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Abstract

This thesis presents the development of flexible electromechanical sensors tailored
for next-generation applications in human motion monitoring and human—machine
interfaces (HMIs). Conventional sensors are often fabricated on rigid substrates. As
a result, these fail to conform to curved or dynamically moving surfaces. This makes
them unsuitable for applications that require mechanical compliance.

Flexible sensors offer better form adaptability and skin conformity. However, those
based on a single sensing mechanism often face a trade-off between sensitivity and
sensing range. Devices with high sensitivity are typically limited to narrow sens-
ing ranges, while those capable of operating over broader ranges tend to exhibit
lower sensitivity. To address these limitations, hybrid and multimodal sensor ar-
chitectures are introduced. These combine complementary transduction principles
to achieve both high sensitivity and a broad dynamic range. Moreover, multimodal
sensor systems support multi-stimulus detection. They can sense strain, pressure,
and proximity in a single device. This enhances adaptability for complex and inter-
active environments.

To realize these capabilities, the thesis begins with a hybrid capacitive-resistive sen-
sor that enables high sensitivity across a wide pressure range. The sensor switches
between non-contact capacitive sensing and contact piezoresistive sensing depending
on applied pressure. The capacitive response operates in the low-pressure regime
(0.3-15 kPa) with a peak sensitivity of 0.013 kPa™', while the piezoresistive re-

sponse covers 15-86 kPa with a sensitivity of 0.037 kPa .

The dual strategy of
mechanical isolation via SU-8 spacers and electrical isolation via parallel readout
architecture is also employed to suppress crosstalk below 0.3%. Building on this,
a multifunctional capacitive sensor for human motion monitoring is developed that
leverages two structural strategies. One design incorporates asymmetric electrodes
and a p-meshed PDMS dielectric to achieve direction-sensitive strain detection. The
asymmetric electrode array provides a vectored strain response with a displacement
sensitivity of (1.341742.0077 —1—8.750]%) pF/mm. Its reusable polymer mold facilitates
batch fabrication and scalability. The other employs a magneto-dielectric-based bi-
modal capacitive device to enable both strain and contactless sensing through a

single capacitive output readout. The device achieves a four-fold improvement in

strain sensitivity and a 1.5-fold increase in proximity sensitivity compared to planar
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structures. It can distinguish conducting from non-conducting approaching objects,
showing nearly 23 times higher sensitivity for conducting materials and a detection
range up to 21 mm.

Next, a piezoelectric—capacitive hybrid sensor is introduced to capture both static
and dynamic pressure signals. By combining steady-state capacitive response with
transient piezoelectric signals, the device extends pressure detection from 1 to 140
kPa, achieving sensitivities of 30 fF /kPa for low static pressures and 150 mV /kPa for
dynamic pressures. This adds a temporal dimension to tactile sensing, useful for cap-
turing dynamic impact and realistic touch patterns. Finally, a high-resolution 64 x 64
tactile array (4096 pixels) built using the same magneto-dielectric material is pre-
sented, achieving a device density of 846 sensors/ cm?. The array features 100x 100
m pixels and a wide pressure range (0.37-30.86 kPa). System validation includes
multi-wafer repeatability tests and 2D mapping of complex contours. While operat-
ing in capacitive mode, this system demonstrates scalable sensor density, seamless
integration with a flexible PCB-based analog readout for surface texture mapping.
For each platform, complete sensor-to-system functionality is achieved through in-
tegration with flexible PCB-based readout systems. These systems, built from com-
mercial off-the-shelf ICs, enable real-time data acquisition, wireless transmission,
and application demonstrations. Each platform is validated through finite element
simulations (COMSOL Multiphysics) and experimental characterization. Demon-
strations include human motion tracking, HMI, and surface texture recognition.
These establish a foundation for scalable, biomimetic, and high-performance elec-

tromechanical sensors for HMIs and human motion monitoring.



IE WY& 799 TTid R (Human Motion Monitoring) @I ATI-—HE $e%hy
(Human—Machine Interfaces, HMIs) ST 3T TIET & Sﬂwjﬁ & fou EIG] W—
AHE Hagdl & [TPRT B UFdd axdl 8| URYRE Hdcdh UM: HOR Aedee U
faffa feg S ?, e aRemvawy 9 gateaeR A1 e Adel & e w9y
H TG el Uid| 39 IR 9 I WA & 5y Iugeh Aet g o+ aifFe
3 Al (mechanical compliance) 1 ATl gl 2l

Fdies aga S8y MAR-3Ge (form adaptability) 3R TIal-\GHE  3MGAdl
(skin conformity) W& &<d &| AU, Tha G dFf (single sensing mechanism)
TR 3NTRA HoGh URT: ATl (sensitivity) 3R ATGT IJHT (sensing range) &
g FHEI T AT IR o) SF JAGTRIGdT ales ISR AHTIA: HIHd AT9H
AT ¥ B PR T, e ATYd qoT AHET 9T IUSION H FAeTNSAT SeThd
& Bl | 39 A1l 3 g a & Y 39 My # gRfis aur AecMes dacd
SRTATY U @l T8 7, i W giIsae gidl (complementary transduction
principles)ﬁmﬁﬁmﬁwmmmﬁﬁm
Al | THH AR, AeCHIsH Hagdh YoMl G &1 JUIR0 H Fg-Icior T
(multi-stimulus) — SN dqTa (strain), <SITd (pressure) AR Frpedr (proximity) —
FT gdT ST H FeH 8l 2, O 9 St 3R Sexfaea ardmaxmi & fau s
RS ST Bl

S gHAT B HHR HIF & (ST WYY &l YoAd U grsfos dhufiafea-
Io¥ea Hdga I T TS B, S AUS <a1d ST § IF Hdeaeiadl Ue dedr
2] Jg "ded ST W Cod & MIR W IRIAu$ Hufafea Haew 3R Fud
TRISIRSRed daed & s Raa &xar 21 suRifea ufafrar 5 g9 89 (0.3-
15 kPa) § &1 &l € 3R 0.013 kPa~! & 3ifrrds Fagaeiiadr Uefid axdl 2,
Stafe grRrsiRfSRea ufafrar 15-86 kPa @ fawad &I € 3R 0.037 kPa~! &
FaeTefiear Uar &l 2| SU-8 TUMRI §RT AHdh GUHI dAT HHAFIAR TSI
afdcaar gRT faed YraRur o1 WY I & ITANT ke hid-cld ol 0.3%
I HH @ T 2

Ad YR W AT fd IR & foU va ag-amaiens dufifea waes faafad
frar T 2, foRrd ) IRaATeHS ORIt e e §1 word fEese # smyAfad
Z5agls 3R u-HY PDMS SEosfdgd ol 39N fham R 2, o feen-wHadT a-ma
U= |99 Bl €1 I8 A gosagis ARl (1.3417 + 2.0075 + 8.750k) pF/mm
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&1 favars HdeTRIadr & A1 aaey-3MeRd ¥oo WiAahAT e &xdl ] SH@I
G0N A UifewR Ales o9 A0 3R Thafefad! & 9egq S91d1 1 SRR
feosd Hicl-sRoidea MURA TRHISE HUNIcd I R MR ©, S Udh
g Hufiafea am3cge Searse & Areud W dq1d 3R Aud-Ifed daed Ml @l
AT FFTAT | IE IYPRY HAAASG DA D g1 H a1d HaeTeiadr H aR
AT dur Rdedr daeefiadr 7 1.5 T 3fg uelia a=ar 21 |y & 98 aee
IR IraTeH Mdc 3l a¥dslt & d9 R HY Adhdl 2, 98l aiad Ul & By
S 23 AT e HagTeNGSdl a2 21 mm dd &l ggar ¥ 9Td 8lal ©
UG ULl U URISsaidadh—huiaicd grsfis Hagd Uwdd faal T 8, S ReR
qaon Tfaee T YR & oI Hhdl BT gof PR Hhdl &l ReR-3agzen Hufifed
fafzRar 3R aftie TRISiseidcd Adhdl & HASH §RT J€ SYHIT 1-140 kPa &
TETd &9 H R dRdT ©, oy ReR garg & &7 30 fF/kPa dm nfdsis gema
¥ ST 150 mV/kPa &7 FdeTefiaar wH &) &1 3HY ¥ e H Tah diios
(temporal) 3RITH BT ¥, S TfAelies GGl do aredidsd ¥ de &l Rais &=
H FEd T

3idd: I HUCI-sEided AHAT hI IUAN dHRd BY 64 x 64 (4096 UFAS) &
3g-Roffeyed el W=l faafad &1 15 7, foRIeT Jdesd gcd 846 AWR/em? 2|
39 IRl &7 RIS MR 100 x 100 pm € 3R J& 0.37-30.86 kPa & oG &F
R FRAT 1 YOS FATIT H Ig-9HR AT URIE dAT S i bl
fg-amam Aftw wfae € Fufafea dared & SRE I8 Yumell 39 99” °-ca,
SIS PCB-3MRA TATAAT S83M3T & 1Y JIH THIHRUl o7 g grae AftT
e el 2

TS YThH H IRR-I-Red TR A gl dRIeHar sdle PCB-3menRd Js3mse
yonfesal o AT THIHRU §RT UTH &l T = I yonfesar arfoifsad sit-g-3ewh
ICs 9 fAffa ¥ 3R aRdfas-awg ST Uy, arRRod Ciaffe dem ST
UG BT AeH ST €| Ycddh YThiH BT Feara+ A aca Rgae= (COMSOL
Multiphysics) T UG TSN g§RT fhar mam gl UeeHEl ¥ HEa wfd S,
-7 ey (HMI) fFRIF0 3R Ade §H19e Ugde Iias 2l

Y gl AMI-HIA X% dT d19d T AR & 60U vhaas, T s
AR IF-USH faRla-aifae Woea!l & A & U Ta Jgee MR amfud o
2l
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Chapter 1

Introduction

This chapter gives a brief overview of flexible electronics as well as introduces some
basic concepts and working principles of the electromechanical sensors. Existing
bottlenecks limiting the full-scale dynamic range and sensitivity are also discussed.
A literature review of different types of configurations and implementations, along

with a summary of the state-of-the-art, is presented.

1.1 Overview of Flexible Electronics

Sensor technologies have developed in successive generations. Each generation demon-
strates a new way to capture and interpret physical stimuli (Figure 1.1)[13]. The
earliest Sensors 1.0 converted physical phenomena into visible mechanical responses
such as dial movements or colour changes [14]. Sensors 2.0 introduced electrical out-
puts and basic control capabilities, enabling integration into analog and early digital
systems [15]. Sensors 3.0 advanced further with miniaturization, embedding sensors
into portable electronics like smartphones and wearables, and making pervasive sens-

ing a reality [16]. Today, Sensors 4.0 represent a paradigm shift in sensor technology.
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FiGUure 1.1: Evolution of sensor technologies across four generations from me-

chanical responses (dials, color changes) to electrical outputs, miniaturized de-

vices, and intelligent Sensors 4.0 systems. The shift toward Sensors 4.0 highlights
the need for flexible sensors [1].

Sensors function as intelligent, interconnected nodes inside cyber-physical systems.
They leverage IoT, Al, and big data analytics to deliver real-time monitoring, pre-
dictive diagnostics, and adaptive control [17].

While these digital capabilities are transformative, their practical success depends
on reliable physical integration with real environments [18]. Traditional rigid sen-
sors often excel in sensitivity and related performance metrics. They fail to maintain
conformal contact, leading to unstable signals and poor long-term reliability [19].
This mismatch between advanced digital systems and limited mechanical adaptabil-
ity has accelerated the rise of flexible electronics as a solution.

Flexible electronics are devices built on substrates such as polymers or elastomers.
These substrates allow devices to bend, stretch, fold, or twist without losing their
functionality [20]. Unlike conventional rigid silicon-based electronics, flexible elec-
tronic systems adapt to non-planar or moving surfaces. Their mechanical compli-

ance, combined with emerging materials and MEMS-based fabrication techniques,
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also offers advantages in lightweight construction, scalability, and cost-effective man-
ufacturing. This makes them ideal for applications in wearables, electronic skin (e-
skin), continuous health monitoring, and human—machine interfaces.

In contrast, rigid substrates lose stable contact with non-planar surfaces under re-
peated deformation. This results in signal drift, user discomfort, or even sensor
failure. Flexible sensors fabricated on stretchable, bendable, or foldable substrates
overcome these limitations through inherent softness and dynamic form adaptation
[19].

The promise of flexible sensors has sparked intense global research and develop-
ment. This technological momentum is also reflected in market trends. According
to Figure 1.2, the flexible sensor market is expected to reach $11.2 billions by 2032,
growing at a compound annual growth rate of 7.7 [2]. Among various flexible sen-

sor types, electromechanical sensors occupy a central role. By enabling real-time

FLEXIBLE SENSOR MARKET 2022-32

2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032

FiGURE 1.2: The marketing prediction of the flexible electronics up to the year
2032 with electromechanical sensors dominating the market [2]
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detection of force, touch, and mechanical deformation, they act as building blocks
for health monitoring systems, intelligent prosthetics, soft robotics, and interactive
platforms. Their combination of adaptability and functionality positions them at
the core of Sensors 4.0 [21]. The biological benchmark for such a system is human
skin, which is naturally flexible, stretchable, and multi-functional. As illustrated in
Figure 1.3, human skin integrates various mechanoreceptors, Merkel cells, Meissner
corpuscles, Pacinian corpuscles, and Ruffini endings. Each is specialized for detect-
ing different mechanical stimuli such as static pressure, dynamic pressure, direction,
and strain [3]. Additionally, microstructural features like interlocked ridges and fin-
gerprint textures enhance tactile resolution and directional sensitivity. The skin’s
multimodal and hierarchical functionality inspires the design of flexible electrome-

chanical sensors. These sensors aim to capture both static and dynamic stimuli,

Decoding Tactile Functionality in Human Skin

Human Skin Mechanoreceptors

SA-1 .
S \if —> Static Pressure

dd; (

L FA-1 :

@......-.---------. % Meissner —> Light Pressure
wennsansiiiZasnnnns@ &) Ruffini —> Skin Stretch

vf_‘;
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FIGURE 1.3: Structure of human skin showing mechanoreceptors: Merkel (MD)
and Ruffini (RE) for static stimuli, Meissner (MC) and Pacinian (PC) for dynamic
stimuli, and its capabilities. [3].
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resolve directional strains, and cover a wide dynamic range. To translate these skin-
inspired functions into practical devices, flexible electromechanical sensors rely on
four principal transduction mechanisms: capacitive, piezoresistive, piezoelectric, and

triboelectric.

1.2 Transduction Mechanism

Building on the biological inspiration of human skin, flexible electromechanical sen-
sors achieve their functionality through four principal transduction mechanisms: ca-
pacitive [22], piezoresistive [23], piezoelectric [24], and triboelectric [25] (Figure 1.4).
Every mechanism translates external mechanical stimuli into measurable electrical
signals. Each category employs distinct design strategies and functional materials
tailored to its specific mode of operation. Additionally, each mode offers particular

advantages and faces unique limitations in the context of design.

A ~ Triboelectric - c

Electrode Electrode
Negative dielectric

Positive dielectric
Electrode Electrode

Dielectric

Electromechanical
Sensors

Electrode Electrode

Ferroelectric _ Matrix
Binder Conductive fillers

Electrode

Electrode

FIGURE 1.4: Transduction mechanisms in flexible electromechanical sensors: (a)
Triboelectric, (b) Capacitive, (c¢) Piezoelectric, and (d) Piezoresistive [4].
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1.2.1 Capacitive

Capacitive flexible electromechanical sensors operate by utilizing changes in the
dielectric layer or electrodes under applied pressure. The resulting capacitance vari-
ation forms the basis for obtaining the capacitance—pressure calibration curve. The
sensing mechanism mainly employs two geometries: (i) parallel-plate electrodes with
a sandwiched dielectric layer (Figure 1.4 (c)), and (ii) planar interdigitated electrodes
with an overlaid dielectric layer. In the parallel-plate configuration, deformation of
the dielectric layer alters the distance between the electrodes. This change alters

the capacitance, which can be calculated using the following equation:

C = e,& (%) (1.1)

where ¢, is the relative permittivity of the dielectric material, £y is the permittivity
of free space, A is the area of the electrodes, and d is the separation distance between
the two electrodes [26].

In the interdigitated electrode (IDE) configuration, the capacitance originates from
the fringing electric fields between adjacent fingers, and changes in the effective di-
electric constant under applied pressure modulate the capacitance. This geometry is
particularly advantageous for planar integration. Capacitance depends on electrode
design, separation, and the dielectric constant. Researchers have introduced various
structural and material innovations. For instance, Luo et al. proposed structural
innovations in the dielectric layer [9], while Guo et al. employed a ferroelectric mate-
rial, P(VDF-TrFE), as the dielectric layer to enhance performance [26]. Capacitive
sensors offer advantages such as low power consumption, fast response, and sim-
ple design [27]. However, these are susceptible to parasitic capacitance effects and

electromagnetic interference, which can impact measurement accuracy [28].
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1.2.2 Piezoresistive

Piezoresistive sensors function by changing resistance under applied pressure. This
resistance change forms the basis for pressure calibration. These kinds of devices
mainly consist of a conductive functional layer positioned between the electrodes or
placed on an interdigitated electrode (IDE). The main mechanisms that dominate
the resistive response are: (1) the change in resistance between the face-to-face con-
ductive layers or between the electrode and conducting layer, and (2) the conductive
layer’s own variation in resistance [29]. The resistance of the functional layer follows:

R = P (1.2)

where p, L, and A are the specific resistivity, the length, and the cross-sectional
area of the material, respectively. This means that resistance changes depend on
the material type, its length, and its effective area.

Various strategies have been employed to optimize these geometrical dimensions
and improve the performance parameters of flexible electromechanical sensors. For
example, Chen et al. increased the length of the functional layer by employing a
wavy microfluidic structure [30], while He et al. enhanced the contact area between
the electrodes and the functional layer [31]. The piezoresistive mechanism offers
a simple readout and a wide dynamic range. However, the response is prone to

temperature variations, and signal drift may occur over time.

1.2.3 Piezoelectric

The piezoelectric mechanism is based on the piezoelectric effect to achieve pressure-

sensing capabilities. Certain materials with asymmetric crystal structures generate
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an electrical charge or voltage when subjected to mechanical stress [32]. When force
is applied to the device, it induces polarization within the material. This results
in an uneven charge distribution and the accumulation of charges on its surfaces.
This charge separation produces an electric potential difference (voltage) across the
material. This voltage output is used to establish the voltage—pressure calibration

curve. The effect is described by the constitutive equations [33]:

S=s"T+dE (1.3)

D=dT+¢"E (1.4)

where D is the electric displacement (flux density), d is the matrix for the direct
piezoelectric effect, T is the stress, €7 is the permittivity of the medium at constant
stress, and FE is the electric field strength. The surface charge generated due to the

piezoelectric effect can be expressed as [34]:

where () is generated charge, d,,, is piezoelectric strain coefficient, and F' is force.

Piezoelectric materials are mainly described by the ds3 and d3; coefficients. The ds33
coefficient represents forces and charge collection along the same axis as polarization.
The d3; coefficient describes cases where force is applied along the polarization axis,
but charge is collected along a perpendicular axis. Owing to these properties, new
opportunities for fabricating piezoelectric-based devices have emerged. For example,
Hu et al. used a BaTiO3 /P(VDF-TrFE) composite [35], while Yang et al. modified
the previous material by using PDAQBTO/PVDF composite as the piezoelectric
material in their device [36]. Although piezoelectric sensors include self-powered

operation, they are generally limited to detecting dynamic stimuli only.
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1.2.4 Triboelectric

A triboelectric flexible electromechanical sensor measures pressure by exploiting the
triboelectric effect. It uses two layers of triboelectric materials with different elec-
tronegativities or positions in the triboelectric series, placed in the sensing area.
Each layer is connected to separate electrodes [37]. When these layers contact each
other, electrons transfer between surfaces due to their differing tendencies to gain
or lose electrons. Under applied pressure, the contact area between the two lay-
ers changes, leading to the generation and accumulation of triboelectric charges
[38]. This charge transfer produces a voltage signal, which quantifies and monitors
the applied pressure. Triboelectric nanogenerators (TENGs) utilize this principle
in combination with electrostatic induction, enabling self-powered electromechani-
cal sensing [39]. Triboelectric pressure sensors offer several advantages, including a
simple device structure, low fabrication cost, and high energy conversion efficiency
at low frequencies. However, they face limitations such as performance degradation
under long-term cyclic operation, and measure only dynamic pressure signals [25].

