the quantitative performance of the PNC sensor, we calibrated its re-
sponse across a pressure range of 0 to 10kPa. We paid special attention to capturing
high-resolution measurements at the lower end of this spectrum, which is particu-
larly important for understanding the delicate forces involved when a fingertip
makes contact. The pressure-capacitance relationship we found is shown in Figure
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Figure 7. Sensor Calibration and Performance Characteristics. (a) The fundamental pres-
sure-capacitance response curve of the PNC sensor over a 0-10kPa range. The curve demon-
strates a pronounced non-linear response, with significantly higher sensitivity in the
low-pressure. (b) Derived absolute sensitivity (S, blue) and normalized sensitivity (Sn, red) as
a function of applied pressure, highlighting the sensor's optimized performance at low pres-
sures. (c) The linearized calibration fit for the low-pressure region, showing exceptional line-
arity.

The performance of the PNC sensor was evaluated by calibrating its response over a
pressure range from 0 to 10kPa. We focused particularly on obtaining
high-resolution measurements at the lower end of this range, which is crucial for
detecting the subtle forces applied during fingertip contact. The analysis of the
pressure-capacitance curve Figure 7a utilized a physics-informed small-strain
model fitted with ordinary least squares. This revealed an absolute sensitivity (S) of
2.200pF-kPa™* and a normalized sensitivity (Sn) of 0.186kPa™" in the primary area
of interest Figure 7b. This impressive sensitivity stems directly from the design of
the PNC structure. The nickel foam template forms a highly compressible scaffold,
while the CNT infused silicone matrix acts as a high-permittivity dielectric.

When pressure is applied, two synergistic effects enhance the capacitive change: the
distance between the electrodes (d) decreases due to pore compression, and the ef-
fective relative permittivity (€;) of the dielectric layer increases as air gaps (e, = 1)
collapse and are replaced by the high-permittivity nanocomposite. This du-

al-mechanism amplification is the key innovation that boosts the sensor's perfor-
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mance, especially at low pressures where the porous structure is most flexible Fig-
ure 7c. Additionally, the linearity of this response within the target range was out-
standing, with a coefficient of determination (R2) of about 0.99999996, indicating a
highly predictable and repeatable deformation process. A detailed statistical sum-
mary of the calibration performance bootstrap values, based on repeated measure-
ments, is provided in Table 1.

Table 1. Calibration performance bootstrap values.

Metric Value (mean = SD) 95% CI n
Slope (pF/kPa) 2.200 + 0.045 [2.112, 2.287] 7 points x 5 repeats
Baseline ¢ (pF) 0.0107 £0.0012 [0.0086, 0.0129] Nblank = 10
LOD (kPa) 0.0161 £0.0019 [0.0138, 0.0196] bootstrap 2000
LOQ (kPa) 0.0537 + 0.0062 [0.0463, 0.0618] bootstrap 2000
R? 0.9998 £ 0.0001 [0.9996, 0.9999] —

3.1.2. Dynamic Response and Noise

Beyond just static calibration, we took a closer look at the system's dynamic capa-
bilities to make sure it can effectively track time-varying signals, like those physio-
logical tremors. The core precision of the system hinges on its noise floor. We found
that the baseline root-mean-square (RMS) noise (o) of the fully operational system
was about 0.0107pF. This impressively low noise level, achieved through a
well-balanced AC bridge design and proper shielding, is crucial for picking up even
the tiniest signal variations. When you combine this noise level with the calibrated
sensitivity (S), you can set the theoretical measurement limits of the system. The
LOD (30/S) = 0.0146kPa (14.6Pa). LOQ (100/S) = 0.0486kPa (48.6Pa). For compar-
ison, a bootstrap estimate gave LOD = 0.0161 * 0.0019 kPa, which aligns closely
with the analytic result. These numbers are clinically significant; an LOD of 14.6Pa
means the system can reliably detect pressures much lower than those caused by
intentional movements, placing its resolution right in the range of involuntary mi-
cro-vibrations typical of resting tremors.