While the choice of transduction mechanism defines the fundamental sensing path-
way, overall device performance can be further tuned through structural and ma-
terial innovations. Such design strategies complement mechanical deformation and
electrical coupling, enabling enhanced sensitivity, extended range, and application-

specific adaptability.

1.3 Structural and Material Innovation

In applications such as human motion monitoring and human-machine interfaces,
electromechanical sensing devices are required to combine a wide sensing range, high

sensitivity, and crosstalk-free operation [40]. Achieving these performance targets
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often requires a combination of material optimization and structural design at the
micro and nanoscale [41]. One effective strategy is the micro-engineering of active
materials or electrodes. This approach tailors their mechanical and electrical re-
sponses to external stimuli [42].

Reported micro-engineering approaches include the formation of micro-pyramids
[43], micro-hemispheres [44], micro-pillars [45], micro-porous structures [46], and
other patterns like microcracks and random surface roughness [47]. These engineered
active materials enhance sensitivity by concentrating stress, improving contact area
modulation, and broadening the sensing range. By leveraging such structural in-
novations, researchers have been able to significantly advance the performance pa-
rameters of these flexible electromechanical sensors [4]. Depending on the design,
micro-engineering can be implemented directly on the active sensing layers. In terms
of material innovations, various strategies complement micro-engineering techniques.
These include the use of diverse dielectric materials, functional fillers, multi-material
architectures, and tailored composite structures. Such combinations synergistically

enhance sensor performance [48].

1.3.1 Structural Micro-engineering

Micro-engineering of the active layer is a widely adopted strategy to improve sensitiv-
ity, detection limit, and sensing range. While transduction defines the fundamental
sensing pathway, micro-engineering strategies refine the response by tuning defor-
mation and electromechanical coupling. Introducing micro-structured features into
the active layer reduces its effective Young’s modulus. It also localizes stress con-
centration and increases the degree of contact area change under load [49]. These
effects collectively enhance sensitivity and broaden the sensing range. Furthermore,

micro-structuring can reduce the viscoelastic response of the material, improve the
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detection limit, and enable faster response times [50]. In resistive-based sensing
mechanisms, micro-structuring induces greater changes in the contact area between
conductive elements. This results in more pronounced resistance variations [51].
In capacitive-based mechanisms, incorporating air gaps or porous features into the
dielectric layer allows greater deformation under applied force, thereby producing
larger capacitance changes [52]. These enhancements are achieved through a variety
of micro-engineering strategies, each tailored to manipulate mechanical deformation
and optimize the resulting electrical response.

Bao et al. pioneered the use of micro-engineered structures in capacitive sensors
by introducing a micropyramidal dielectric layer [53]. Since then, numerous micro-
engineered configurations have been explored, among which the micro-pyramidal ge-
ometry has been widely used [54] (Figure 1.5). Following this, Tang et al. proposed
a design using carbon nanotube (CNT) electrodes combined with a microstructured
Ecoflex dielectric layer. This device achieved a sensitivity of 2.51 kPa~!, a response
time of 84 ms, and a sensing range below 15 kPa [45]. Similarly, Zhang et al. re-
ported an ultra-sensitive piezoresistive device with a sensitivity of 3.26 kPa~! over
a detection range of 3 kPa [55]. Pyramidal microstructures offer high sensitivity at
low pressures due to localized stress concentration and rapid contact-area expansion.
However, they tend to saturate under moderate to high pressures as the contact area
is fully engaged. This saturation narrows the usable pressure range.

In addition to pyramidal geometries, micro-hemispherical structures represent an-
other widely used microengineering approach (Figure 1.6). Their geometry allows
responsiveness to diverse pressure stimuli, enabling the detection of pressure, shear,
bending, and torsional forces. Yang et al. [7] developed a hemispherical microstruc-

tured capacitive sensor with a sensing range of 10 kPa, high sensitivity (0.382 kPa™!),

and a minimum detectable pressure of 4 Pa. In another study [56], hemispherical
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of a PDMS/Zn dielectric layer sandwiched between graphene nanowire (GNW)-
based electrodes [5]. (b) 3D schematic of the device with its equivalent circuit,
where C; is the inter-electrode capacitance and Ciop and Chotrom are the electrical
double-layer (EDL) capacitances of the top and bottom interfaces [6].

shell microstructures in modified nano-ZnO/RTV composites achieved high sensitiv-
ity (1.03 kPa™!) and a detection range of 6 kPa. Hemispherical geometries provide
smoother contact evolution compared to pyramids, enabling responsiveness across
a broader range of stimuli. Nevertheless, their higher fabrication complexity and
smaller initial contact area may limit low-pressure sensitivity compared to pyrami-
dal structures.

Porous micro-structured functional layers provide an alternative strategy. They
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provide a wide linear sensing range by concentrating stress within the structural
framework (Figure 1.7). The microporous design permits significant elastic defor-
mation under pressure and supports a rapid fabrication process [52]. However, high
porosity can compromise mechanical durability and make the device more suscepti-
ble to environmental factors such as moisture and dust. Wan et al. introduced the
graphene foam (GO) as a porous dielectric between the graphene-based electrodes.
The device showed a sensitivity of 0.8 kPa™!

and a time response of 100 ms, but

a sensing range of up to 4 kPa [8]. In another study, a sponge-like PDMS-based
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FIGURE 1.6: (a) Schematic illustrating the double-sided micro-pyramidal struc-

ture. The device consists of a PDMS/Zn dielectric layer sandwiched between

graphene nanowire (GNWs)-based electrodes [5]. (b) Schematic illustrating a

fully packaged device with p-spherical micro-engineered dielectric layer and its
SEM image [7].
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sensor demonstrated a sensitivity (0.078 Pa ~!) and a limited sensing range, making
it best suited for applications requiring small, precise pressure detection.

Other micro-engineering strategies include micro-pillar-based, microcrack-based, and
diverse micro-patterned architectures. For example, Liao et al. demonstrated an in-
terlocked micro-pillar structure of PDMS with secondary nano-protrusions, achiev-
ing a wide linear range (0-32 kPa), high piezoresistive sensitivity (26.08 /kPa),
and a fast relaxation time of 140 ms [57] (Figure 1.8). Collectively, these examples
highlight the versatility of micro-engineering approaches in tailoring the mechanical
and electrical response of flexible tactile sensors. At the same time, they expose in-
herent trade-offs between sensitivity and sensing range that cannot be fully resolved

through structural design alone.
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tromechanical sensor. (b) Fabrication process of the device. (c) Optical image
and the SEM image of the fabricated device [9]
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1.3.2 Material Innovations

Micro-engineering alone is not sufficient to improve the overall performance param-
eters for flexible electromechanical sensors. Therefore, the optimal strategy often
involves a co-engineered approach. In this approach, structural features and tai-
lored material systems work synergistically to overcome limitations of each indi-
vidual component [58]. Material innovations complement micro-engineered designs
by providing enhanced dielectric, conductive, or piezoelectric properties. Although
micro-engineering can enhance device sensitivity, early saturation of the contact
area or dielectric layer often limits the sensing range [28]. Therefore, selecting an
appropriate material configuration for both the functional materials and the sub-
strates is essential.

In flexible electromechanical sensors, the materials typically consist of two main
components: the substrate and the functional material [59]. Flexible substrates
provide the necessary flexibility and stretchability. The functional materials are re-
sponsible for converting mechanical stimuli into electrical signals. Both components
must exhibit good chemical stability, appropriate conductivity, desirable mechanical
properties, and compatibility with MEMS-based fabrication of high-resolution and
high-density sensing arrays [60].

Commonly used flexible substrates include polydimethylsiloxane (PDMS), polyethy-
lene terephthalate (PET), polyimide (PI), polyurethane (PU), and certain hydrogels.
PDMS offers optical transparency, high thermal stability, biocompatibility, and ex-
cellent flexibility. It also serves as an ideal polymer matrix for incorporating func-
tional fillers such as magnetic nanoparticles, piezoelectric nanoparticles, or metallic
nanoparticles [61]. PDMS is generally not ideal as a substrate for electrode fabrica-
tion, especially with metals like gold, because it exhibits loose and weak adhesion

to metallic films, leading to poor mechanical reliability and cracking under stress or
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after repeated use. PET and PI, in contrast, are particularly suitable for fabricat-
ing electrodes due to their compatibility with MEMS-based processes. Polyethylene
terephthalate (PET) is a polyester with high tensile strength, stiffness, and excel-
lent chemical resistance, along with transparency and ease of processing into flexible
films [62]. PET sheets, however, cannot sustain high temperatures due to their low
glass transition threshold and softening behavior, making them unsuitable for high
thermal fabrication processes. In contrast, Polyimide (PI) is a high-performance
polymer with outstanding thermal stability, mechanical strength and is ideal for
MEMS fabrication [63].

While substrates provide the structural foundation, functional materials govern the
sensing principle and strongly influence the sensitivity, range, and long-term stability
[40]. Material engineering explores the use of different materials like carbon-based
[64], conductive polymers [65], piezoelectric nanoparticles [32], and nanofillers [66].
Carbon nanomaterials, including graphene, carbon nanotubes (CNTs), and carbon
nanocoils (CNCs), offer exceptional chemical stability, conductivity, and mechan-
ical flexibility, making them suitable for flexible pressure sensor applications [67]

(Figure 1.9). Laser-induced graphene (LIG) is particularly promising due to its
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FIGURE 1.9: Fabrication steps of the sandwich-like pressure sensor based on low-
cost nylon netting with numerous microsized square holes [10].

single-step patternability, interconnected porous network with meso- and macrop-

ores, and excellent adhesion to PDMS substrates. It also enables direct coating of
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other materials on PDMS without any surface modification [68]. This makes LIG
an excellent 3D scaffold for multilayer architectures often combined with conductive
polymers to boost sensing performance [69].

Conductive polymers such as polyaniline (PANI), poly(3,4-ethylenedioxythiophene)
(PEDOT), and polypyrrole (PPy) are widely investigated for their high electrical
conductivity and mechanical compliance with elastomeric substrates [70]. PEDOT:
PSS, notably,offers high stability, good optical transmittance, and conductivities
exceeding 3100 S cm™! at 0% strain [71]. Another important class of functional ma-
terials is piezoelectric nanoparticles, which offer direct electromechanical conversion
capabilities. Piezoelectric fillers such as lead zirconate titanate (PZT), zinc oxide
(Zn0O), and barium titanate (BaTiO3) have been widely embedded in PDMS matri-
ces to develop flexible piezoelectric electromechanical sensors [72]. Although PZT
offers high piezoelectric constants and thermal stability, its lack of biocompatibil-
ity due to lead content has accelerated the adoption of lead-free ceramics. BaTiO3
stands out with a ds3 coefficient exceeding 200 pC/N, a high dielectric constant
(100-11,000), and biocompatibility, making it an excellent candidate for integration
into soft polymer matrices to fabricate wearable piezoelectric sensors [73].
Nanofillers are also incorporated into polymer matrices to enhance the electrome-
chanical response of sensors [74]. Metallic nanofillers such as silver, gold, copper, and
nickel nanoparticles or nanowires provide high electrical conductivity and mechanical
compliance [66] (Figure 1.10). However, dielectric nanofillers like Fe3O4 nanopar-
ticles stand out due to their high permittivity, low toxicity, and environmental
safety [75]. These advantages allow Fe3O4-based nanocomposites to achieve supe-
rior dielectric performance. While these material and structural innovations have
significantly improved sensitivity and tailored sensor responses, many reported de-
signs still face trade-offs between sensitivity, sensing range, and stability. Unimodal

devices combined with tailored materials find it hard to achieve high sensitivity, a
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wide pressure range, and complete crosstalk suppression. Multi-material layered and
hybrid architectures, especially those combining multiple transduction mechanisms,
promise to overcome these limitations. These systems integrate micro-engineered
dielectric and functional layers to extend the sensing range and enable multimodal
signal detection. Additionally, they enhance sensitivity across both low- and high-
pressure regimes. In addition, when devices are scaled into arrays, mechanical and
electrical crosstalk between adjacent pixels degrades resolution and compromises re-
liable signal acquisition This observation motivates a focus on integrating different
transduction principles within unified architectures to address persistent limitations
in next-generation electromechanical sensors. However, even with optimized struc-
tures and materials, practical deployment also depends on system-level integration

of circuits, power, and communication.
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1.4 System Level Integration

For sensors to operate in real-world scenarios, integration into complete systems
that manage signal conditioning, processing, transmission, and power is essential.
Without such integration, even high-performance devices cannot transition from lab-
oratory demonstrations to practical applications. A complete sensing system typi-
cally consists of electromechanical sensors, analog front-end (AFE) circuitry, data
processing, transmission, and power management, as shown in Figure 1.11. The in-
tegration of these components ensures dependable data acquisition, processing, and
communication. Beyond sensor fabrication, system design must address efficient
data handling, low-power operation, and seamless wireless integration. The devel-
opment of optimized algorithms is equally important, contributing to power savings
and effective control of the sensing and communication process [76]. While materi-

als and structures define the intrinsic sensing performance, system-level integration
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determines whether a device can operate reliably in real-world, continuous-use sce-
narios.

The AFE plays a critical role in conditioning the raw output of the sensor (voltage
spikes, resistance changes, or capacitance variations) into signals readable by the
microcontroller unit (MCU). The design of the AFE depends on the sensing mecha-
nism. For resistive sensors, the change in resistance is typically converted to voltage
using methods such as voltage dividers, wheatstone bridges [77], time-domain read-
out [78], or direct resistor-to-MCU interfaces [79]. Voltage dividers are the simplest
and most compact solution, while Wheatstone bridges improve measurement accu-
racy for small resistance changes. In some cases, low-power MCUs with built-in
ADCs can directly read these voltages.

Capacitive sensors require capacitance-to-digital converters (CDCs), because most
MCUs cannot measure capacitance directly. Commercial Off-The-Shelf (COTS)
CDCs like AD7746 (Analog Devices) and FDC1004 (Texas Instruments) provide
high resolution (down to 1 fF), I2C communication, and strong noise immunity.
These features make them practical for system integration [80]. For piezoelectric
sensors, AFEs are essential for signal amplification and conditioning, impedance
matching, and noise filtering. COTS solutions such as the PGA309 and OPA145
(Texas Instruments), AD8221 (Analog Devices), and MCP6V01 (Microchip) are
widely used for these purposes.

The MCU acts as the system’s brain, acquiring data from the AFE, performing
calibration, managing data flow, and controlling communication. In addition to ba-
sic signal processing, the MCU can implement edge computing techniques such as
TinyML to perform on-device inference, reducing latency and enabling autonomous
decision-making When processing demands exceed the MCU’s capabilities, raw or
pre-processed data can be transmitted to an external device (e.g., smartphone or

server) for analysis. For wireless data transfer, Bluetooth Low Energy (BLE) is
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a common choice due to its favorable balance between power efficiency and data
rate (1-2 Mbps) [81]. Many BLE modules integrate MCUs, ADCs, and memory
in a single package, reducing system footprint and simplifying design. In appli-
cations demanding higher data throughput or longer communication range, Wi-Fi
provides greater data rates (tens to hundreds of Mbps) and seamless integration
with local networks or cloud systems. However, Wi-Fi’s higher power consump-
tion demands careful duty cycle or event-driven transmission to remain feasible for
battery-operated devices [82].

The last important component for these systems is the power management module.
Power management module guarantees reliable working and extended runtime for
the whole system. The most common power source is the lithium-polymer (Li-Po)
battery [83, 84]. These batteries are favored for their lightweight design, high specific
energy, and compact form factor compared to lithium-ion [85] or coin-cell batteries
[86]. Regardless of the battery type, a voltage regulator, typically a low-dropout
regulator (LDO), is employed to maintain a stable supply to sensors, readout cir-
cuits, MCUs, and communication modules. LDOs are advantageous due to their low
voltage drop, minimal quiescent current, and reduced component count compared to
switching regulators. In cases where the battery voltage is lower than the system’s
requirements, a boost converter is used. Alternative power sources include NFC
and energy harvesters, but these often supply low average currents (nanoamperes),
necessitating energy storage elements like supercapacitors or rechargeable microbat-
teries for sustained operation [87].

Once power and communication strategies are defined, the next critical considera-
tion is how to physically integrate all components into a mechanically robust and
flexible form factor. Omne approach is the development of fully organic systems,
where organic semiconductors (e.g., pentacene, DNTT, PBTI, etc.) are fabricated

directly on flexible substrates [88, 89, 90]. However, these devices currently suffer
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from lower charge carrier mobility and larger feature sizes compared to silicon, lim-
iting integration density and increasing power consumption [91, 76]. Consequently,
silicon-based ICs dominate modern flexible sensor systems due to their superior per-
formance and scalability. This has given rise to flexible hybrid electronics (FHE),
where surface-mount devices (SMDs) such as AFEs, MCUs, antennas, and power
management chips are mounted on flexible polyimide (PI) substrates with copper
interconnects.

Traditional rigid PCBs, which are made from FR4 and copper interconnects, are
being replaced by flexible printed circuit boards (fPCBs) that use PI and copper.
fPCBs provide superior conformability, reduced weight, thin profiles, and better me-

chanical durability, especially important in wearable systems (Figure 1.12). PI films
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strength [12].

of varying thicknesses are commercially available or can be customized by processing



Introduction 23

methods like spin coating [92]. FHE enables conformal contact with target surfaces
(e.g., human skin), improving mechanical coupling and signal fidelity. Leverag-
ing mature CMOS technology, these systems deliver high-precision analog-to-digital
conversion, fast data processing, and robust wireless connectivity.

Advances in transduction mechanisms, structural designs, and material innovations
have expanded the performance of flexible tactile sensors. Yet, current devices still
struggle to combine multilayer integration, hybrid transduction, and multimodal
sensing in a deployable form. System-level barriers such as readout electronics,
wireless communication, and power management also remain unresolved. The next
generation of flexible electromechanical platforms will therefore depend on coupling
these device-level innovations with flexible PCB-based integration, enabling scalable

and reliable systems.

1.5 Rationale and Objective

The review of the current state-of-the-art reveals several persistent challenges that
motivate the present work. Despite significant progress in flexible electromechanical
sensors, many devices face a fundamental trade-off between high sensitivity and a
wide sensing range. Furthermore, the ability to detect multiple types of mechanical
stimuli, such as both static and dynamic pressure, or to discern the direction of
strain, remains a challenge for conventional unimodal sensors. In addition, when
devices are scaled into arrays, mechanical and electrical crosstalk between adja-
cent pixels degrades resolution and compromises reliable signal acquisition. Finally,
the transition from high-performing discrete sensing elements to fully integrated,
application-ready systems with robust readout circuitry remains a critical yet non-

trivial step.
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To address these challenges, the present thesis develops flexible electromechanical
sensor platforms that integrate hybrid, multimodal, and direction-sensitive mecha-
nisms. In addition, system-level circuit integration is implemented to enable application-
ready devices suited for human motion monitoring, robotic gripping, and human-—

machine interaction. The objectives in the broader sense are as follows:

e Design and fabrication of a hybrid capacitive-resistive tactile sensor, enabling

dual-mode force detection across low and high-pressure regimes.

o Development of asymmetric and magneto-dielectric strain sensors, capable of

detecting directional strain sensing.

o Realization of a multimodal tactile sensor for capturing both static and dy-

namic pressures using capacitive and piezoelectric sensing modes.

o Implementation of a high-resolution sub-mm capacitive sensor array for surface

texture detection.

o Development of interfacing circuits using flexible PCBs for integrated and

standalone sensing systems.

o Validation of integrated sensor systems in practical scenarios, including human

motion monitoring and HMIs.

1.6 Thesis Organization

The thesis is organized into six chapters. Chapter 1 provides an introduction to the
evolution of sensor technologies and the motivation for flexible electromechanical
sensors in the context of Sensors 4.0. Thereafter, the fundamentals of electrome-

chanical transduction principles are outlined, followed by a review of state-of-the-art
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devices categorized according to their underlying mechanisms and structural design
strategies. Different approaches for system-level integration are also introduced. Fi-
nally, the objectives and scope of the present research are presented at the end of
this chapter.

Chapter 2 addresses the challenge of achieving both a wide sensing range and high
sensitivity, which is difficult with conventional single-mode devices. To overcome
this, a hybrid capacitive-resistive electromechanical sensor is developed, combin-
ing two transduction mechanisms within a multilayered design. This architecture
achieves an extended dynamic range while enhancing sensitivity, with a key novelty
being the crosstalk-free pixel layout that ensures reliable operation in array configu-
rations. The sensor is integrated with flexible PCB electronics, and its performance
is validated in real-time applications, including a Mario-style human—machine inter-
face and a multipressure authentication system.

Chapter 3 tackles the limitations of conventional strain sensors that can only mea-
sure deformation magnitude. The first device introduced here is an asymmetric
strain sensor, which leverages structural anisotropy to resolve strain direction. The
second device, a magneto-dielectric-based sensor, incorporates magnetic nanoparti-
cles in a polymer matrix to realize bimodal functionality, enabling both strain and
proximity sensing. This dual capability adds new modalities to sensor platforms
by distinguishing contact and non-contact interactions. The electromechanical be-
havior of both devices is analyzed, and their unique capabilities are demonstrated
through human motion monitoring experiments.

Up to this point, the thesis has focused on hybrid and asymmetric designs to broaden
sensing functionality. Chapter 4 extends this direction by presenting two devices
that address the need for simultaneous detection of static and dynamic pressures.
The first is a poroelastic piezoelectric sensor based on a BTO/PDMS composite,

fabricated through an eco-friendly, acid-free process that departs from conventional
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microfabrication routes. This sustainable approach aligns with the growing demand
for environmentally responsible electronics, while the porous architecture enhances
compressibility and sensitivity. The second device combines capacitive and piezo-
electric transduction in a single platform, overcoming the narrow sensing ranges of
microstructured devices. In addition, the combined transduction mechanism enables
devices to perceive both static and dynamic signals. The working principles, fabri-
cation, and characterization of both devices are presented, and their performance is
validated in robotic gripping experiments, where multimodal response enables adap-
tive and intelligent control.

Chapter 5 addresses the challenge of scaling from individual devices to high-density
integrated platforms. It presents the design and realization of a capacitive tactile
array consisting of 64 x 64 pixels with sub-mm pitch. The fabrication process and
flexible circuit strategies for large-scale pixel addressing are discussed, along with
methods for minimizing parasitic coupling and measurement noise. This transition
from device-level sensing to high-resolution, application-ready arrays enables fine
surface texture mapping and high-density tactile imaging. Experimental validation
demonstrates the potential of this approach for next-generation robotic and human-—
machine interface systems.

Finally, Chapter 6 summarizes the key contributions of the thesis, emphasizing the
novelty of combining hybrid, asymmetric, multimodal, and high-resolution tactile
devices into a unified framework. The chapter concludes with perspectives on future
research directions in flexible hybrid electronics and their applications in intelligent

sensing platforms.



Chapter 2

Flexible Suspended Hybrid Tactile
Sensor with Crosstalk-Free Design

for Human—Machine Interfaces

This chapter presents a suspended hybrid tactile sensor for broad-range pressure
sensing. The design combines capacitive and piezoresistive mechanisms to leverage
their complementary sensing ranges, thereby enhancing overall sensitivity. To sup-
press crosstalk, a dual-isolation strategy is introduced, utilizing SU-8 pixel spacers
for mechanical isolation and a fully parallel, per-channel ADC readout for electrical
isolation. The sensor’s performance is quantitatively evaluated in terms of sensi-
tivity and sensing range. Finally, system-level validation is demonstrated through
its integration with a flexible PCB for wireless data acquisition in Human-Machine

Interfaces (HMIs).

27
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2.1 Introduction

Over the last decade, flexible electromechanical sensors garnered significant atten-
tion due to their applications in human health monitoring, human—machine inter-
faces, and intelligent prosthetics [93, 94]. To meet these requirements, devices must
exhibit high sensitivity over a broad sensing range [1],[95], and low crosstalk when
in an array for reliable operation. However, most devices face a trade-off between
sensitivity and sensing range [96].

Structural microengineering approaches such as micro-pyramids, porous architec-
tures, and other geometries significantly improved sensitivity by amplifying defor-
mation. However, these often exhibit a limited sensing range due to early saturation
of the contact area [97]. In addition, weak interfacial adhesion between the sensing
layer and the electrode leads to delamination [98]. On the material side, conduc-
tive nanomaterials, including graphene [99],carbon nanotubes [100], silver nanowires
[101], and conductive polymers like poly(3,4-ethylenedioxythiophene) (PEDOT),
have been integrated into polymer matrices to enhance conductivity and compliance.
Yet these approaches remain confined to narrow operating windows. To overcome
these limitations, hybrid devices that combine multiple transduction mechanisms
have recently emerged. By integrating capacitive and resistive responses in a sin-
gle platform, hybrid designs offer the potential to unify high sensitivity with a wide
sensing range. Nevertheless, reported hybrid devices have not fully addressed critical
system-level issues, particularly crosstalk, which arises from both mechanical cou-
pling between pixels and electrical interference in shared row—column circuits [102].
Prior strategies for crosstalk suppression have typically been partial, relying either
on rigid spacers to reduce mechanical coupling or on patterned functional layers to

confine electrical pathways [96]. However, none have employed a combined approach
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that integrates spacers, patterned functional materials, and dedicated ADC chan-
nels. As a result, residual crosstalk continues to degrade resolution and accuracy in
large-area arrays, limiting their practical utility.

In this chapter, we introduce a suspended hybrid tactile sensor designed to overcome
key limitations in existing designs. The novelty lies first in the hybrid architecture
itself, which integrates capacitive and resistive mechanisms within a single device to
overcome the inherent sensitivity—range trade-off. In addition, the device employs a
multilayer structure based on laser-induced graphene (LIG) and PEDOT:PSS, en-
abling robust transduction and facile integration. Finally, a crosstalk suppression
strategy is implemented through mechanical isolation using SU-8 spacers and elec-
trical isolation via a fully parallel, per-channel ADC readout. Together, these inno-
vations establish a scalable and reliable tactile platform. The proposed architecture
is validated through detailed electrical and mechanical characterization. Further-
more, its practical utility is demonstrated in application-level interfaces, including a
Mario-style interactive game and a secure multi-level pressure authentication system.
Consequently, this chapter presents the first hybrid, multilayer, and crosstalk-free

tactile platform for high-resolution and scalable human-machine interfaces.

2.2 Device Concept and Design

Figure 2.1(a—d) illustrates the schematic concept and sensing mechanism of the
hybrid device. The device primarily consists of three parts: (i) a spiral interdigitated
electrode (IDE) fabricated on a polyimide substrate, (ii) a circular-patterned SU-8
cavity that defines the air gap, and (iii) the suspended membrane. The suspended
membrane is a tri-layer structure comprising PEDOT:PSS coated over laser-induced

graphene (LIG), which is in turn supported on a PDMS substrate. To estimate
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Device Structure

PDMS/LIG/PEDOT:PSS

0lyi"7ide E\ecﬂodes
) No Pressure (© Subtle Pressure (@ High Pressure
|| el | B
State ‘A’ - No Pressure State ‘B’ - Subtle Pressure State ‘C’ - High Pressure
Mode - Initial State Mode -> Capacitive Mode - Resistive

FIGURE 2.1: (a) Schematic of the hybrid tactile sensor consisting of a suspended
PEDOT:PSS/LIG/PDMS membrane positioned above interdigitated electrodes
(IDEs), separated by an SU-8-defined air gap. The electrodes appear as parallel
strips due to the sectional representation of the spiral geometry. (b—d) Sensing
mechanism under different pressure regimes: (b) Initial state with no pressure;
(c) Capacitive mode under subtle pressure, where membrane deflection alters the
capacitance; (d) Resistive mode under high pressure, where the sensing layer
contacts the IDE.

the capacitance of the spiral IDE with the suspended membrane, the geometry
is approximated as a pair of concentric ring electrodes with alternating polarity
[103]. This approximation captures the radial symmetry and dominant fringe field

distribution between adjacent spiral turns. The fringe capacitance between a single

inner and outer ring electrode is given by the following expression [103]:

— I1(np1)
~ nLi(np,) {Il(nm)Kl " (2.1)

(b1 + p5) = Loy + pg) K1 (np2) |

Cy = 4Rc0ccr(p1 + py)

where the dimensionless parameters are defined as:

_7TR1 _7TR2 79
PL=""m = Pg= (2.2)
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Here, R; and R, denote the inner and outer radii of the spiral loop, respectively, g
is the inter-electrode spacing, and d is the vertical separation between the electrode
plane and the opposing surface. I; and K, are the modified Bessel functions of the
first and second kind. g is the vacuum permittivity, and e.g is the effective relative
permittivity accounting for the tri-layer dielectric stack. From the equation, the ca-
pacitance is defined by geometric parameters R; and R», g, effective electrode length
m(R; + Ry), and the effective relative permittivity e.q. The rationale for using a spi-
ral IDE is its significantly greater effective electrode length compared to a planar
IDE occupying the same footprint, which results in enhanced sensitivity [103]. Since
the electric field lines emerging from the spiral IDE extend vertically into a multi-
layered dielectric stack composed of air, PEDOT:PSS, LIG, and PDMS, the total
fringe capacitance is influenced not only by geometry but also by the permittivity
and thickness of each dielectric layer. To incorporate this effect analytically, the
partial capacitance method is employed. The detailed analytical formulation and
derivation of the effective permittivity using this method are provided in Appendix
B. This approach, originally formulated for coplanar waveguides, decomposes the
multilayer dielectric region into a series of equivalent single-layer structures [104]
(Figure 2.2). Since the device has the fixed geometrical parameters like Ry and Ry,
the capacitance is dominated by the .4 which is modulated by the air gap according

to the following equation:

Eoff = €0 T €141 + €2Q2 + €3¢3 + €44
= Cenv + (61 — Eenv) 1 + (82 — €1) @2+ (2.3)
(€5 —€2)q3 + (€4 — €3)qu

The detailed analysis In the initial state, when no external force is applied, the elec-

tric field lines are symmetrically distributed between the electrodes (State A). This
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FIGURE 2.2: Partial capacitance model showing decomposition of effective per-
mittivity across the multilayer dielectric stack: environment, PDMS, LIG, PE-
DOT:PSS, and air gap.
results in a baseline capacitance ’Cy’. Upon application of some force, the suspended
PEDOT:PSS/LIG/PDMS membrane deforms, reducing the gap between the sens-
ing layer and the electrodes. This deformation alters the effective dielectric constant
(¢err) around the IDEs, thereby changing the capacitance. At this stage (State B),
there is no direct contact with the IDEs, and the device operates in capacitive mode.
As the applied force increases further, the tri-stack sensing layer comes into contact
with the electrodes, leading to a transition into resistive mode due to the formation
of conductive pathways (State D). This transition is marked by a simultaneous in-
crease in conductance and a fall in measured capacitance. The conductive bridges
partially short the fringing electric fields, reducing the apparent capacitive contri-
bution, while creating low-resistance pathways for charge transport. Independent
[V characterization confirms the transition, exhibiting a linear current—voltage re-
lationship (-2 V to +2 V) that evidences the formation of an ohmic conduction path.
With increasing pressure, the current magnitude rises steadily, consistent with pro-
gressive expansion of the contact area and the development of multiple conductive
bridges. In this regime, the device operates as a pressure-dependent resistor, with

its resistance following a power-law relationship:

R(P) «c P™™ (2.4)
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This synergistic dual-mode mechanism enables the detection of both light and heavy
pressures.

The materials used in the present device are selected based on electrical performance,
mechanical compliance, and fabrication scalability. Laser-induced graphene (LIG)
serves as a mechanically flexible conductive scaffold that can be directly patterned on
polyimide using CO laser irradiation through a single-step mask-free process. This
approach eliminates vacuum deposition or multistep lithography, enabling rapid and
scalable fabrication. The porous morphology of LIG provides a large surface area
that facilitates strong mechanical interlocking with PDMS and serves as an effective
anchoring scaffold for conductive coatings. PEDOT:PSS is incorporated to enhance
electrical conductivity and interfacial charge transport, thereby improving the ca-
pacitive modulation when the membrane approaches the electrodes. PDMS is used
as the elastomeric support layer due to its flexibility, chemical stability, and compat-
ibility with flexible electronics. Together, the PEDOT:PSS/LIG/PDMS multilayer

structure provides a mechanically robust and highly sensitive tactile sensor.

2.3 Fabrication Process Flow

Figure 2.3 shows the fabrication process flow of the device. It involves three major
steps: electrode patterning and cavity formation, tri-layer membrane fabrication,
and final device integration. First, interdigitated electrodes (IDEs) are patterned
on a flexible polyimide (PI) substrate (Figure 2.3(1a-c)). A thin layer of Cr/Au
(10 nm/60 nm) is deposited using an e-beam evaporator (EBE ATS-500), followed
by photolithographic patterning to define the electrode layout (Figure 2.3(1c)). A
uniform SU-8 3010 layer is then spin-coated and patterned to form microcavities.

SU-8 3010 is prepared by diluting SU-8 3050 (MicroChem) with SU-8 3000 thinner
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FIGURE 2.3: Schematic of the fabrication process flow: (1) Electrode pat-

terning with SU-8 cavity formation, (2) Tri-layer membrane fabrication (PE-

DOT:PSS/LIG/PDMS), and (3) Final device integration using plasma-assisted
bonding.

(MicroChem). The required volume of thinner Vi to prepare any SU-8 30XX (where
XX < 50) from SU-8 3050 is calculated using the following relation:

psus (SR
Vr = Ve —1 2.5
g suUs 1% (SRn ) ( )

Here, Vsus is the initial volume of SU-8 3050, psus and pr are the densities of SU-8
3050 and the thinner, respectively. Here, SR; is the initial solids content of SU-8
3050, and SR,, is the target solids content for the desired SU-8 formulation. The
spin coating process involves a 200 rpm spread cycle for 10 seconds, followed by
a 30-second spin at 2000 rpm to achieve uniform thickness. The film is prebaked

using a hot plate at 95 °C for 5 minutes, exposed using the mask aligner, and then
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post-baked at 95 °C for 2 minutes. Finally, the substrate is developed to form an
SU-8 cavity with thickness of 48 pum over the IDEs (Figure 2.3(1d)). In the second
step, laser-induced graphene (LIG) is fabricated on a separate PI sheet using a C'O;
laser (22% power, 110 mm/s speed) (Figure 2.3(2a)). A PDMS (10:1 base-to-curing-
agent ratio) layer is spin-coated over the LIG surface and thermally cured (80 °C
for 5 hours) (Figure 2.3(2b)). The resulting cured PDMS/LIG composite is peeled
off from the PI (Fig.2.3(2c)). Now, the trilayer stack is fabricated by pre-stretching
the LIG/PDMS by 50% and fixing it using the clips (Figure 2.3(2d)). The layer
of PEDOT:PSS is allowed to infiltrate into the porous LIG/PDMS structure and
subsequently dried at 35 degrees for 20 minutes (Figure 2.3(2e)). Upon release of
the pre-strain, the PEDOT:PSS formed a layer on the PDMS surface, conformally
integrating with the porous graphene foam (Figure 2.3(2f)). In the final step, the
PEDOT:PSS/LIG/PDMS membrane is aligned and bonded to the SU-8-patterned
substrate using O, plasma treatment (5 minutes) to ensure strong adhesion [105].
This results in a suspended membrane structure over the electrode cavity, enabling
hybrid capacitive-resistive sensing (Figure 2.3(3b)). This hybrid design integrates
both capacitive and piezoresistive transduction mechanisms within a single sensing
element. The device operates in a mode-adaptive sequential manner: capacitive
sensing dominates at low pressures (0-15 kPa), while piezoresistive sensing activates

at higher pressures (>15 kPa). The primary advantage is an extended sensing range

TABLE 2.1: Geometrical Parameters of the Tactile Sensor Array

Parameter Value

Pixel pitch 6 mm (H), 7.5 mm (V)
Inter-electrode finger width 100 pm
Inter-electrode gap 100 pm

SU-8 cavity height ~~ 48 pm

Total number of pixels 48
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(0-86 kPa) within a single device. The key geometrical parameters of the sensing unit
and array layout are summarized in Table 2.1. The sensing behaviour is governed by
the SU-8 cavity height, interdigitated electrode separation, and pixel pitch. These
parameters collectively define a trade-off between sensitivity, operating range, and

inter-pixel crosstalk.

2.4 Results and Discussions

2.4.1 Morphological Characterization

Figure 2.4 illustrates the morphological evolution and structural integration of the
laser-induced graphene (LIG) layer within the device architecture. The surface-view

SEM images in Figure 2.4(a—c) demonstrate the influence of laser processing condi-

Under-lased LIG Optimal LIG
(incomplete carbonization) (ordered porous network)

Bilayer SEM Tri-layer SEM
(LIG/PDMS) (LIG/PEDOT:PSS/PDMS)

PEDOT:PSS Infiltration
(filling porous LIG)

FIGURE 2.4: Morphological evolution and structural integration of LIG. (a—
c¢) Surface-view SEM images showing under-lased (15%), optimized (22%), and
over-lased (28%) LIG morphologies. (d) Cross-sectional SEM image of bi-
layer LIG/PDMS structure. (e) Cross-sectional SEM image of trilayer PE-
DOT:PSS/LIG/PDMS after polymer infiltration.
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tions on the morphology of LIG.

At lower laser power (15%), the polyimide substrate undergoes incomplete car-
bonization, resulting in an under-lased structure with poorly developed porosity.
Increasing the laser power to 22% produces an optimized LIG morphology consist-
ing of a highly interconnected porous graphene network. This porous scaffold is
desirable for device fabrication because it provides continuous conductive pathways
and facilitates subsequent material infiltration. However, further increasing the laser
power to 28% leads to over-lasing, where excessive thermal energy causes structural
damage and partial collapse of the graphene framework.

The cross-sectional SEM image in Figure 2.4(d) shows the bilayer structure formed
by LIG transferred onto the PDMS substrate. The porous graphene layer serves as a
compliant interlayer that accommodates mechanical deformation while maintaining
electrical conductivity. During fabrication, PDMS partially infiltrates the porous
LIG scaffold, enhancing interfacial adhesion and mechanical compliance. Subse-
quently, a PEDOT:PSS coating is applied using a pre-strain-assisted process, al-

lowing the conductive polymer to penetrate the porous graphene network and form

FIGURE 2.5: Top SEM images: (a) LIG showing the mesopores in the range of
3-6 pm (b) LIG-coated PEDOT:PSS showing filling up of the pores to increase
the conductivity.
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a continuous film across its surface, as shown in Figure 2.4(e). This infiltration
bridges microcracks within the LIG structure, improves inter-domain connectivity,
and enhances electrical conductivity. The resulting trilayer architecture consisting
of PEDOT:PSS/LIG/PDMS provides a mechanically robust and electrically contin-

uous structure suitable for hybrid tactile sensing.