This impressive detection capability stems from the powerful combination of high
sensitivity from the PNC material and the low noise provided by the thoughtfully
designed readout electronics. It confirms that the sensor not only detects the pres-
ence of a tremor but also accurately measures its amplitude variations, which is vital
for clinical evaluations. The system's performance over time was highlighted by its
step response, which showed a rise time (t:) from 10% to 90% of about 0.176 sec-
onds. This dynamic response is essential for accurately reproducing the target
tremor signal in the 4-6 Hz range. A 6 Hz signal has a period of roughly 167ms, and
the system's measured rise time of 176ms is quite close to this period. This means it
can effectively track the waveform's oscillations without causing any significant at-
tenuation or phase distortion. As a result, the tremor signal remains clear and is not

DOI:10.63313/FE.9002

73 Frontiers in Engineering



Muzammil Khan. Faiza Ayyob

distorted by any limitations in the sensor's mechanical or electronic response. The

system's capability to function in the frequency domain is further demonstrated in
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Figure 8. Dynamic Response and Frequency-Domain Analysis. (a) Characterization of the
system's frequency response, illustrating sufficient bandwidth to pass the target 4-6 Hz
Parkinsonian tremor band with minimal attenuation or phase distortion. (b) A representative
time-series signal of an emulated tremor and its corresponding power spectral density (PSD)

calculated using Welch's method.

3.1.3. Human Emulation and Pilot Test

To validate the system's functionality in a real-world scenario, we conducted a pilot
study with two human participants. Each participant had a validated PNC sensor at-
tached to the volar pad of their right thumb. Subject 1 was asked to simulate a rest-
ing tremor, while Subject 2 performed a control emulation that represented a nor-
mal physiological tremor. The system's software was set up with an operational
pressure threshold ranging from 0.02N to 0.08N, based on the UPDRS criteria for
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identifying early-stage tremors. We recorded pressure readings for both subjects, as
shown in Table 2.

Table 2. Pressure Readings from Human Emulation Pilot Test.

. Mean + SD Within threshold Alarm
Subject | Ss(N) | 10s(N) | 20s(N) |~ N3y N (0.02-0.08 N)? triggered
. 0.0433 +
Subject 1 0.05 0.04 0.04 0.0058 Yes No
. 0.0167 +
Subject 2 0.02 0.01 0.02 0.0058 No No

The results from the pilot test clearly show how well the system can differentiate
between signals. For Subject 1, who was emulating a tremor, the average pressure
reading was about 0.0433 N, which fits neatly within the set alarm threshold. On the
other hand, Subject 2, serving as the control, had an average reading of around
0.0167 N, which is right at or below the lower limit of that threshold, aligning with
the lower amplitude we expect from a physiological tremor. Importantly, during
separate continuous monitoring trials, the tremor emulation from Subject 1 trig-
gered the system's alarm logic, this requires detecting more than 100 tremor cycles
in the 4-6 Hz range, while the activity from Subject 2 did not set off any alarms. This
pilot test effectively validates the entire integrated system, from the sensor material
to the alarm software.

The successful results highlight a series of performance characteristics working to-
gether. First, the PNC sensor's high sensitivity and low limit of detection allowed it
to pick up the low-amplitude forces from both subjects. Second, the system's dy-
namic response was adequate to track the 4-6 Hz oscillations. Third, the calibrated
capacitance-to-pressure mapping provided precise force readings in Newtons. Last-
ly, the signal processing pipeline and software logic effectively applied the ampli-
tude and frequency thresholds to distinguish between the two conditions. This out-
come is a result of all the previous characterization metrics, confirming that the in-
dividual performance specifications lead to meaningful functionality in real-world

applications.

3.2. Comparative Discussion

To contextualize the performance of the developed system, its key metrics are
benchmarked against those of other state-of-the-art flexible capacitive sensors re-
cently reported in the literature. Table 3 provides a quantitative comparison of sen-
sitivity, detection limit, and response time.

Table 3. Performance Comparison with Recent Flexible Capacitive Sensors.

. - Sensitivity Detection Limit Response Time
Working Principle (KPa) (Pa) (ms) Reference
Capacitive 1.25 0.6 30 [17]
DOI:10.63313/FE.9002 75 Frontiers in Engineering




Muzammil Khan. Faiza Ayyob

Capacitive 3.70 20 - [23]
Tonic-capacitive 119.05 10 - [22]
Capacitive 0.12 20 21 [27]
Capacitive 0.77 8 55 [28]
Capacitive 33.5 0.84 27 [29]
Capacitive 1.277 20 100 [30]
Capacitive 0.694 3 96 [26]
Capacitive (PNC) 0.1696 14.59 176 This work

This comparative analysis shows that while some sensors might report higher val-
ues for specific metrics like sensitivity or response time, the sensor developed in
this study offers a well-rounded and application-focused performance profile. The
key idea here is to optimize rather than just maximize; for instance, having ul-
tra-high sensitivity can actually be a drawback in wearable tech, as it may make the
device more vulnerable to environmental noise and necessitate a larger dynamic
range in the readout electronics. The sensitivity and LOD of the current sensor are
more than adequate for its intended use in tremor monitoring, and its response time
aligns well with the 4-6 Hz frequency range we’re interested in.