2.4.2 Electromechanical Characterization

The electromechanical characterization setup of a device consists of a force gauge
(Mark-10) that has a resolution of 1 mN. The force gauge is fixed on the motorized
force tester (ESM303) with a vertical displacement resolution of 2 pm (Figure A.1
(appendix)). Each device is tested by applying the force using an ESM303 motor-
ized force tester, and the capacitance-resistance measurements are performed using
a semiconductor parameter analyzer (Keithley 4200A-SCS). The applied force on
the device induces the deflection in the suspended tri-layer, which is separated from
the IDE by the SU-8 spacer. This deflection reduces the gap between the electrodes
and the suspended conductive layer. As a consequence, the effective permittivity
Eef 1N the vicinity of the IDE fringe field is altered, leading to a change in capaci-
tance (Equation 2.1 and 2.3). This mechanism is illustrated in Figure 1(a-d) and is
analytically described using the partial capacitance model introduced in Equation
2.3 (Figure 2.2). However, the device exhibits only a slight change in capacitance
within the low-pressure range of 0-3.2 kPa (Figure 2.6(a)). As the applied force
exceeds 3.2 kPa, a more significant increase in capacitance occurs. Between 3.2 kPa
and 14.1 kPa, the device shows a sharp rise in capacitance, reaching up to 10.5 pF.
Additionally, we compared the capacitance change between a bilayer (LIG/PDMS)
and a trilayer (PEDOT:PSS/LIG/PDMS) structure. The tri-layer demonstrates a
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sixfold higher capacitance change than the bi-layer structure (Figure 2.6(c)). A sec-
ondary observation within this regime is proximity sensing, as shown in the inset of
Figure 2.6(a). As the indenter approaches the membrane without touching, fringing
field lines terminate on the conductive surface, producing a transient dip in mea-
sured capacitance. Upon contact, the capacitance resumes its pressure-induced rise,

consistent with the partial capacitance model. This demonstrates the device’s dual
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FIGURE 2.6: (a) Capacitive response of the device in the non-contact regime
(1.2-14.1 kPa), demonstrating increasing capacitance with applied pressure. The
inset highlights the proximity effect as the force gauge approaches the membrane.
(b) Enlarged view of the low-pressure region (1.2-3.2 kPa), showing fine-scale ca-
pacitive changes. (c) Comparative capacitive response of bi-layer (LIG/PDMS)
and tri-layer PEDOT:PSS/LIG/PDMS) membranes, illustrating enhanced perfor-
mance with the tri-layer design. (d) (i) Electromechanical response across different
modes. At 15 kPa, the device shows the transition from capacitive to resistive
mode.
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sensitivity to both mechanical deformation and approaching conductive objects. At
15 kPa, the tri-layer suspended membrane touches the IDE. The transition is con-
firmed using two independent approaches. First, from capacitance measurements,
a decline in measured capacitance is observed even though the applied force con-
tinues to increase (Figure 2.6 (d)). Second, the transition is confirmed through
current-voltage (I-V) characterization. Once contact occurs, the device shows a
linear I-V response. This indicates the formation of a resistive conduction path
across the electrodes. Figure 2.7(a) illustrates the transition of the device into re-
sistive mode within the higher force range (15-86 kPa). When the voltage is swept
from -2 V to 2 V, the output current exhibits a linear response. This behaviour
confirms the formation of an ohmic contact between the PEDOT:PSS layer and the
Au-based interdigitated electrodes (IDEs). As the applied pressure increases, the
magnitude of the current also rises. This indicates the development of additional
conductive pathways due to the expansion of the contact area between the sensing
film and the electrode surface. The inset of Figure 2.7(b) presents the dynamic

force—resistance response of the device. A preload of 27 kPa is first applied to initi-
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FIGURE 2.7: (a) I-V characteristics of the device in the contact regime, show-

ing a linear relationship and confirming ohmic conduction. The inset provides a

zoomed-in view of the first quadrant. (b) Resistance variation as a function of

applied pressure (15-86 kPa), with an inset showing the dynamic response across
multiple loading cycles.
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ate contact between the suspended sensing layer and the IDE, ensuring the device
operates in resistive mode. Subsequent resistance values are measured with respect
to this baseline contact condition. As the applied pressure increases beyond 27 kPa,
the resistance decreases, indicating enhanced electrical contact and the formation
of additional conductive pathways across the interface. To assess the mechanical
reversibility of the device, cyclic loading—unloading tests are performed at pressures
of 43, 49, and 64 kPa. Upon removal of the applied force, the suspended membrane
retracted to its original position, breaking contact with the IDE. This return to a
high-resistance, non-contact state confirms that the membrane does not adhere to
the electrodes after unloading. The sharp increase in resistance after each unloading

cycle further validates the complete mechanical recovery of the device.
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Furthermore, the sensitivity S of the device, defined as S = or
is derived from the capacitance-resistance-pressure characteristics. Figure 2.8 re-

veals distinct sensitivity behavior across the 0-86 kPa range. Capacitive operation
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FIGURE 2.8: Sensitivity analysis of the suspended PEDOT:PSS/LIG/PDMS hy-

brid tactile sensor. (a) Capacitive mode: relative capacitance change (AC/Cy)

vs. pressure (0-14.1 kPa); linear fit yields S¢ ~ 0.013kPa~! (R? = 0.97). (b)

Resistive mode: normalized resistance change (AR/R) vs. pressure (15-86 kPa),

revealing three sub-regimes: Sp ~ 0.037kPa~! (R? = 0.97) from 1531 kPa,

Sk ~ 0.008 kPa~! (R? = 0.94) from 31-55 kPa, and Sg ~ 0.001 kPa~! (R? = 0.98)
above 55 kPa.
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achieves a sensitivity of S, a 0.013kPa™" (R? = 0.97) across 0-14.1 kPa. In the re-
sistive mode, three distinct sub-regimes are identified: Sg =~ 0.037 kPa ™" (R? = 0.97)
in 15-31 kPa, Sg ~ 0.008kPa™" (R? = 0.94) in 31-55 kPa, and Si =~ 0.001 kPa™!
(R? = 0.98) above 55 kPa, reflecting progressive saturation of the contact area at
higher pressures. The initial high sensitivity stems from the newly formed contact
in the tri-layer structure, where PEDOT:PSS/LIG contact with electrodes abruptly
increases the contact area, dramatically reducing resistance. The further increase in
force causes the mechanical saturation, resulting in a decrease in resistance change.

To evaluate transient performance, the device is tested under pulsed pressures of
1.5 kPa and 64 kPa for the capacitive and resistive modes, respectively. The capaci-
tive device demonstrated response and recovery times of approximately 160 ms and
110 ms (Figure 2.9(a)), while the resistive mode showed slightly lesser times of 76
ms and 71 ms (Figure 2.9(b)). The faster response observed in the resistive mode is
attributed to the rapid formation of conductive contact pathways upon membrane—-
electrode contact. In contrast, the capacitive response is governed by dielectric de-

formation and viscoelastic relaxation of the PDMS layer. The hybrid device exhibits
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FIGURE 2.9: (a) Transient response of the device in capacitive mode, exhibiting
a rise time of 160 ms. (b) Time-domain response of the device in resistive mode,
exhibiting a rise time of 71 ms.
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FIGURE 2.10: (a) Combined electromechanical response in hybrid capacitive—
resistive mode, covering the full pressure range (0-86 kPa)

response times that are comparable to previously reported flexible sensors for sim-
ilar applications, as summarized in Table 2.2. Figure 2.10 demonstrates the hybrid
response of the device over entire sensing range. Combined capacitive-resistive op-
eration enables wide-range force detection (0-86 kPa) with better sensitivity across,
leveraging both mechanisms’ complementary characteristics.

To further evaluate the durability of the hybrid sensor, cyclic loading—unloading
tests are performed, as shown in Figures 2.11(a) and (b). A total of 2400 cycles is
conducted, with 1200 cycles assigned to each transduction mechanism. In the capac-
itive mode [Figure 2.11(a)], the AC response remained highly stable with an overall
drift of ~1.63% relative to the first cycle, demonstrating consistent performance over
extended use. In the resistive mode (Figure 2.11(b)), the AR/R signals are repro-
ducible throughout the test, with the baseline drift stabilizing near —2% and peak
drift stabilizing at approximately 5% after 2400 cycles. Also, the AR is within 3%
drift range, making the signals highly reproducible and free of creep. Despite minor
drift, both mechanisms retained their response integrity without signal degradation,

confirming the long-term reliability of the device.
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FIGURE 2.11: Stability test result of the device in 2400 cycles. (a) In capacitive
mode for 1200 cycles. (b) In resistive mode for 1200 cycles.

2.4.3 Readout Electronic Circuitry

A tactile sensing system for human—machine interfaces (HMI) is developed with 48
individually addressable sensors. These sensors are interfaced with a modular read-
out circuit designed on a flexible PCB, as shown in Figure 2.12. The system leverages
a hierarchical microcontroller architecture using MSP430G2553 chips to achieve low-
latency, scalable data acquisition. The architecture comprises eight slave and two
master microcontrollers. FEach slave acquires analog signals from six devices using its
internal 10-bit ADC, enabling local digitization without shared analog signal paths.
In this configuration, each sensor pixel is connected to a dedicated electrode and a

per-channel ADC input on the slave microcontroller, forming a fully parallel analog
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FIGURE 2.12: (a) Circuit diagram of the modular readout system with a 20 ms
refresh rate. (b) Implementation of the circuit on a flexible PCB interfaced with
ESP32 for wireless data transmission.

front-end. The slave then performs local processing such as averaging or filtering,
and transmits the digitized data to the corresponding master via the I?C protocol
(Figure B.1, appendix). Each master MSP430 communicates with four slave devices,
maintaining independent [2C buses. To ensure synchronized acquisition, a dedicated
GPIO line is used for inter-master triggering. One master initiates acquisition by
sending a rising-edge signal to the second. This setup ensures all 48 device readings
are captured simultaneously across the network. The master packages the incoming
data, appends timestamps, and forwards it over UART to ESP32 modules, which
handle wireless transmission (Wi-Fi or BLE) to a PC. A low-noise 3.3V power sup-
ply, regulated by an AMS1117 LDO with decoupling networks, ensures stable ADC
operation. Figure 2.12 (a-b) shows the schematic of the readout electronics and
flexible PCB for the tactile device.

For the latency measurements, the 24-pixel tactile array is defined as the fundamen-
tal unit. It is organized into four 12C slave modules, each managing six channels, to
achieve a compact and temporally deterministic acquisition cycle. Latency measure-
ments utilize an on-chip microsecond timer within the MSP430G2553 master. With
all per-slave data prints disabled, the complete four-slave scan requires 8.07 + 2 ms,

defining the true electronic latency from the acquisition trigger to data readiness.
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Incorporating full data serialization, UART transmission at 1 Mbaud, and Wi-Fi
forwarding via the ESP32 bridge are included, the effective system-level latency
increases to 50 + 5 ms per 24-pixel frame. This sub-100 ms performance meets
the requirement for real-time tactile feedback. The low and deterministic latency
validates the hierarchical parallel readout architecture and confirms its suitability
for real-time interactive systems.

While the latency profile confirms architectural feasibility, power consumption iden-
tifies a constraint for further scaling. The detailed power profiling of the readout
circuitry is performed using a Nordic PPK2 power profiler, with a 24-pixel tile de-
fined as the fundamental unit. The methodology involved a staged activation of
system components, progressing from a minimal MSP430 baseline to the full data
transmission pipeline. The corresponding current and power consumption are de-
tailed in Figure 2.13(a) and (b), respectively. The analysis reveals a decomposed
power budget, isolating the contribution of each operational state. The MSP-only
baseline consumes 2.96 mW ( 123 pW per pixel). Initialization of the ESP32 core
and subsystems introduces a significant overhead, increasing the power to 157 mW
(an increment of +154 mW). Subsequent Wi-Fi association raises consumption to
178 mW (421 mW), while maintaining a TCP connection further increases it to 222
mW (444 mW). The most substantial power burden arises from 1-Mbaud UART
data ingestion, which elevates power draw to 427 mW (4205 mW). In the full op-
erational pipeline, integrating UART ingestion with Wi-Fi forwarding, the average
power settles at 339 mW ( 14.1 mW per pixel). This final state demonstrates a
saving of 87 mW relative to the ingest-only condition, achieved through reduced
buffering overhead from active host reading. The analysis identifies UART inges-
tion and wireless transport as the primary targets for future optimization and scaling
efforts. Consequently, future iterations could significantly reduce power consump-

tion by integrating low-power BLE with deep sleep modes.



Hybrid Tactile Sensor for Human—Machine Interfaces

260+
130
340F Full Pipeline Iayg~ 103 mA
170l MMl M
< 176 —— TCP Connected, No Payload lavg ™ 67 MA
rary
S 240 wiFion lavg~ 54 MA
= 120
=
O o0 —
60 | WiFi Off lavg~ 48 MA
45
2.6 —— MSP Only Iavg ™ 0.9 MA
1.3}
0 0.7 1.4 21 2.8 3.5
Time (Seconds)
(a)
400 & 427 mW 339 m\\ 8 ——ESP32 per tile
400} £, 7 l——BLE 10 mW
. T gl BLE2mW
;300_51 I — [—o— BLE 50 mW
é . | L ; 5| BLE 100 mW
. e s ‘222 mwW g
g 200} o =4l
3 157 mW 3
o o3t
100¢ +154 - 21
3 mwW 1+t
0“ \oaé\ eg\\o‘\ e\\‘\e 0 T ' A‘T_g

?.o“ _Q\ 3
RCL \N‘ va:éw%?\\"“’ 0 100 200 300 400 500

No. of Pixels

(b) (c)

FIGURE 2.13: System characterization of the 24-pixel tactile tile. (A) Current
consumption profile during the staged activation of system components, from the
MSP-only baseline to the full data pipeline, measured with a Nordic PPK2. (B)
The corresponding decomposed power budget for each operational state, high-
lighting the incremental contributions of the ESP32, Wi-Fi, TCP, and UART
subsystems. (c) Power scaling projection for larger arrays, comparing the total
system power for a 512-pixel array using the current ESP32-per-tile architecture
versus alternative low-power bridge solutions with fixed overheads.
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The MSP-only establishes an intrinsic electronic slope of 0.1233 mW per pixel. How-
ever, with the present ESP32 bridge per tile, the measured full-pipeline power is
339 mW. For larger arrays operating in parallel, this model projects a total power
of 7.46 W for a 512-pixel array (Figure 2.13(c)). This confirms that duplicating
the high-overhead ESP32 gateway for every tile dominates the system budget and
is impractical for scalable deployment. To overcome this limitation, a low-power
architectural alternative is essential. Replacing the ESP32 with a per-tile bridge
of bounded overhead (while preserving the intrinsic per-pixel slope) improves effi-
ciency. For 22 tiles (512 pixels), the total power consumption becomes 0.285 W,
0.505 W, 1.165 W, or 2.265 W for bridge overheads of 10 mW, 20 mW, 50 mW, or
100 mW per tile, respectively. This analysis directly motivates the integration of a
low-power Bluetooth Low Energy (BLE) protocol, which is capable of achieving the
target sub-100 mW overhead. Coupled with deep sleep modes, BLE presents a vi-
able path to reduce operational power. Consequently, while the per-tile power slope
is favorable, a power-efficient wireless gateway (e.g., BLE) is necessary to establish

a viable operating point at scale.

2.4.4 Cross-talk and Multitouch

One of the most prevalent issues in tactile devices is crosstalk. Crosstalk is un-
intended interference or signal mixing between adjacent pixels in a tactile sensing
array. Crosstalk in tactile device arrays commonly arises from two main sources:
design-related and circuitry-related factors. From a design perspective, crosstalk
is often caused by the use of continuous, non-patterned functional materials and
shared electrode structures. This allows electrical signals at one pixel to spread to
adjacent pixels. In addition, insufficient mechanical isolation between pixels may

allow deformation to propagate to adjacent sensing units, further contributing to
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signal interference. On the circuitry side, the reliance on multiplexed or shared
readout lines can result in electrical interference between device channels during
signal acquisition.

To eliminate crosstalk, the problem is addressed at both levels as shown in Figure
2.14 (a~d). Our architecture eliminates crosstalk through a holistic strategy that in-
tegrates three key approaches. First, functional layer patterning is achieved by defin-
ing each pixel with a dedicated PEDOT:PSS/LIG/PDMS trilayer region (Figure 2.14
(c)). Second, mechanical isolation is provided by high-modulus SU-8 spacers that
physically separate adjacent pixels to confine deformation (Figure 2.14 (d)). Finally,
for circuit isolation, the architecture employs distributed slave modules, each pro-
viding independent ADC channels that are directly hardwired to individual sensor
elements (Figure 2.14 (a)). This fully parallel, non-multiplexed readout completely
avoids the signal interference inherent in shared or time-multiplexed circuits, ensur-
ing every tactile input is captured with high fidelity and zero crosstalk. To quantify
the residual coupling, individual pixels are activated, and the crosstalk is computed.
Crosstalk is evaluated by actuating a single pixel while simultaneously recording all
channels. For each actuation, the steady-state response of the actuated pixel and
the corresponding side-neighbour and diagonal-neighbour pixels are averaged over
the same number of samples. Crosstalk is defined as the normalized ratio of the av-
eraged neighbor response to the averaged actuated-pixel response and expressed as a
percentage. The measured side-neighbor and diagonal-neighbor crosstalk values are
0.29%/0.22% for pixel S3, 0.25%/0.22% for S4, and 0.18%/0.18% for S23. For each
pixel, the actuation—measurement sequence is repeated over 100 loading cycles, and
the reported values represent the mean over the repeated trials. The overall mean
crosstalk is 0.23%, with all cases remaining below 0.3%. These results validate

that the combined mechanical isolation (SU-8 cavity walls) and per-channel ADC
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FIGURE 2.14: Crosstalk suppression strategies in the device architecture: (a)
Exploded view showing the layered structure of the sensor. (b) Each IDE is routed
to a dedicated analog-to-digital converter (ADC) to prevent electrical crosstalk or
signal bleeding. (c) The patterned functional layer confines conduction paths,
minimizing electrical crosstalk across adjacent pixels. (d) SU-8 cavities act as
mechanical isolation barriers to suppress deformation-induced coupling.

decoupling successfully suppress crosstalk to a negligible level, ensuring precise spa-
tial localization and stable multi-touch operation. The effectiveness of this crosstalk
suppression strategy and multipoint detection is experimentally verified using 3D
line plots and spatiotemporal heatmaps. As shown in Figure 2.15(a-b), selective
activation of specific channels (e.g., S3 and S5) produced a clear response confined
to the stimulated pixels, while all other channels remained inactive. When three
devices (e.g., S3, S5, and S23) are simultaneously actuated (Figure 2.15(b)), the
system captures independent responses on each channel without any signal overlap,
validating the multi-touch capability. These results demonstrate that the proposed

architecture effectively eliminates crosstalk and enables robust multi-touch sensing
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FIGURE 2.15: Cross-talk-free and multi-touch sensing demonstration: (a-b) Sen-

sor schematics showing measurement points, (c-d) Heatmap responses demon-

strating pixel isolation, (e-f) Selective actuation of specific pixels (e.g., S3, S5,

S23) showing independent, localized responses with no signal overlap, confirming
channel separation integrity.

performance. To further evaluate the performance of the proposed hybrid tactile sen-
sor, its key metrics are compared with previously reported flexible pressure sensors

in the literature and are summarized in Table 2.2.
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TABLE 2.2: Benchmark Comparison with Previously Reported Flexible Pressure

Sensors.
P Pressure . s
Ref. Material System Sensing Mode S?E?;l,v]l)t y Range ReSpT:l::)Tlme Cr?;i;alk D(Lé;ill);lsl)t y
(kPa)
[93] Parylene/TPU Capacitive 0.14 0-10 195 NA 1000
[106] CNT/CB/TPU Resistive 0.10 0-23.3 119 NA 1000
[107] Graphene Resistive 0.17 0-20 120 NA NA
[108] CNT-PDMS Resistive 0.03 0-50 100 NA NA
[109] PDMS/Cu/CuNWs Resistive 0.14 0.1-15 150 NA 1000
[110] SU-8/Graphene Capacitive 0.01 0-30 70 NA 500
This Work PEDOT:PSS/LIG /PDMS Hybrid 0.03 0-86 71 0.3 2400

2.5 Application

Traditional keypad locks are vulnerable to security breaches, as unauthorized users
can easily replicate access by simply observing or recording the numeric code. To
overcome this limitation, we introduce a pressure-based locking system that uses
biometric authentication through tactile sensing (Figure 2.16(a-d). Each sensor
distinguishes four discrete pressure levels (P1-P4: light, medium, hard, and very
hard), converting them into unique analog responses within a 0-3.3 V range, which
are processed in real-time by a microcontroller. A Python-based program acquires
and classifies the pressure data via Wi-Fi, verifying both the input digits and their
associated pressure intensities. As shown in the waveform plots, authentication is
granted only when both the numeric sequence and the associated pressure intensities
are correct. For example, the actual password “7722” requires the sequence 7(P2),
7(P3), 2(P1), and 2(P4). In the verified case (Figure 2.16(c)), each keystroke pro-
duces the expected pressure amplitude class, resulting in successful authentication.
In contrast, the failed attempt (Figure 2.16(d)) shows mismatched pressure am-
plitudes despite the same digit sequence, leading to rejection. This dual-parameter
verification significantly enhances security by embedding a biometric dimension into
the conventional lock interface, enabling a smarter and more personalized access con-

trol mechanism.
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Beyond authentication, the tactile device also serves as a flexible Human-Machine
Interface (HMI). A Mario-style platformer game is implemented to demonstrate
continuous real-time interaction. The schematic highlights the closed-loop cycle,

as illustrated in Figure 2.16(e—f). The process begins with tactile input, where the

(c) Vv vy
—Verifiedv> @ @ € ©

1000
P3(873) 800 S
600 S

P3(948) o
P2(731) ﬁ P1(430) 400 2
200
1 n 9

— Ao

Data Reception

i T 7 &
TT | 435!
T F
e 7
5 &

A

&
&
L
0 2 4 6 8 10 12 14 16
Time (seconds)

N

*, Host (Python GUI Ay & Display

(b) Actual Password - @ @ ©) Q—E)MX_—) 6 é (2) 6

AN

MULTI-PRESSURE AUTHENTICATION SYSTEM (MPAS) Enter Your PIN T oom 1000 4,
P 3
7722 N
000 - 600 >
. . . AmPIltude P2(794) 400 s
491
7722 i r\ P*}\ ) 200
. . . Value n __H_—/ — gjypj
7 &
(X X B @ — r1— >c00 =R S
@® — P2 — s00-800 i
Enroll: _ _ _ _ Authenticate: _ . — P3 — 800-1000 ,{«”f
o 7z
P1:Light P2:Medium P3:Hard P4: VeryHard . — P4 —» <1000 16 18 %g'nez(zsegindzsﬁ) 28 30

(e)

Tactile ) Data | Signal Processing 19
Input Acquisition Feature Extraction
L
Pressure Jr
Input Mario Game Engine

(Pygame)

Player
Decision |
Visual Feedback

dois 03 Juawow piemypeg

Game GUI/Display

</ 160

FIGURE 2.16: (a) Schematic of the pressure-based multi-parameter authentica-
tion system (MPAS) for secure digital lock applications. (b) Photograph of the
tactile sensing array integrated into the lock interface. (c) Waveform plot of a
verified password attempt (“7722”) showing correct digit—pressure mapping. (d)
Waveform plot of a failed attempt with mismatched pressure levels despite cor-
rect digits. (e) Schematic of the tactile device used as a Human-Machine Interface
(HMI) for a Mario-style platformer game, highlighting the closed-loop feedback
between player input and game display. (f) Gameplay screenshots demonstrating
tactile control of Mario for forward, backward, jump, and stop actions.
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player applies pressure to designated sensor pixels or pixel groups mapped to specific
actions. These inputs are acquired and translated through spatial pixel mapping into
predefined in-game commands, such as walk, run, and jump, rather than through
continuous pressure-intensity classification. The commands are sent to the Mario
game engine, built using Pygame, which updates the game state accordingly. The
resulting visual feedback is displayed on the game GUI, allowing the player to ob-
serve Mario’s actions and adapt subsequent inputs in real-time. To quantitatively
evaluate the reliability of this interaction scheme, the accuracy of action recognition
is measured. This metric is defined as the percentage of trials in which activation
of a designated pixel group correctly triggered the intended command. Using this
metric, the system achieved an overall accuracy of 95% across three representative
actions (walk, run, and jump) in repeated trials. These results confirm the reliability

of pixel-based action mapping for real-time human—machine interaction.

2.6 Conclusion

In conclusion, we demonstrated a flexible suspended hybrid tactile sensor that inte-
grates capacitive and piezoresistive transduction mechanisms within a crosstalk-free
design. The device architecture consists of a suspended PEDOT:PSS-coated laser-
induced graphene (LIG) film on a PDMS substrate, positioned above interdigitated
electrodes. A patterned SU-8 spacer defines the sensing gap. This enables pressure-
dependent switching between non-contact (capacitive) and contact (piezoresistive)
sensing modes. The capacitive mode operates in the low-pressure regime (0.3—-15
kPa) with a peak sensitivity of 0.013 kPa~!. The piezoresistive mode covers a
higher pressure range (15-86 kPa) with a highest sensitivity of 0.03 kPa~!. To sup-

press crosstalk between adjacent pixels, a dual-layered approach is employed. Each
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sensing unit is physically isolated in the device layout and electronically decoupled
through a fully parallel, per-channel ADC readout architecture, which suppresses
both mechanical and electrical crosstalk to below 0.3%. Furthermore, a hierarchical
MSP430-ESP32 readout pipeline enables real-time wireless data acquisition with
low latency ( 50 &+ 5 ms), ensuring system-level responsiveness. The proposed sen-
sor demonstrates reliable performance in real-time applications. These include a
multi-pressure authentication system (MPAS) and a gesture-controlled Mario-style

game.






Chapter 3

Direction-Sensitive and Bimodal
Capacitive Sensors for Human

Motion Monitoring

This chapter presents two sections for electromechanical sensing for human motion
monitoring. The first section introduces a 3x3 epidermal asymmetric capacitive
pixel (E-CaP) array that provides direction-sensitive capabilities for mapping epider-
mal movements. The device features a pm-meshed PDMS dielectric layer integrated
between asymmetric electrodes. The second section builds on this by presenting a
bimodal device capable of concurrent strain and proximity detection. The sensor
employs a PDMS matrix embedded with magnetic nanoparticles and is implemented
with a single capacitive readout, complemented by a power-saving algorithmic strat-

egy. Its applicability is demonstrated in limb-movement monitoring tasks.

57
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3.1 Asymmetric Capacitive Pixel Array for Map-

ping Epidermal Vectored Movement

This section presents a 3 x 3 epidermal asymmetric capacitive pixel (E-CaP) array
with direction-sensitive capabilities. The asymmetric design is motivated by the
need to incorporate directional sensitivity into flexible tactile devices. A p-meshed
PDMS dielectric layer is integrated between asymmetric electrodes to allow con-
formal attachment and shear displacement. The functionality of the E-CaP array
is validated through simulations and experimental characterization, confirming its

ability to map epidermal movements with directional specificity.

3.1.1 Introduction

Epidermal skin (E-Skin) patches based on soft electronics are promising futur-
istic systems that find applications in movement tracking [17], healthcare [111],
and robotics [112]. In biomechanics, direction-sensitive e-skins are indispensable to
biomechanical tasks, such as object gripping and manipulation [113]. Furthermore,
the direction-sensitive E-skins offer enormous promise in the field of gait biome-
chanics, such as walking and running, as well as in the detection of problems such
as pressure ulcers [114]. Also, medical conditions such as Parkinson’s disease, limb
amputations, or postsurgical rehabilitation resulting in gait difficulties can all be
evaluated with the directional-sensitive e-Skins [115].

Commercially available direction-sensitive devices are typically silicon-based, mak-
ing them rigid and costly, and thus limiting their applicability in personal healthcare
[116]. Additionally, most of the devices are incapable of discerning the direction-

sensitive behavior when mounted on skin [117, 118]. Recently, flexible devices based
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on polymers have shown great promise in achieving enough flexibility to conformally
attach to the skin [119]. To obtain directional sensitive capabilities, a flexible device
based on an out-of-plane bump structure has been reported [120]. However, bump
structure adds complexity to the fabrication process, thereby reducing the rapid
prototyping of the device. Furthermore, due to its rigidity, higher forces cause the
bump structure to fracture [121]. The flexible device based on a solid dielectric layer
with a multilayer planar structure has also been reported [122]. However, multilayer
stacking results in alignment issues, leading to an erroneous response. Furthermore,
the solid polymer limits the ability of the device to respond to shear force due to
higher rigidity, causing the delamination of layers against each other [123].

Here, we demonstrate a 3x3 epidermal asymmetric capacitive pixel (E-CaP) ar-
ray with direction-sensitive capabilities. The conformally laminated E-CaP has a
capacitive sensing mechanism and effectively maps the direction and the pressure
of epidermal movements. The difference between the previously retained and the
present value of the response represents the rate of change of capacitance. This rate
of change per unit displacement is crucial to determine the vectored response of the
strain-induced in the E-CaP. The nominal capacitance of the array is ~3.370 pF
and shows a prominent change (d) of 1.341; + 2.007) + 8.750k pF/mm. The mi-
cromeshed (p-meshed) polydimethylsiloxane (PDMS) structure is fabricated using
SU8 p-mold and is sandwiched between the asymmetric electrodes. The p-meshed
design offers greater shear displacement, allowing the E-CaP to move conformally
with the skin. The possible movement domain associated with the limbs that are
laminated with E-CaP can map the entire generated vector response (direction-
specific). The E-CaP is simulated and tested for mapping the direction-sensitive

epidermal movement.
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3.1.2 Device Concept and Design
3.1.2.1 Working Mechanism

Figure 3.1 shows the 3-D schematic of E-CaP array. The E-CaP array has a sim-
pler design and provides a direction-sensitive capacitive readout, which simplifies
epidermal circuit design. The proposed device consists of a 3 x 3 elemental pixel ar-
ray. Each unit pixel has an asymmetric structure in the xy plane. This asymmetric
geometry imparts a vectored (ci) rate of change of capacitance, enabling direction-
sensitive operation. The sensor response arises from the shear displacement of the
p-meshed PDMS dielectric layer, i.e., relative movement of the top electrode with
respect to the bottom electrode. The electrodes are fabricated using a thin metal-
lic (aluminum) layer deposited on flexible polyethylene terephthalate (PET) sheets.
A thin pg-meshed PDMS dielectric layer is sandwiched between these asymmetric
electrodes, forming E-CaP. The viscoelastic py-mesh enhances stretchability, thereby
allowing the sensor to map the epidermal strain movement. Furthermore, the sand-

wiched p-mesh enables the sensor to respond to normal pressure stimuli. Compared

Asymmetrical Electrode Pixel Array

Pixel Unit

PDMS p-mesh

PET sheet

FI1GURE 3.1: Schematic of the 3-D prototype of E-CaP in the relaxed state show-
ing key components.



Direction-Sensitive and Bimodal Sensors for Motion Monitoring 61

to a bulk dielectric film, the p-mesh structure provides superior shear compliance

and performance [124].

3.1.2.2 Analytical Model

To quantify the response of the asymmetric unit, an analytical model was developed
as shown in Figure 3.2. The simplified 2-D schematic illustrates the in-plane dis-
placement of an E-CaP unit pixel (Figures 3.2(ii) and 2(iii)). Initially, the electrodes
are completely overlapped, having an initial capacitance C, = (22:1 C’i) (Figure
2(i)). The displacement in the xy-direction changes the overlapping area, resulting
in a capacitance change. The primary assumption is that the top electrode moves
parallel to the bottom electrode without any change in the electrode gap [125]. The
initial capacitance C is given by:

coer A1 gpe,b?
C p— p—
! d d

(3.1)

where €9 and ¢, are the permittivities of free space and the dielectric layer, re-
spectively, and d is the gap between the top and the bottom electrodes. When the

relative deflection of the top electrode is less than 0.1 cm in the x-direction, the

Bottom Electrode

d; Top Electrode
cl ¢ —
4
1o

@ (i) (iii)

y

FIGURE 3.2: 2-D schematic of the unit pixel of E-CaP. (a) Initial position. (b)

Displacement of the top electrode with respect to the bottom electrode in the

x-direction. (c) Displacement of the top electrode with respect to the bottom
electrode in the y-direction
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overlap areas of C, Cy, and Cy change. With displacement “d,,” the overlap area

of (' changes from A; to Ajnew, and the new capacitance is:

o 8057“’41new o €0€rb (b - dx)

Clnew = g = y (3.2)
The capacitance change (AC; ) for C; is then:
ACy = Oy Craen = 274, (3.3)
Similarly, the changes for the remaining capacitors are:
AC, = %dw AC = ACs=0 (3.4)
Thus, the overall change in capacitance for d, < 0.1 cm is:
AC — ggar(a—l—b—l—c)dx (3.5)

d

Similarly, when d, ranges between 0.1 cm and 0.15 cm (i.e., 0.1 < dx < 0.15c¢m), the
overlapping area corresponding to Cs, Cy, and C5 changes, but the total resulting
change in capacitance remains the same as given in Equation 3.5. Similarly, the
total capacitance change in the displacement region of 0.15 < dz < 0.45 cm is given

by the following equation:
goerb

ACy = 7

d, (3.6)

Therefore, it can be concluded that in the displacement region up to 0.45 cm, the
change in capacitance is determined by two different equations ((3.5) and (3.6)).
After the displacement of 0.45 cm, the overlapping area between the top and bottom
electrodes is zero, and no further capacitance formation occurs.

Similarly, the capacitance change due to displacement (d,) in the y-axis is defined
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by the following set of equations:

(b d
AC, — Z0%r ZH 1)dy, 0<d, <0.lcm (3.7)
EpErC
ACr =224, 01<d,<03cm (3.8)

However, the displacement in the xy plane also results in the compression (d,) of
the dielectric layer. Hence, the effect of the dielectric compression on capacitance
change is accommodated in the following equations. The initial capacitance of C,
Is given as:

cocr Ay e, b?

Given that the displacement (d,) in the x-direction also results in the compression

(d,) of the dielectric layer, the new capacitance is formulated as:

gogrAlznew o €0€rb (b - dx)

Clznew = = 3.10
' d—d, d—d, (3.10)
The corresponding change in capacitance for Cf is:
g0e,b®  €og,b(b — dy)
ACT = C1, — Clonew = — 3.11
o d d—d, (3:11)
+b(dd, — bd,
ACy = S0 ) (3.12)

d(d - dz)
Similarly, incorporating the capacitance change for the other associated lumped

capacitors (Figure 3.2), the total capacitance variation is expressed as:

eoer(d(a+b+c)d, — Ard,)

A pr—
CT (d Z) 9

0<d, <0.lcm (3.13)

eoer(bdd, — Ard,)

BCr=""la—d)

0.15 < d, < 0.45cm (3.14)




Direction-Sensitive and Bimodal Sensors for Motion Monitoring 64

where A7 is the total overlap area of capacitors in the initial state. Similarly,
the displacement (d,,) in the y-direction also results in the compression (d,) of the

dielectric layer. Thus, the capacitance change is given by

Eolr (d (b +c+ dl) dy — Asz)
ACy =
g d(d—d,) ’

0<d, <0.1cm (3.15)

 eoer(cdd, — Ard,)
T dd—d)

ACT 0.1 <d, <0.3cm (3.16)

Therefore, for the direction-sensitive capability, the dimension “a” should not be
equal to “d;” (i.e., a # dy) (equations (3.13) and (3.15)), and dimension “b” should
not equal “c” (i.e., b # ¢ ) (equations (3.14) and (3.16)).

Finally, the dimensions of the asymmetric electrode are chosen so that the minimum
change is detectable with the associated interfacing circuitry. Although these dimen-
sions can be scaled provided that the circuitry has a resolution in the attofarad range
or lower, scaling introduces trade-offs. Increasing the electrode dimensions beyond
the reported values enlarges the overall device footprint. Conversely, scaling down
the dimensions by a factor of ten decreases the minimum detectable change from
1.468 fF to 0.1468 fF, thereby demanding higher circuit resolution. At the same time,
scaling up the dimensions by ten times increases the minimum detectable change to
14.868 fF. However, the device footprint of E-CaP will increase by 90 times. Thus,
optimization requires balancing electrode dimensions, circuit resolution, and device

footprint for practical E-CaP implementation.

3.1.3 Fabrication Process Flow

The fabrication process of the flexible E-CaP array is divided into two main steps,
viz., formation of PDMS p-mesh using SU-8 p-mold and fabrication of asymmetric

electrode structure, as shown in Figure 3.3. Later, the y-mesh and electrodes are
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easily assembled to form E-CaP. The SU-8 p-mold is fabricated on the standard
silicon substrate. The p-mold consists of an array with hexagonal pillars of height
~500 um, as shown in Figure 3.4. For improved direction-sensitive epidermal map-
ping, the bottom electrode is fabricated on a thinner PET sheet compared to the
top electrode. The thin layer of liquid paraffin is spin-coated on the SU-8 p-mold,
which facilitates the removal of py-mesh from the p-mold in a later stage. For the

formation of y-mesh, the known volume of PDMS is edge drop-casted on the base of

PDMS p-mesh

Photo SU-8 p-Pillar {
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FIGuRE 3.3: Fabrication process. (a) Spin coating of SU-8 (500 pm) on Si
substrate followed by pre-exposure bake (at 100 °C for 2.5 min). (b) Exposure
(E = 25 mJ/cm?) of SU-8 using photomask. (c) Development of SU-8 after post-
exposure bake (at 105 °C for 5 min) for the formation of p-mold. Thereafter,
spin coating of the thin layer of liquid paraffin is used to facilitate the release of
PDMS pi-mesh in the subsequent step. (d) Pouring of the known volume of PDMS
at the edge of the substrate to fill to a certain height of SU-8 micropillars. (e)
Peeling-off PDMS p-mesh from SU-8 py-mold. The SU-8 p-mold can be reused for
batch fabrication of PDMS p-mesh. (f) Deposition of aluminum (~100 nm) on
two different thicknesses of PET sheet using thermal evaporation. (g) Exposure
and patterning of a 3 x 3 asymmetric capacitive electrode array. (h) Coating
of the thin layer of PDMS (5 pum at 8 k r/min) to facilitate proper adhesion in
the next step. Prior to spin coating of a thin layer of PDMS, the PET sheet is
treated with the diluted amine-PDMS linker. The amine linker forms a urethane
linkage on the PET sheet, which facilitates the bond formation with the PDMS.
(i) Assembling of PDMS p-mesh and 3 x 3 asymmetric capacitive electrode array
followed by curing (at 95 °C for 90 min) to form E-CaP.
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Ficure 3.4: SEM image of the pum-mold of SU-8. The inset shows the gap
and height of the hexagonal pm-pillar. The pm-mold can be reused for a batch
fabrication

p-mold. The viscoelasticity of PDMS allows the solution to spread uniformly across
the SU-8 p-mold. The mold is placed in a desiccator to remove trapped bubbles
and subsequently cured at 95 for 90 min. Finally, the freestanding PDMS p-mesh
is easily peeled off from the u-mold.

After that, the PDMS p-mesh is gently rinsed in acetone and dried in an oven
at 70 °C. For the formation of asymmetric electrodes, PET sheets of two dif-
ferent thicknesses are deposited with aluminum (/<100 nm) using thermal evap-
oration. Then, the metal-deposited PET sheet is mounted on a flat glass sub-
strate using double-sided adhesive tape. Next, the S1813 positive photoresist is
spin-coated on a metal-cladded sheet to define the pattern of asymmetric elec-
trodes using lithography. The aluminum metal electrodes are etched using buffered
Al etchant H3PO, + CH3COOH + HNOj3 + H20O (18:1:1:1) solution. This specific
etchant does not attack the PET sheet during etching. For the integration of free-
standing PDMS p-mesh with the asymmetric electrodes for the formation of E-CaP,
a thin layer of PDMS is spin-coated on the upper and bottom electrodes. Since

the adhesion of cured PDMS (p-mesh) is poor with a fabricated electrode array, the
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spin coating of the thin layer of pre-cured PDMS (5 pm at 8000 rpm) enables proper
adhesion when the assembly is arranged and cured. Prior to spin coating of the thin
layer of PDMS, the PET sheet is treated with the diluted amine-PDMS linker. The
amine linker forms a urethane linkage on the PET sheet, which facilitates the bond
formation with the PDMS. The amine-PDMS linker increases the bonding strength

around 400 kPa [126].

3.1.4 Results and Discussion

The fabricated prototype E-CaP unit (device shown in Figure 3.1; experimental
setup in Figure 3.7) is first simulated and then tested to map the response aris-
ing from the relative displacement between top and bottom asymmetric electrodes.
This displacement depends on the porosity of the PDMS p-mesh, which in turn is
controlled by the size of the SU-8 p-pillars (Figure 3.4). The maximum achievable

porosity in the PDMS p-mesh can be estimated using:

volume of hexagon

1 1
volume of PDMS layer x 100 (3.17)

porosity% =

The theoretical porosity of ~ 69% is achieved when the side of the hexagon is
0.5176x the side of a square. However, this condition is impossible to achieve since
it implies neighbouring hexagons touching each other. The touching hexagons break
the continuity of the PDMS layer, and it ceases to exist as a pu-mesh. Therefore,
a gap of 0.2 mm is introduced between the adjacent hexagons, and the porosity
achieved is 48%. The stress distribution on the PDMS p-mesh at this configura-
tion is shown in Figure 3.5(a). The gap less than 0.2 mm (more porosity) causes
uneven stress distribution, as shown in Figure 3.5(b).  Similarly, decreasing the

porosity (decreasing the size of hexagons) compromises the shear displacement and
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FIGURE 3.5: (a) Stress distribution in the PDMS p-mesh at a gap of 0.2 mm
between adjacent hexagons. (b) Stress distribution in the PDMS mesh when the
gap is less than 0.2 mm. The stress generated is uneven throughout the PDMS
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FiGURE 3.6: Shear displacement generated in the PDMS p-mesh at different
dimensions of hexagons due to shear force. The decrease in volume of the hexagon
reduces the porosity, which in turn reduces the sensitivity of the device.

thus the sensitivity of the E-CaP, as shown in Figure 3.6. In addition to the lat-
eral geometry, the 500 pm height corresponds to the thickness of the p-meshed
PDMS layer defined by the SU-8 mold. Thinner dielectric layers reduce mechani-
cal amplification and strain sensitivity, whereas thicker layers beyond this limit are
constrained by SU-8 processing reliability. Hexagonal microstructures are selected

because they provide high packing efficiency while maintaining structural continuity

of the PDMS p-mesh. This geometry enables higher achievable porosity for a given



Direction-Sensitive and Bimodal Sensors for Motion Monitoring 69

Keithley 4200s

Manipulators

~

Probe

Displacement
Gauge

FiGURE 3.7: Experimental setup for the measurement of the vectored response
of fabricated E-CaP

spacing, thereby improving shear displacement and directional sensitivity of the E-
CaP. Therefore, the combination of hexagonal geometry, 0.2 mm spacing, and 500
pm SU-8 mold thickness provides a balance between porosity, mechanical stability,
and fabrication feasibility.