What sets this work apart is its comprehensive system design, which integrates a
high-performance PNC dielectric with a sturdy, parasitic-immune two-step calibra-
tion readout, ensuring reliable performance in real-world wearable applications. A
crucial aspect of any wearable device is its long-term reliability. We assessed the
durability and stability of the PNC sensor to determine its fitness for continuous
monitoring. As illustrated in Figure 9, long-term moderate-compression cycling
showed only a minor drop in sensitivity, indicating impressive mechanical robust-

ness.

DOI:10.63313/FE.9002

76 Frontiers in Engineering



Muzammil Khan. Faiza Ayyob

(a) (b)

Figure 9. Long-Term Performance and Stability. (a) Sensor durability test, showing the
change in sensitivity or capacitance response over thousands of compression cycles. The
minimal degradation demonstrates the mechanical robustness of the PNC structure. (b)
Storage stability results, plotting the sensor's baseline capacitance or sensitivity over an
extended period. The stable baseline indicates low material creep or degradation, crucial for
reliable long-term monitoring applications.

This demonstrated durability, combined with a performance profile deliberately
tailored to the application's needs, results in a mature engineering solution. The
system prioritizes overall robustness and reliability over the maximization of any
single, isolated parameter, making it a more practical and translatable technology
than laboratory prototypes that may excel in one area at the expense of real-world

usability.

3.3. Limitations and Future Work

Taking a closer look at this study, it's clear there are a few limitations that will shape
future research. The pilot study involved just two participants and was conducted
under simulated conditions. So, while the results show promise for engineering fea-
sibility, we can't really call it a definitive clinical validation just yet, and we shouldn't
make any broad clinical claims at this point. Additionally, like all capacitive sensors,
the device can be affected by environmental factors; changes in temperature and
humidity can impact the dielectric properties and overall capacitance, which might
lead to baseline drift that would need to be addressed in a final product.

Lastly, even though the system performed well in a controlled environment, we
need to carefully assess and manage the effects of motion artifacts from everyday
activities (like gesturing or grasping) to ensure it works reliably in real-world situa-
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tions. The next steps for this research are clear and actionable. The most important
move is to carry out a formal, IRB-approved clinical study with a larger group of
around 20 to 30 patients with Parkinson's disease. This study is essential to estab-
lish solid clinical performance metrics, such as sensitivity, specificity, and a com-
plete ROC analysis in real-world settings.

At the same time, we’ll conduct thorough robustness testing, which includes evalu-
ating performance across various temperatures and humidity levels, extensive du-
rability testing over many cycles, and developing advanced signal processing algo-
rithms to filter out motion artifacts. Ultimately, we aim to integrate these technolo-
gies into a comfortable, fully wireless, and unobtrusive wearable system that can
provide continuous, long-term tremor monitoring in a patient's daily life, offering a

valuable tool for managing the disease and assessing clinical progress.

4. Conclusion

This work focuses on the sensing mechanism of flexible pressure sensors, where we
developed a highly sensitive capacitive sensor using a PNC material. The study pro-
vides a proof-of-concept demonstration that the PNC-based capacitive sensor, com-
bined with the AC-bridge readout and calibration scheme, can capture tremor-like
signals with high apparent discrimination in controlled settings. We also created a
matching hardware-software monitoring system aimed at the early detection of
Parkinsonian resting tremor. Starting with the sensor design, we enhanced the
De-Sauty AC bridge and implemented a two-step parallel calibration process to
eliminate lead and parasitic effects. Additionally, we designed the analog front end,
A/D acquisition, MCU DSP, and user interface to effectively extract and analyze
tremor-related pressure signals. System testing validated the sensor’s impressive
sensitivity and stability within the intended operating range, showing that our com-
bined bridge and calibration method provides accurate capacitance-to-voltage con-
version, making it suitable for wearable applications. These findings suggest that
PNC-based flexible capacitive sensors, when paired with our readout and processing
system, present a practical and efficient solution for intelligent health monitoring,
with significant potential to enhance the use of flexible pressure sensors in diag-
nosing diseases. Larger-scale validation will be required before drawing clinical
conclusions.
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