The complete experimental setup is shown in Figure 3.7. Three displacement gauges
are connected to measure the relative displacement of the top electrode with respect
to the bottom electrode in the x, y, and z directions. The cumulative vectored
response (i.e., d in pF/mm) of the E-CaP is obtained using a parametric analyzer
(Keithley 4200-SCS) and displacement gauges. The measured rates of change of
capacitance are 1.341, 2.007, and 8.750 pF /mm in the x, y, and z directions, respec-

tively. In vector form, it is represented as follows:
d = 1.341% + 2.007] + 8.750k (3.18)

where 2, 7, k are the unit vectors in the X, vy, and z-directions, respectively. The
capacitance values in the x and y axes can overlap, but the slopes (capacitance

change per mm) are different. This capacitance change per millimeter defines the
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direction of movement and is crucial for determining the vector response. To map the
direction of stress-induced motion when E-CaP is mounted on the limb, the previous
value of capacitance must be retained. The difference in the previous and present
values represents the rate of change of capacitance. This rate of change is direction
sensitive due to the asymmetrical design of the E-CaP. Figure 3.8 represents the
real-time response of the E-CaP, whereas the inset shows the transition noise. The
transition noise arises due to mechanical inertia in the viscoelastic PDMS p-mesh.
This mechanical inertia results in a transient between the transition of two stable

capacitive states. The following expression is used to calculate the repeatability “R”

of the E-CaP [127]:

:E\/<Cl - Cm)2 + (Cy — Cm)2 o+ (Cy — Cm)Q
2(n—1)x Cy,

R% = x 100 (3.19)

where C', Cy, ..., C),, are the n number of capacitive responses at the same stimuli,
and Cm is the mean of these n capacitive values. The measurements are experi-
mentally repeated around 80 times with the same stimuli. The response of E-Cap

is highly repeatable with a deviation of only 0.37%.

X-axis Y-axis Z-axis

Transition Noise

0 20 40 60 80 100 120
Time (seconds)

Capacitance (pF)
O =~ N W S~ O OO N

F1GURE 3.8: Real-time vectored capacitive response of E-CaP in global Cartesian
coordinates. The inset shows the transition noise during the relative displacement
of asymmetrical electrodes.
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TABLE 3.1: Simulation Parameters

S.No. Parameter Value
1 Relative Permittivity 2.8
2 Young’s Modulus 750 kPa
3 Poisson’s Ratio 0.49
4 Electrode Overlap Area 0.075 cm?
5 Thickness of Electrodes (Al) 50 nm

The E-CaP sensor array shown in Figure 3.1 is modeled using the ac/dc electrostatic
module of COMSOL Multiphysics. In finite-element analysis (FEM), the top elec-
trode array was specified with a terminal voltage of 1 V, while the bottom electrode
was fixed and kept at ground potential. The sandwiched py-mesh PDMS layer prop-
erties are specified in Table 3.1. Figure 3.9(b) shows the simulated spatial domain
of the capacitive response to the pressure stimulus in the xy-direction. The nominal
capacitance of E-CaP when there is no pressure stimulus (i.e., zero relative displace-
ments) is ~3.37 pF. The discrete data points corresponding to real-time capacitive
response are mapped on this spatial domain. The simulated results yield the max-
imum linear range of £0.8 mm in the corresponding xy-direction. The maximum

linear range depends on the gap between adjacent hexagons of PDMS p-mesh. The
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FIGURE 3.9: (a) Mapping of the simulated capacitive response of E-CaP in the
xy spatial domain, defining the region of operation. (b) Mapping of the capacitive
response of E-CaP in Z spatial domain, defining the region of operation.
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maximum linear range of +£0.8 mm is obtained when the gap between the adjacent
hexagons of the PDMS p-mesh is 0.2 mm. Reducing the gap below 0.2 mm results
in the uneven stress distribution in the p-mesh (Figure 3.5). These discrete data
points lie within the boundary of the spatial domain, defining the region of operation
of E-CaP. The response to pressure stimuli in the z-direction is also shown in Figure
3.9(b). Table 3.2 compares the previously reported directional sensing strategies

with the proposed E-CaP sensor.

TABLE 3.2: Comparison of Previously Reported Directional Tactile Sensing Ap-
proaches with the Proposed E-CaP Sensor.

Ref. Device Structure Advantages Limitations

High shear sensitivity

All-elastomer structure In-plane wiring complexity

[120] L o High dynamic range )
Varying p-pillar height No bump structure Large routing area
s . . i . Layer alignment complexity
Multilayer structure Differential capacitive sensing S
[128] ) : Complex fabrication process
PDMS bump structure 3-axis force measurement . - :
High circuit complexity
- . Simple device architecture Limited shear compliance
Solid dielectric layer ) . e
[121] SU-8 bump structire Easy fabrication Reduced sensitivity
P Low circuit complexity Cell-to-cell variation
. Improved spatial resolution Low shear sensitivity
Two- st o . . .
[123] wo-capacitor structure Multi-axis detection Complex algorithm required
. . Single-pixel directional sensing
This Work -meshed PDMS dielectric Minimal circuit complexity Larger device footprint

Asymmetric design Batch fabrication

3.1.5 Conclusion

In summary, a simple 3 x 3 epidermal asymmetric capacitive pixel (E-CaP) array
was simulated and tested for its vectored response. The directional sensitivity of
the E-CaP was characterized by measuring the rate of capacitance change, which
quantifies the vectored strain response. The device fabrication involves two key steps:

formation of an SU-8 p-mold and fabrication of asymmetric electrodes. Notably,
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the SU-8 p-mold can be reused, facilitating batch fabrication and scalability. The
nominal capacitance of the array is approximately 3.37 pF, with a capacitance change
vector of d = 1.3417 + 2.0075 + 8.750k pF/mm per unit displacement. The E-CaP
effectively maps the entire vectored response associated with the movement domain

of limbs.

3.2 Bimodal E-Skin for Human Motion Monitor-

ing

Following the demonstration of the E-CaP array for direction-sensitive sensing in
the previous section, this section introduces a magnetodielectric layer (MDL)-based
bimodal device capable of both strain and proximity detection. Directional sensitiv-
ity provides valuable information about epidermal motion. However, the ability to
concurrently detect contact strain and non-contact proximity adds another impor-
tant modality for wearable devices. The proposed device employs a PDMS matrix
embedded with magnetic nanoparticles and is implemented with a single capacitive
readout. The sensor is integrated with dedicated circuitry and complemented by
a power-saving algorithmic strategy to ensure efficient system operation. Experi-
ments are carried out to validate the bimodal performance, and its applicability is

demonstrated in limb-movement monitoring tasks.

3.2.1 Introduction

Human skin is inherently multisensory, integrating mechanoreceptors, nociceptors,
and thermoreceptors to perceive and respond to diverse external stimuli simulta-

neously [129]. Therefore, flexible electronic skin (E-skin) featuring multisensory
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qualities becomes an essential technological platform for detecting and quantifying
external stimuli [130, 131]. Earlier E-skin approaches often relied on single-modality
sensors integrated in parallel, which restricted their ability to capture complex, mul-
timodal stimuli [132, 133]. Therefore, equipping next-generation E-skins with mul-
tiple sensing capabilities has become a central objective [17].

Recently, studies reported on bimodal E-skins that emulate mechanoreception cou-
pled with thermoreception [134] or mechanoreception integrated with hygroreception
[135], or thermoreception combined with hygroreception [136]. However, devices
that simultaneously sense strain and proximity remain scarce, despite their impor-
tance in robotics and prosthetics. In practice, autonomous systems require both
modalities to interact safely with their surroundings. For example, an artificial skin
designed for visually impaired individuals should not only detect an approaching
object and determine whether it is metallic or non-metallic, but also perceive the
strain induced upon contact [137, 138, 139].

In most reported works, strain sensing and proximity sensing in E-skin are accom-
plished by combining two separate sensors [140]. Such approaches demand the in-
tegration of different single-modality sensors on heterogeneous substrates. It often
requires complicated layouts (e.g., open mesh and serpentine interconnect) to elim-
inate false mechanical strain effects [140]. Notably, the aforementioned approaches
also require different readout mechanisms for detection that increase the space occu-
pied by these sensors, hence making E-skin bulky. A single readout-based fringing
field capacitive sensor has been recently investigated for bimodality (strain and
proximity sensing) [141]. However, the proximity response range is limited to just
a few millimeters (1.4 mm) and has low sensitivity. The higher strain sensitivity
is achieved at the cost of process complexity in fabrication. Silicon molds are used
directly for micro-structuring of the dielectric layer for enhanced strain sensitivity

that increases fabrication complexity (especially molding, peel-off, and transferring
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the active layer) and cost. Thus, there remains a need for a single-platform, process-
efficient bimodal E-skin with an extended proximity range and high sensitivity.

This section reports on a magneto-dielectric layer (MDL)-based bimodal (strain
and proximity) sensing device with a single capacitive readout. Introducing MDL
(nanoparticles blended homogeneously in polydimethylsiloxane) in the design en-
hances the sensitivity Ssr &~ 4x-times and Sp,x ~ 1.5x-times and widens the
dynamic range (from 6 to 20 mm). Nanoparticles within the PDMS redistribute
differently under strain loading, improving strain responsivity compared to conven-
tional PDMS-based interdigitated electrodes (P-IDEs). Additionally, spiral elec-
trodes integrated with the MDL (M-IDEs) enhance the overall electric field density,
which significantly improves proximity performance (Sprox = 93.23 fF/mm, with
a detection range up to 21 mm for conducting objects). Moreover, this configu-
ration enables discrimination between conducting and non-conducting targets. To
mimic curvilinear body surfaces, a 3D-printed test platform is employed to generate
calibration curves under bending conditions. Finally, the fabricated skin-inspired
device is validated by tracking limb movements, demonstrating its potential for

next-generation prosthetic and robotic applications.

3.2.2 Device Concept and Design

Figure 3.10 illustrates the bimodal sensing concept of the M-IDE. The strain-sensing
mechanism is shown in Figure 3.10(a-b), while the expected proximity response is
summarized in Figure 3.10(c-d). For strain sensing, the capacitance of the device is
governed by the effective dielectric constant of the magnetodielectric layer (MDL)

and the electrode geometry:

C' = eot X (geometric constant). (3.20)
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F1GURE 3.10: Concept of the bimodal M-IDE sensor. (a-b) Strain-sensing mech-

anism: bending alters inter-particle separation (¢ — ¢’) within the MDL, reducing

the effective dielectric constant and capacitance. (c—d) Proximity-sensing mech-

anism: approaching objects perturb fringing fields, generating additional capac-

itance (Cprox). Together, these effects enable simultaneous strain and proximity
detection with a single capacitive readout.

In the relaxed state, the fringing fields between the interdigitated electrodes domi-
nate, and the capacitance of the M-IDE is nearly identical to that of a conventional
IDE with PDMS as dielectric (P-IDE). When the device is bent, the average inter-
particle separation increases (¢’ > ¢). This redistribution alters the local electric
field distribution, causing nanoparticles to behave as isolated capacitive elements.
The reduction in effective dielectric constant leads to a measurable decrease in capac-

itance. The capacitance variation with MDL geometry can be empirically expressed

as:

C = f(t,g) x ep G) | (3.21)

where ¢ is the effective thickness of the MDL and g represents the average particle

separation. Thus, as bending increases and ¢° — ¢, the field separation improves,
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leading to enhanced strain sensitivity. For proximity sensing, the spiral IDE geome-
try enhances fringing field density and extends the detection range. When an object
enters the vicinity of the electrodes, the local field distribution is perturbed, result-
ing in a measurable change in capacitance. The magnitude of this change depends

on the distance, position, and nature of the object.

3.2.3 Finite Element Modeling

To validate the proposed working principle, two device classes are studied: P-IDEs
(without MDL) and M-IDEs (with MDL). Figure 3.11(a) shows the schematic of the
M-IDE with PET substrate, spiral IDEs, and the magnetodielectric layer (MDL). Fi-
nite element simulations (COMSOL Multiphysics) are performed on a representative
two-electrode structure to quantify capacitance variation with inter-particle separa-
tion g. As bending increases, particle separation increases (¢' > ¢), which modifies
the effective dielectric constant (o) and produces a measurable reduction in ca-

pacitance. Figure 3.11(b) shows the normalized capacitance change |AC'/Cy| with
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FIGURE 3.11: (a) Schematic of the M-IDE device showing different layers. A thin
flexible PET sheet (150 pm) is used as the substrate, with interdigitated electrodes
(IDEs) fabricated on top. The sensing layer consists of magnetic nanoparticles
(MNPs) blended in PDMS. (b) Simulation results showing the capacitance change
as a function of separation, correlated with the effective dielectric constant.
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increasing g, confirming this trend. The results are consistent with the analytical
relations introduced earlier (Equation 3.20-3.22). Notably, these findings confirm
that the M-IDE response is primarily determined by the average inter-particle sepa-
ration g within the MDL, which dictates .4 and thereby governs the strain-sensing

behavior (Figure 3.11(b)).

3.2.4 Fabrication Process Flow

Figure 3.12 illustrates detailed steps for bimodal flexible sensor fabrication. Initially,
a thin layer (100 nm) of aluminum is deposited on a polyethylene terephthalate
(PET) sheet using an e-beam evaporator (HHV ATS 500). Aluminum-coated PET
sheet is then lithographically patterned to define the spiral IDEs (Figure 3.12(b)).
Two different devices are fabricated for comparison. In the reference device (P-
IDE), PDMS is spin-coated over the patterned electrodes to act as the dielectric
layer. In the proposed device (M-IDE), the dielectric consisted of a magnetodi-
electric layer (MDL), prepared by blending magnetic nanoparticles homogeneously
in PDMS, which is then spin-coated on the patterned electrodes. For the MDL
preparation, Fe;O, magnetic nanoparticles (8 wt%) are dispersed in the PDMS pre-
polymer using mechanical stirring followed by controlled sonication to obtain a ho-
mogeneous dispersion. The curing agent is then added in a 10:1 base-to-curing-agent
ratio and mixed thoroughly to maintain uniform filler distribution. The mixture is
subsequently degassed to remove trapped air bubbles before spin-coating on the pat-
terned electrodes. The incorporation of Fe3O, nanoparticles increases the effective
dielectric permittivity of the composite layer through interfacial (Maxwell-Wagner—
Sillars) polarization at the nanoparticle-polymer interface, thereby enhancing the

capacitive sensitivity of the device. Furthermore, during mechanical deformation
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FIGURE 3.12: Fabrication process of P-IDE and M-IDE devices. (a—b) Litho-

graphic patterning of IDEs on Al-coated PET substrates. (c) P-IDE prepared

by spin-coating PDMS. (d) M-IDE is fabricated by spin-coating MDL (PDMS

+ magnetic nanoparticles). (e—f) Optical images of M-IDE in relaxed and bent
states.

the interparticle spacing within the Fe;O,~PDMS composite changes, which modu-
lates the local electric field distribution and contributes to the observed capacitance
variation. Both devices were subsequently cured in an oven at 80°C for about 2.5
hours. This controlled preparation process ensures uniform nanoparticle dispersion
and reproducible dielectric properties of the magnetodielectric layer. Optical images
of the fabricated M-IDE in relaxed and bent states are shown in Figure 3.12(e—
f). Commercially available materials (PET sheets, PDMS, and chemicals) are used
throughout the experiment for device fabrication. All devices are fabricated with
identical dimensions, with an electrode width and spacing of 100 pm, to ensure a

fair comparison between P-IDE and M-IDE. The proposed device is scalable and
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tailorable for miniaturized sensing applications, but faces a fundamental trade-off.
As the device is miniaturized, its sensitivity decreases. Conversely, a larger device

area increases sensitivity at the cost of a larger footprint.

3.2.5 Results and Discussion

3.2.5.1 Strain Sensing Performance

Electromechanical characterization of the devices is carried out using a customized
3D-printed setup (shown in the inset of Figure 3.14 (a)), which allowed systematic
bending at radii of curvature (ROC) ranging from 2 mm to 22 mm. Both P-IDE
and M-IDE devices (with electrode width = 100 pum and spacing = 100 pum) are
mounted sequentially on the 3-D setup, and electrical characterization is performed
using a high-end parameter analyzer (Keithley 4200s-SCS). Figure 3.13(a) compares
the absolute relative capacitance change in both devices. As shown in Figure 3.13(b),
the relative capacitive change in M-IDE is consistently higher than that of the P-
IDE. Under bending conditions, the dynamically changing inter-particle separation
(9 — ¢’) results in a four-fold enhancement in strain-sensitivity (Ssr & 4x-times) at
lower radii of curvature in M-IDE devices. At a larger radius of curvature, the ca-
pacitance change is approximately identical in both devices, as capacitance behavior
is dictated by the separation ‘g’ Thus, the efficacy of the MDL incorporation in en-
hancing strain responsivity is clearly established when comparing M-IDE and P-IDE.
Furthermore, no significant capacitive change is found in P-IDE for ROC > 10 mm,
whereas the M-IDE responds effectively down to ROC = 6 mm. This demonstrates
that the MDL tailors strain sensitivity and expands the working range from 20 mm to
6 mm. Here, M-IDE’s working range is divided into three distinct sensitivity regimes:

two linear regions and a nonlinear transition region. The first region offers a linear
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F1cure 3.13: Comparison of strain sensing between P-IDE and M-IDE. (a) M-

IDE shows enhanced sensitivity and a greater working range (6-20 mm) compared

to P-IDE. M-IDE working range is divided into three distinct sensitivity regimes:

two linear regions and a nonlinear transition region with the highest sensitivity of

27.8m~! (b) Step response at different radii of curvature (ROCs) that correspond
to varying separation within MDL.

relationship between ’Ac—f and ROC with the sensitivity (S = § (AC/Cy) /6ROC) of
27.8m~! and an R? (coefficient of linear fit) value of 0.99. Sensitivity enhancement
corresponds to a newly automated dynamic position of nanoparticles. The second
region shows a nonlinear transition regime between the first and third linear regions.
This behaviour can be attributed to the small net gap variation between particles.
Finally, the third region shows a linear relationship with a sensitivity of 20.8 m !
and an R? value of 0.97. Notably, no distinct sensing regions are observed in P-IDE.
The response of P-IDE is a function of the electrode’s gap variation only at different
bending radii. In contrast, in M-IDE the relative capacitance change arises from
the synergistic effect of both dynamic nanoparticle separation and electrode gap
variation. This combined mechanism leads to enhanced sensitivity and an expanded
working range, confirming the role of the MDL.

Figure 3.14(a) illustrates the time response of M-IDE for one bending cycle. Re-

sponse and relaxation time, as shown in Figure 3.14(b-c), are measured by cyclically
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FIGURE 3.14: Dynamic response of M-IDE. (a) Strain response at ROC = 8 mm

for one cycle. (b—c) Response and relaxation times measured as 200 ms and 250

ms, respectively. (d) Repeatability over 1000 bending cycles at ROC = 8 mm,

showing highly stable and durable performance with consistent amplitude. Insets

show magnified start and end cycles, confirming excellent reliability.

bending and releasing the device. The response time for the as-prepared device is
found to be 200 ms, while the relaxation time is 250 ms, which is in good accor-
dance with the past reports. The response time is mainly determined by the data
acquisition system, how fast or slow dynamic strain is applied, and the nature of
the strain-sensitive film. In M-IDE, the response time can be improved by using

a relatively thinner PET substrate, micro-structuring the magneto-dielectric layer

(improves viscoelastic behavior and reduces friction between nanoparticles and the
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PDMS), and the relatively faster strain applying setup [142]. The relatively lower re-
laxation time demonstrates quick recovery, making the device suitable for real-time
applications such as limb motion tracking. Finally, device longevity is examined
to evaluate durability and repeatability, which are critical for practical use. Figure
3.14(d) shows the repeatability test of M-IDE devices measured at a constant ROC
= 8 mm over 1000 cycles. The response remained highly consistent with nearly
constant amplitude. The overlap between the initial and final cycles, highlighted in
the inset, confirms excellent repeatability and stability, thereby demonstrating the
endurance of the proposed M-IDE devices. The M-IDE sensor exhibits signal varia-
tion within +£2.5% during 1000 loading cycles, thereby demonstrating the endurance

and structural robustness of the proposed device.

3.2.5.2 Proximity Sensing Performance

To corroborate the dual-sensing modality of the skin-inspired device, the proximity
response of both P-IDE and M-IDE devices is evaluated and compared. Proximity
measurements are carried out using a custom-made stage (inset of Figure 3.15(c)),
with 0.0 mm as the point of contact. In the M-IDE, contactless proximity sensing
occurs due to the enhanced fringing fields emanating from the IDE structures. Dur-
ing experiments, capacitance is continuously recorded with respect to object position
using the Keithley analyzer. First, a 20 mm thick non-conducting object is moved
away from the device in steps of 1 mm using a high-precision micrometer attached to
the Z-stage. As the object moves farther, capacitance decreases due to the reduction
in the electric field strength. Figure 3.15(a) shows the proximity sensing response
for a non-conducting object. In the case of conducting objects, as shown in Figure
3.15(b), the MDL in M-IDE results in high electric-field confinement, which enhances

the Sp.o, = 1.5x times greater than P-IDE. The capacitance change is substantially
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greater close to the device’s surface in both devices, with a detectable range of
21 mm. However, unlike the P-IDE, the M-IDE could clearly distinguish between

conducting and non-conducting objects.

3.15(d).

This distinction is highlighted in Figure
Conducting objects, such as copper, produced a much larger capacitance
shift compared to non-conducting objects. The sensitivity of the M-IDE to conduct-

ing objects is found to be approximately 23x higher than for non-conducting ones.
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FIGURE 3.15: Proximity-sensing performance of M-IDE. (a) Sensitivity (Sprox))
to non-conducting objects is 1.5x higher than P-IDE. (b) Response of the M-IDE

to conducting objects at varying proximity distances.

(¢) Universal proximity

response of M-IDE for both conducting and non-conducting objects. Sensitivity
for conducting objects is found to be ~23x higher, highlighting the M-IDE’s
strong metal-detection capability. The inset shows the experimental setup with

0.0 mm defined as the point of contact.

(d) Short-range proximity sensitivity
in M-IDE for conducting objects is 93.23 fF/mm, significantly higher than 4.30
fF /mm for non-conducting objects.
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At short range, the M-IDE achieved a sensitivity of 93.23 fF/mm for conducting
objects, compared to only 4.30 fF/mm for non-conducting objects. Thus, by ana-
lyzing the slope of the capacitance-distance curve, the device can readily identify
the nature of approaching objects. This multimodal sensing capability significantly
enhances the versatility of the M-IDE, enabling simultaneous proximity detection,
range estimation, and material discrimination within the same sensing area. Such a
feature is particularly relevant for applications in artificial skin for visually impaired
users, where both proximity detection and strain sensation are required for safe and

intelligent interaction with the environment.

3.2.5.3 Electronic Readout Circuitry

Following the sensor fabrication and characterization, the next stage of system devel-
opment focused on the design of a flexible Printed Circuit Board (fPCB) to interface
with the capacitive strain sensor. As shown in Figure 3.16(a), the system integrates
multiple functional blocks for signal transduction, conditioning, digitization, pro-
cessing, and wireless data transmission. At its core is the ESP32-S3-WROOM1
microcontroller, programmed using the Arduino IDE and connected to a USB—serial
interface. The strain-induced capacitive changes from the M-IDE are digitized by
a high-resolution, sigma-delta capacitance-to-digital converter (CDC), the AD7746.
This CDC communicates with the microcontroller over the I?C protocol. The system
is powered either via USB or a 1000 mAh lithium-ion polymer battery, regulated to
3.3 V for all active components, including the ESP32-S3 and CDC. In both modes,
the processed data is transmitted wirelessly via Wi-Fi to a Python-based server run-
ning on a host machine for real-time visualization and logging.

To optimize power consumption for portable operation, we evaluated two firmware

modes: (i) continuous sensing without delay and (ii) periodic sensing with a 300 ms
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delay between read—process—transmit cycles (Figure 3.16(c-d)). In the continuous
mode, the microcontroller and CDC remain fully active, leading to sustained high
current draw (132 mA average). This limits battery life to only 7.55 hours. In delay
mode, the ESP32-S3 enters a low-power state between measurements. Conversely,
the 300 ms delay mode introduces a cyclic sensing routine where each readout is
followed by a defined sleep interval. This enables the ESP32-S3 to enter a low-
power state between measurements, significantly reducing the average current draw
to 78 mA and extending the operational lifetime to 12.77 hours (Figure 3.16(b)).
Measured current profiles confirmed these behaviors. In no-delay mode, a dense
continuous signal is observed. In delay mode, well-separated peaks appeared, corre-

sponding to short active periods interspersed with low-power sleep intervals. This
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FIGURE 3.16: Electronic readout circuitry for M-IDE integration. (a) Block dia-

gram showing sensor interfacing with AD7746 capacitance-to-digital converter,

ESP32-S3 microcontroller, USB-serial interface, and Wi-Fi transmission. (b)

Power profiles comparing continuous mode ( 132 mA, 7.55 h lifetime) and delay

mode ( 78 mA, 12.77 h), demonstrating effective firmware-based power optimiza-
tion for portable applications.
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delay-based power cycling strategy is therefore highly effective in improving energy
efficiency for wearable or long-duration sensing applications, without compromising

system responsiveness or data integrity.

3.2.6 Application to Real-time Limb Movement Tracking

To demonstrate practical utility, the M-IDE device is attached to various body
parts (wrist, hand, elbow, and knee), as shown in Figure 3.17. In these experi-
ments, the devices acted as motion detectors, capturing precise movement patterns
under different bending curvatures. A goniometer is employed to calibrate and ver-
ify the bending angles. The collected data confirmed that MDL-integrated M-IDEs

accurately tracked bending-releasing cycles in real time, even on curvilinear body
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FiGure 3.17: Real-time motion tracking with M-IDEs attached to the elbow,

wrist, hand, and knee. A goniometer was used to calibrate bending angles (e.g.,

45° and 90°). The device reliably distinguishes non-bending (N-BS) and bending
states (BS).
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surfaces. These results highlight the ability of M-IDE devices to capture complex mo-
tion patterns, offering valuable information for neurophysiological and kinesiological
studies. Such capabilities are critical for applications in ergonomics, post-surgical

rehabilitation, intelligent robotics, and artificial prosthetic systems.

3.2.7 Conclusion

In summary, a high-performance, skin-inspired bimodal device integrating strain and
proximity sensing with a single readout mechanism has been developed and validated
for limb motion detection. The engineered magnetodielectric layer (MDL) enhances
strain sensitivity and extends the working range beyond 10 mm. This is achieved
without additional fabrication steps such as molding, peel-off, or active layer transfer
that are common in previous methods. The fabricated magnetically interdigitated
electrodes (M-IDEs) demonstrate a four-fold increase in strain sensitivity and a 1.5-
fold increase in contactless proximity sensitivity compared to planar interdigitated
electrodes (P-IDEs). The working range of the M-IDE, varying from 6 mm to 20
mm, is tuned by the inter-particle separation within the magnetic nanoparticles
embedded in the MDL. Additionally, the IDE-integrated design enables proximity
sensing capable of distinguishing between conducting and non-conducting approach-
ing objects. The M-IDE’s sensitivity to conducting objects is approximately 23 times
higher than to non-conducting ones, with a detection range reaching up to 21 mm.
A compact readout circuit incorporating the AD7746 CDC and ESP32-S3 microcon-
troller with Wi-Fi transmission further enables real-time wireless monitoring with
optimized power efficiency. Finally, real-time limb tracking experiments were per-
formed by attaching M-IDEs to the wrist, hand, elbow, and knee, confirming their
potential for applications in wearable electronics, prosthetics, and human—machine

interfaces.



Chapter 4

Multimodal Sensors for Static and

Dynamic Pressure Sensing

This chapter is divided into two sections on flexible pressure sensing. The first section
focuses exclusively on dynamic pressure sensing, introducing a porous-based piezo-
electric sensor. This device utilizes a poroelastic barium titanate matrix (PBM),
where its engineered microstructure enhances deformation and sensitivity for cap-
turing transient stimuli.

The second section significantly expands the sensing capability by introducing a
hybrid multimodal sensor that concurrently detects both static and dynamic pres-
sure. It synergistically combines a capacitive mechanism for static forces with a
piezoelectric mechanism for dynamic forces, overcoming the inherent limitations of

single-mode sensors.

89
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4.1 Poroelastic BaTiO3;/PDMS for Dynamic Pres-

sure Sensing

This chapter presents a poroelastic barium titanate matrix (PBM) for flexible pres-
sure sensing applications. The use of a porous structure is motivated by its ability
to undergo larger deformation compared to non-porous devices, thereby enhancing
sensitivity. The fabrication process is designed to be simple, cost-effective, and sus-
tainable. Prior to device fabrication, optimization of porosity and filler composition
is carried out using COMSOL Multiphysics to ensure superior electromechanical
response. A systematic assessment of the proposed PBM sensor is conducted by
comparing its performance with that of non-porous composites, demonstrating the

advantage of porosity engineering for flexible pressure sensors.

4.1.1 Introduction

Flexible and wearable sensors capable of capturing dynamic pressure signals are
vital for applications in gait biomechanics, motion monitoring, and epidermal elec-
tronics [143]. Among the different sensing mechanisms, piezoelectric transduction
is especially attractive because it is self-powered and well-suited for dynamic sig-
nal detection. [144]. However, the performance of conventional piezoelectric thin
films is restricted by their high stiffness and limited deformability, which reduces
stress transfer and lowers sensitivity [35]. While aligned piezoelectric nanowires
enhance stress transduction, their brittleness under repeated deformation leads to
crack formation [144]. To overcome these limitations, researchers explored porous
architectures that reduce effective modulus [145]. This allows larger deformation

under small forces and improves stress localization on piezoelectric domains [146].
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The key challenge lies in the fabrication of porous piezoelectric composites. Tradi-
tional routes to induce porosity, such as acid—base reactions (e.g., HNO3-NaHCOj3)
[147], thermal decomposition of sacrificial particles (e.g., NHyHCO3) [148], and gas-
foaming/emulsion methods. They rely on highly corrosive chemicals or generate
toxic byproducts like NH3 gas. These processes not only pose environmental and
health hazards but also complicate the process, limiting their suitability for wearable
and large-area device fabrication.

Recently, templating approaches have been proposed, where a sacrificial solid frame-
work defines the porous structure. Among them, sugar templating stands out as an
eco-friendly, cost-effective, and rapid method [149]. Sugar cubes naturally form
interconnected porous networks, and once infiltrated with the piezoelectric compos-
ite precursor, they can be dissolved in plain water, leaving behind a mechanically
robust, poroelastic framework. This method avoids toxic solvents, eliminates chem-
ical waste, and even allows the retrieval of the sugar, reinforcing its sustainability.
Moreover, the resulting porous barium titanate matrix (PBM) offers lower modulus,
higher flexibility, and improved dynamic stress transduction compared to non-porous
composites, thereby enhancing piezoelectric voltage generation.

This chapter demonstrates an eco-friendly and chemical-free fabrication process for
introducing porosity into the piezoelectrically active BTO/PDMS functional layer.
The porous functional layer is fabricated using sugar as scaffold material. First, the
appropriate ratio of BTO/PDMS is allowed to infiltrate the sugar template via cap-
illary action. Then, the sugar is leached using water and can be retrieved, resulting
in an eco-friendly and chemical-free process. The fabricated flexible pressure sensor
based on BTO/PDMS operates in a pressure range of 5-100 kPa, with a sensitivity of
110 mV /kPa. Additionally, finite element modeling (FEM) is performed to optimize

the weight ratio and the porosity.
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4.1.2 Device Concept and Design

The operating principle of the poroelastic barium titanate matrix (PBM) sensor is
based on piezoelectric transduction, where mechanical stress applied to the active
layer is converted into an electrical signal. The fundamental constitutive relation
governing piezoelectricity is:

D=d-o+¢-E (4.1)

where D is the electric displacement, d is the piezoelectric coefficient, o is the applied
stress, ¢ is the dielectric permittivity, and E is the electric field. Under dynamic
loading, an applied pressure generates stress within the BTO/PDMS composite.
This stress induces polarization of the embedded barium titanate (BTO) nanopar-
ticles, which manifests as an output voltage across the electrodes.

In conventional nonporous BTO/PDMS composites, the relatively high elastic mod-
ulus of the polymer matrix restricts deformation (Figure 4.1). This limits stress
transfer to the embedded nanoparticles, thereby reducing effective polarization and
lowering device sensitivity. Moreover, stress distribution within the dense matrix
tends to be non-uniform, causing stress shielding effects around particle clusters.
The introduction of porosity in the polymer matrix fundamentally alters this be-
havior. The effective modulus of the poroelastic structure decreases, enabling larger
deformation under smaller external loads. This enhances strain localization at the
nanoparticle sites, improving stress transduction and polarization. Additionally, the
interconnected pore network allows localized stress redistribution, further amplify-
ing the voltage response. Thus, the PBM sensor leverages two synergistic mecha-
nisms: reduced stiffness of the porous matrix allows higher strain for a given load,
while localized stress concentration at pore boundaries improves piezoelectric activ-

ity (Figure 4.1). Together, these effects yield a higher piezoelectric output compared
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FIGURE 4.1: The stress analysis of a simulated model of a flexible piezoelectric

pressure sensor. (a) Cross-sectional view of a model with no porosity. (b) Top view

of a model with no porosity. (¢) Cross-sectional view of a model with porosity. (d)

Top view of a model with porosity. The stress analysis shows that for the same

applied pressure (100 kPa), the porous model deforms more, giving a higher stress

generation as well as a higher probability of nanoparticle cross-linking compared
to the non-porous model.

to nonporous composites, making porosity engineering a simple, scalable, and sus-

tainable strategy for enhancing the performance of flexible dynamic pressure sensors.

4.1.3 Finite Element Modelling

Non-porous (bulk) BTO/PDMS and PBM devices are simulated in COMSOL™™
Multiphysics 5.5a using the piezoelectric module. A model consists of a 1ym x 1um
x 0.5um PDMS substrate embedded with BTO nanoparticles of 50 nm radius (Fig-
ure 4.1). Different porosity levels are introduced in the substrate to study their
influence. The bottom electrode is electrically grounded and structurally fixed. The

boundary load from no load to 100 kPa is applied on the top surface.
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The %weight ratio of BTO nanoparticles (NPs) and substrate porosity is varied
in the range of 0-20%. The generated internal stress and piezoelectric voltage are
analyzed. For each configuration, the internal stress distribution and piezoelectric
voltage are analyzed. Initially, the non-porous BTO/PDMS nanocomposite is sim-
ulated by changing the %weight ratio of BTO in the PDMS. The simulated output
response of the non-porous nanocomposites is then compared with PBM, where
porosity is introduced to improve performance [147]. The introduction of porosity
enhances the stress/strain distribution on NPs within the composite, thereby im-
proving the effective piezoelectric activity. The porosity is varied from 0 to 20% at
different %weight ratios of BTO/PDMS. The 2D simulated models with and with-
out porosity at a 10% weight ratio are shown in Figure 4.1(a) and Figure 4.1(b),
respectively. Figure 4.2(a) and Figure 4.2(b) present the simulated average stress
and the generated voltage for different %weight ratios and porosities. The results
clearly indicate that with an increase in BTO loading and porosity, the simulated
response improves [150]. However, the response degrades when the BTO weight

ratio and porosity exceed ~16%. The decay in output response can be attributed
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FIGURE 4.2: 2-D plots for optimizing the weight % of BTO in PDMS and %
porosity in the substrate. (a) Voltage generated at different % porosity and weight
ratios of BTO nanoparticles in PDMS. (b) Average stress generated at different
weight ratios of BTO in PDMS and % porosity. The plots indicate that the
maximum voltage is generated at a 15% weight ratio and 16% substrate porosity.
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to the formation of NP agglomerates for higher %weight ratios [151]. Such agglom-
erates reduce the effective strain distribution and cancel out the polarization fields
of individual NPs, thereby decreasing the response. Furthermore, the introduction
of porosity changes the structural properties of the nanocomposite. The effective
stiffness of the nanocomposite decreases with increasing porosity. This allows for a
larger displacement range and higher internal stress generation on individual NPs in
the direction of applied pressure. At the same time, the output voltage also depends
on the effective number of active NPs per unit volume [151]. The introduction of
porosity in the nanocomposite decreases the effective number of NPs per unit vol-
ume. Also, the capillary action responsible for filling up the composite template
causes an increase in the effective %weight ratio in composite interconnects. The
combined effect of reduced nanoparticle density per unit volume and agglomeration
at higher weight ratios results in deterioration of the electromechanical response
at higher %porosity levels. From this combined porosity—filler study, the optimum

configuration is identified as 15 wt% BTO loading with ~16%. porosity in the PBM.

4.1.4 Fabrication Process Flow

Figure 4.3 shows the simple and cost-effective fabrication process of a PBM-based
flexible pressure sensor. Firstly, the PDMS base and curing agent (Slygard 184) are
mixed/stirred in the ratio 10:1 for about 20 minutes. The solution is desiccated for
about half an hour. Afterwards, 15% (by weight ratio) BTO nanoparticles (NPs) (50
nm) are added to the PDMS solution and mixed until a white suspension is obtained.
The solution is again desiccated for about half an hour to remove the bubbles. Sugar
cubes are then used as sacrificial templates to introduce porosity. The pre-mixed
BTO/PDMS solution infiltrates the sugar template via capillary action. The process

typically requires ~4 hours for complete absorption. The nanocomposite-soaked
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sugar cubes are subsequently cured at 70°C for 4 hours, solidifying the poroelastic

framework. After curing, the sugar is dissolved in hot water, leaving behind an

FIGURE 4.3: Fabrication process of the PBM sensor. (a) PDMS base and curing

agent are thoroughly mixed in a ratio of 10:1 for about 20 min. (b) 15% by

weight of BTO is added to the PDMS solution. (c) Sugar template is placed in

the BTO/PDMS nanocomposite, and the nanocomposite is allowed to soak in

it. (d) Poroelastic matrix of the nanocomposite-soaked sugar cube. (e) A thin

nanocomposite layer is sliced and sandwiched between the copper electrodes. (f)
Device prototype of a fabricated PBM sensor.

interconnected porous BTO/PDMS skeleton. Any residual water trapped within the
pores is evaporated via convection heating, resulting in the final poroelastic barium
titanate matrix (PBM). The porous PBM blocks are sliced into thin layers using
a surgical blade. To form the device, copper tape electrodes (EMS Hatfield, UK)
are attached to the top and bottom surfaces, and the assembly is encapsulated with

Kapton tape to ensure stable electrical connections. For comparison, nonporous
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BTO/PDMS bulk films are also fabricated using the same procedure but without
the sugar templating step. Figure 4.4 shows SEM images highlighting the difference

between the dense nonporous composite and the interconnected porous network of

the PBM sensor.

FIGURE 4.4: SEM image. (a) Nonporous composite in which BTO NPs are
homogeneously blended with PDMS. (b) PBM flexible sensor showing the porous
network.

4.1.5 Electromechanical Characterization

The PBM sensors with different % weight ratios of BTO/PDMS are fabricated and
tested. Figure 4.5(a) shows the generated piezoelectric voltage as a function of the %
weight ratio of BTO in PDMS. The generated voltage increases with an increase in
the % weight ratio of BTO in PDMS. After a 15% weight ratio, the induced voltage
decreases. The decay in output is due to nanoparticle agglomeration at higher %
weight ratios [150]. The experimentally obtained voltage response trend agrees with
the simulated results for different % weight ratios of BTO/PDMS. Furthermore, the
devices are tested under pressure loading at 1 Hz. As shown in Figure 4.4(b), no
noticeable change in output voltage is observed across frequencies from 0 to 5 Hz
[146]. The compressive stress—strain testing of the nonporous BTO/PDMS compos-
ite and PBM sensor is measured using a universal testing machine (Instron 3365).

Figure 4.6(a) and (b) show the measured compressive stress—strain curves for the
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FIGURE 4.5: (a) Sensor response at different % weight ratios of BTO in PDMS. (b)
Frequency response of the PBM sensor. The generated voltage remains constant
over a frequency range (0-5 Hz).
nonporous BTO/PDMS and PBM sensors. The compressive moduli (E.) of the two
samples are calculated by fitting a straight line to the linear stress—strain curves [152].

The obtained compressive moduli (E.) of PBM and nonporous BTO/PDMS are
83 kPa (0.083 MPa) and 12 MPa, respectively. Thus, the introduction of porosity

results in a lower compressive modulus for the PBM sensor, indicating that smaller
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FIGURE 4.6: (a) Compressive stress—strain curve of the non-porous BTO/PDMS

sample. The calculated elastic modulus (E.) of the sample is 12 MPa. (b) Com-

pressive stress—strain curve of the PBM sensor. The calculated E. of the sample

is 83 kPa. The introduction of porosity results in a lower compressive modulus of

the PBM sensor, indicating that smaller forces generate larger deformation and,
hence, account for higher sensitivity.
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forces generate larger deformation and hence contribute to higher sensitivity. The
dielectric constants of the nonporous BTO/PDMS and PBM are 4.27 and 3.89, re-
spectively. The performance of the as-fabricated PBM pressure sensor is measured
by applying a load varying from 0 to 100 kPa, and the electrical output of the device
is recorded using a DSO (SIGLENT SDS 1072 DSO). Figure 4.7(a) and (b) show
the voltage response of the nonporous and the PBM flexible pressure sensors, re-
spectively. The results show that the peak voltage generated in the PBM sensor is
1.1 V, in contrast to 500 mV in the nonporous sensor at 100 kPa. The piezoelectric
voltage for the PBM sensor thus shows a nearly two-fold enhancement. The supe-
rior performance can be attributed to the combined effect of increased mechanical
flexibility (i.e., small forces cause large stress) and the interconnected PBM struc-
ture, which helps localize stresses on the BTO NPs. Polarity switching tests are
performed to confirm the piezoelectric origin of the PBM sensor’s signal [153]. The
“switching polarity” tests are conducted to exclude the interference from ambient
The

environmental noise and stray triboelectric effects on the PBM sensor [153].

resulting responses are shown in the inset of Figure 4.7(b). Figure 4.8(a) compares
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FIGURE 4.7: Voltage response at different pressures. (a) Voltage generated in

nonporous BTO/PDMS composite at a weight ratio of 15%. (b) Voltage generated

in the PBM sensor at 15%. weight ratio of BTO in PDMS. The results show that

the PBM generates a voltage two times greater than nonporous sensor. The inset
shows the switching polarity test of the PBM sensor.
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FIGURE 4.8: (a) Comparison of responses for nonporous and PBM sensors at 50
kPa. (b) Sensitivity (S) curve of the sensors for different pressures.
both devices under an applied pressure of 50 kPa, showing repeatable performance
with a deviation of only 0.47%. Both devices exhibit linear behavior across the
5-100kPa range, but the PBM sensor demonstrates higher linearity and sensitivity.
The PBM sensor shows a sensitivity (5) of approximately 110 mV /kPa, in contrast
to 50 mV /kPa for the nonporous device (Figure 4.8(b)). Therefore, the PBM device
is more sensitive to desired biomechanical pressure ranges (10-50 kPa) than the non-
porous sensor [154]. The working range of the PBM sensor is also investigated. The
minimum detection limit is determined by applying impulse pressure loads, with the
minimum detectable pressure found to be 5 kPa. Similarly, the maximum pressure
detection limit is identified by increasing the pressure load until the output voltage
of the PBM sensor saturates. The maximum detectable pressure is 100 kPa. Thus,

the working range of the PBM sensor is 5-100 kPa.

4.1.6 Conclusion

A highly sensitive PBM sensor is developed using a simple and cost-effective sugar-
templated process. Compared to the nonporous BTO/PDMS composite, the PBM

sensor shows a two-fold increase in sensitivity, generating a peak output of 1.1 V
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at 100 kPa. The device exhibits excellent linearity (R? = 0.983), a repeatability
deviation of 0.47%, and an effective working range of 5-100 kPa. Finite element
simulations confirm that optimal performance is achieved at a 15% BTO loading
and ~16% porosity, balancing stress localization with sufficient nanoparticle den-
sity. These results highlight the PBM sensor’s potential for applications in wearable

pressure monitoring, gait biomechanics, and motion-tracking systems.

4.2 Multimodal Integrated Device for Static and

Dynamic Sensing

This section introduces a multimodal mechanoreceptor that integrates capacitive
and piezoelectric transduction mechanisms to emulate the human somatosensory
response. In contrast to conventional devices that rely on a single sensing mode, the
proposed design combines a p-pyramidal capacitive sensor for static stimuli with a
piezoelectric device for dynamic stimuli. This synergistic configuration extends the
detection range from 1 to 140 kPa while maintaining high sensitivity across regimes,
overcoming the limitations of standalone capacitive or piezoelectric sensors. The
functionality of the multimodal device is validated through real-time demonstrations
of human grabbing and holding, confirming its ability to simultaneously capture

static and dynamic responses.

4.2.1 Introduction

Human skin perceives and differentiates different spatiotemporal tactile stimuli
(static and dynamic pressure, vibrations) through different mechanoreceptors [129].

Slowly adapting mechanoreceptors (i.e., Merkel and Ruffini corpuscles) perceive
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static or sustained pressure on the skin [155], while fast-adapting mechanorecep-
tors (i.e., Meissner and Pacinian corpuscles) detect dynamic pressure and vibrations.
For electronic skin (E-skin) to truly emulate this somatosensory response, the ability
to perceive and discriminate between both static and dynamic stimuli over a wide
sensing range is paramount [129]. For instance, these capabilities are essential for
robots to perform complex tasks like grasping, holding, and manipulating objects
with dexterity and feedback [156].

Previous efforts in E-skin development have often relied on single-mode sensing
mechanisms. Piezoresistive or capacitive sensors are typically used for static stim-
ulus perception, whereas piezoelectric sensors are employed for dynamic stimulus
detection, though often with a limited sensitivity range [157]. This division is in-
herent to their operating principles: capacitive (C-mode) and piezoresistive sensors
rely on a continuous change in an electrical property (capacitance, resistance) under
sustained load, whereas piezoelectric (P-mode) sensors generate a response only to
dynamic stimuli. Although novel material designs, including micro-pillars, micro-
pyramids, and graded structures, have improved the sensitivity and range of individ-
ual modes [158], a fundamental challenge persists. No single-mechanism sensor can
simultaneously detect both static and dynamic pressure with high sensitivity across
a broad range. A few reported multimodal sensors demonstrate texture recognition
but are ultimately limited by a poor sensing range (typically ~1-60 kPa) [159].
This section extends the functionality of E-skin by integrating capacitive and piezo-
electric sensing into a single device for the simultaneous detection of both static and
dynamic signals across a wide pressure spectrum. In this design, the C-mode detects
subtle and sustained static pressure with high sensitivity, enabled by an epidermal
micro-pyramidal polydimethylsiloxane (PDMS) dielectric layer. Simultaneously, the
P-mode detects dynamic touch and vibration across a large pressure range. The

synergetic combination of these two modes significantly extends the overall sensitive
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range of the device (1-140 kPa) and enables true multifunctionality, mirroring the
perceptual capabilities of human skin. As a proof of concept, we demonstrate the
application of this multimodal device for real-time object manipulation, successfully
discerning the distinct static and dynamic signals associated with grabbing, holding,

and slipping of an object.

4.2.2 Device Concept and Design

A wide detection range multimodal (P/C-mode) sensory platform by integrating
epidermal p-structured capacitive (for C-mode) and piezoelectric device (P-mode)
is reported. Inspired by human skin, the device (Figure 4.9) integrates the piezo-
electric sensor and the capacitive device. Here, C-mode perceives static stimuli,
whereas P-mode detects the dynamic response simultaneously. In the demonstrated
device, the top piezoelectric layer consists of a polyvinylidene fluoride (PVDF) film
incorporated with 3 wt% MoS, nanosheets. The incorporation of MoSs enhances
the piezoelectric coefficient (ds3) by improving dipole alignment and promoting nu-

cleation of the electroactive S-phase in PVDF through strong interfacial interaction

Large Pressure
Dynamic Stimuli

| Piezoelectric Layer
Sandwiched between
Electrodes

WL pestees

Subtle Pressure
Static Stimuli

‘\V

FiGURE 4.9: Conceptual Image of the multi-mode device. The device integrates

the capacitive-piezoelectric sensors for the static and dynamic mechano-response.

This synergetic effect allows detection of pressure stimuli over a broad sensing
range (1-140 kPa).



Multimodal Sensors for Static € Dynamic Pressure Sensing 104

between the layered MoS, surface and the polymer chains. This enables higher volt-
age generation under dynamic pressure stimuli. This layer is primarily responsible
for sensing fast-changing, high-amplitude signals. The bottom u-pyramidal PDMS
dielectric layer functions as the capacitive element for static and subtle stimuli.
The p-pyramidal structure offers improved compressibility and stress—displacement
transduction compared to a planar dielectric, thereby enhancing sensitivity [160].
Together, the two transduction mechanisms are vertically integrated into a multi-
modal device that captures both static and dynamic stimuli, effectively mimicking

the dual mechanoreceptor behavior in human skin.

4.2.2.1 Working Mechanism

Mimicking the somatosensory response of the human skin, the multimodal sensor
is fabricated by integrating a capacitive-piezoelectric layer for a wide sensing range.
The dynamic pressure stimuli on the piezoelectric layer generate the output voltage.

The generated voltage is quantified by the equation given as [161]:

d33
EoEr

Vee=gss X o XY xg= XoXY Xg (1)

where ¢33 is the voltage constant, o is the induced stress, ¢ is the thickness of the
material, and Y is Young’s modulus. Therefore, the output voltage is proportional
to the induced stress, which in turn depends on the applied pressure. The response
of the capacitive sensor can be realized by the parallel plate configuration, the ca-

pacitance is given as

E0€rA
p— 2
C y (2)

where gge,. is the permittivity of the dielectric material, A is the overlapping elec-

trode area, and d is the thickness of the dielectric layer. With increasing static
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pressure, the relative permittivity e, increases while the distance d between the
plates decreases [162]. This dual effect leads to a greater change in capacitance.
The capacitive sensor with a planar dielectric layer is less sensitive compared to the

p-pyramidal-structured dielectric.

4.2.3 Fabrication Process Flow

The multimodal device is fabricated by vertical stacking of capacitive and piezo-
electric sensors. The fabrication process is divided into three steps: fabrication of
the capacitive sensor, fabrication of the piezoelectric sensor, and assembly of these
sensors (Figure 4.10). First, the u-pyramidal PDMS dielectric layer is fabricated us-
ing silicon molds. The silicon substrate is lithographically patterned with a square

window opening of 30 ym x 30 pm at a pitch of 50 um, followed by wet etching with

Fabricating Silicon Spin-coating PDMS Peeling off PDMS Fabrication of y-pyramidal
Co_mMold " _________fromMold ______(CapacitiveDevice |

Integrating Capacitive-Piezoelectric
Device for Static-Dynamic
Mechanoresponse

Fabrication of Bottom
Electrode

F1GURE 4.10: Schematic of the fabrication process of the multimode device. The
process is divided into three main steps: fabrication of the capacitive sensor,
fabrication of the piezoelectric sensor, and integration of both components. (a)
Fabrication of the silicon mold via standard photolithography followed by wet
etching of silicon using KOH. (b) Spin coating of PDMS onto the silicon mold. (c)
Peeling off the cured PDMS to obtain the py-pyramidal structure. (d) Sandwiching
the p-pyramidal PDMS between two electrodes to form the capacitive sensor.
(e) Deposition of a gold electrode on a PET sheet using e-beam evaporation to
serve as the bottom electrode. (f) Spin coating of the piezoelectric layer onto the
bottom electrode. (g) Fabrication of the top electrode. (h) Final integration of
the capacitive and piezoelectric layers to form the multimode device.
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potassium hydroxide (KOH) at 80 °C. Then, PDMS is spin-coated onto the mold.
After curing for 1 hour at 120°C, the PDMS dielectric layer is peeled off from the
mold. The top and bottom electrodes are formed by depositing gold onto a polyethy-
lene terephthalate (PET) sheet. Prior to gold deposition, a thin chromium adhesion
layer is deposited to improve film adhesion. Both electrodes are spin-coated with a
very thin layer of PDMS, and after pre-curing for 10 minutes, the p-pyramidal layer
is sandwiched between them. The thin layer of pre-cured PDMS serves as an ad-
hesion promoter between the electrodes and the sandwiched p-pyramidal dielectric
layer. Secondly, the piezoelectric sensor is fabricated by spin-coating a piezoelec-
tric film onto a bottom electrode (deposited on a PET sheet). The top electrode
is formed by gold deposition using an e-beam evaporator. Finally, the individual
capacitive and piezoelectric devices are vertically assembled and encapsulated in
PDMS after electrical contacts are established. Figures 4.11(a) and 4.11(b) show

the top-view SEM images of the pu-pyramidal PDMS layer.

FIGURE 4.11: (a) SEM image of the p-pyramidal PDMS layer. (b) Magnified

view showing a single p-pyramid.

4.2.4 Results and Discussion

The electromechanical characterization of the multimodal device is performed using

a standard push tester. The corresponding electrical responses are measured by
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two instruments: the capacitive response (C-mode) is recorded using a Keithley
Parameter Analyzer (4200 SCS), and the piezoelectric response (P-mode) is captured
with a digital oscilloscope (PicoScope 3000 series). Figure 4.12(a) shows the response
of the p-pyramidal-based capacitive device. The results confirm that the sensor
is responsive to static pressure stimuli in the range of 1-25 kPa. The C-mode
detects a minimum pressure of 1 kPa and saturates beyond 25 kPa. In contrast,
under P-mode operation, the device responds to dynamic pressure stimuli over a
broader range of 20-140 kPa, as shown in Figure 4.12(b). The incorporation of
MoS, into the PVDF matrix enhances the piezoelectric coefficient ds3, resulting in
a higher voltage output of up to 16 V at 140 kPa. Figure 4.13 illustrates the overall
working range characteristics of the device. Notably, the synergistic effect of the
multimodal mechano-receptor extends the sensing range from 1 kPa to 140 kPa.
The C-mode exhibits a sensitivity of 30 fF'/kPa~! up to 25 kPa, which is attributed to
the enhanced compressibility and deformation of the pu-pyramidal PDMS structure.
The P-mode extends the working range up to 140 kPa with a voltage sensitivity of

160 mV /kPa. Thus, the combined operation of the C-mode and P-mode enables both
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FiGurRE 4.12: Capacitive response of the multi-mode mechanoreceptor. The

device can detect the minimum pressure of 1 kPa (b) Dynamic electromechanical

characterization of piezoelectric device. The device has a working range of 20-140
kPa with peak-to-peak voltage generation of 16V.
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FIGURE 4.13: Sensing range of the multi-mode mechanoreceptor. The capacitive
device detects minimum pressure of 1 kPa while piezoelectric device has working
range of 20-140 kPa.

static and dynamic pressure sensing, significantly enhancing the device’s functional
range and application versatility.

As the device can successfully discriminate the static and dynamic stimuli, a real-
time response of the device’s mutual touch and pressure sensation is presented in
Figure 4.14. In a relaxed state (when fingers are not in touch with the bottle),
both devices show zero response. As the first touch is made, the instantaneous
voltage ( 4 V) generation occurs dynamically and is recorded by a piezoelectric
device, whereas the capacitive device shows a shift in response from the base value.
When a glass is grabbed firmly, the piezoelectric device initially shows a small peak
( 2 V) and zero afterward. The capacitive response value increases as the glass is
grabbed tightly (more pressure results in more capacitive change). Similarly, during
release, multiple voltage peaks are generated within the piezo-device, confirming
the slipping of the bottle. The capacitive response just returns to the initial value
without inferring slipping details. Therefore, real-time detailed information can be

obtained for decoding complex human motions covering subtle-to-large stimuli (0-

150 kPa).
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FIGURE 4.14: The voltage response of Fast adapting (piezoelectric device) and
Slow adapting (capacitive device) mechano-receptor from holding to releasing of
the object.

4.2.5 Conclusion

In conclusion, we introduce a multimodal integrated sensory platform capable of
simultaneously detecting static and dynamic stimuli across a wide pressure sensing
range. Static and subtle stimuli are detected by the u-pyramidal capacitive device
(C-mode), while dynamically changing stimuli are sensed by the piezoelectric device
(P-mode). The synergistic effect of the multimodal architecture enables pressure
detection over a broad range from 1-140 kPa. The C-mode effectively detects subtle
pressure stimuli in the range of 1-25 kPa with a sensitivity of 30 {F /kPa. The P-mode
extends the detection range from 20-140 kPa with a sensitivity of 150 mV /kPa. This

approach streamlines sensory integration for next-generation electronic skin (E-skin)
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systems. As a proof of concept, a real-time human grabbing and holding activity is
demonstrated, validating the functionality of the device for both static and dynamic

tactile perception.



Chapter 5

Sub-mm High-Resolution Flexible
Capacitive Sensor Array for

Surface Texture Mapping

This chapter introduces a high-density flexible capacitive tactile array designed to
achieve sub-millimeter spatial resolution, a key requirement for human-like tactile
sensing. Contrary to conventional tactile systems with limited pixel density, the
proposed platform integrates 4096 individually addressable sensing units in a 64 x64
configuration on a polymer substrate. A magnetodielectric layer (MDL) is incorpo-
rated between the electrodes to enhance device performance. The concept is vali-
dated through simulation and experimental characterization. A customized readout
circuit, designed and implemented as a flexible hybrid electronic (FHE) system, en-
ables independent pixel addressing for the 64 x64 array. The fully integrated system
demonstrated its 100-pm spatial resolution by successfully reconstructing the surface

profile of a circular ring.

111
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5.1 Introduction

Tactile sensing is a critical attribute of human skin, enabling the perception of a
wide range of physical stimuli from the surrounding environment [163]. Develop-
ing advanced, human-like tactile sensing capabilities remains a critical challenge for
next-generation robots, prosthetics, and human-machine interfaces [163]. A key fea-
ture for such tactile sensing is the integration of high-density sensors to achieve high
spatial resolution. To achieve this, three key requirements must be addressed. F'irst,
high spatial resolution is essential for precision across diverse applications, ideally
reaching 0.2 mm or better [164]. Second, tactile sensing arrays must exhibit strong
immunity to external noise, which requires robust circuit architecture and careful
signal acquisition design [165]. Third, scalability and seamless integration are criti-
cal, allowing tactile arrays to conform to three-dimensional surfaces with mechanical
flexibility and efficient electrical connectivity [166]. Simple, scalable fabrication pro-
cesses are vital for practical implementation in robotics, prosthetics, and wearable
technologies.

Recent advancements to meet these requirements have introduced a wide range of
innovations in designs and materials. In resistive sensing, Chen et al. developed
a 12x12 array incorporating a macrodome structure to enhance sensitivity, while
Park et al. utilized CNT-coated porous PDMS with stacked electrode layers for
improved signal detection [167, 168]. Nela et al. presented a 16x16 CNT-based
active matrix with 4 mm spatial resolution [169]. Optical and triboelectric sensors
have also been explored as alternate tactile sensing strategies. For instance, Lumel-
sky et al. developed an 8x8 infrared-sensitive skin, and Lin et al. demonstrated a
5xb piezoelectric array using PTFE textiles with integrated row-column electrodes
[170, 171]. Although these systems are effective in detecting force distributions, they

face inherent limitations in spatial resolution and sensitivity.
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Capacitive tactile sensors have emerged as a promising solution due to their me-
chanical compliance, low power consumption, and scalable architecture. Pyo et al.
reported a 10x 10 capacitive array with a pixel pitch of 4.2 mm using SU-8 spacers
to maintain structural separation [95]. Another flexible platform integrated 12x12
sensors of 600 pum size directly onto a bendable interconnect substrate, achieving
repeatability and robustness across multiple wafers [60]. A more advanced MEMS-
fabricated design incorporated 340 pm x 340 pm electrodes in a flexible polyimide
substrate and achieved a spatial resolution of 420 pum using a compressible PDMS
dielectric [165]. Despite these advancements, most reported capacitive tactile arrays
remain limited to fewer than 256 sensors and pixel sizes exceeding 400 pm, restricting
their applicability for high-resolution tactile mapping. Achieving pixel sizes below
this threshold is essential to emulate the spatial resolution of human fingertip sen-
sitivity, but it introduces significant design challenges. Reducing the pixel size to
100 x 100 pm significantly lowers the electrode area, resulting in extremely small
baseline capacitance values in the femtofarad range, especially with conventional
low-permittivity dielectrics such as PDMS (e = 2.5). Under such conditions, the ca-
pacitance change under applied pressure becomes negligible, leading to poor signal
resolution. To address this issue, ionic dielectric materials have been explored, but
their moisture sensitivity and poor compatibility with MEMS fabrication processes
limit their scalability. To overcome this trade-off, we introduce a magnetodielectric
composite layer by dispersing magnetic nanoparticles into PDMS. This material,
first presented in Chapter 3 for enhancing strain and proximity sensing, improves
dielectric properties while maintaining mechanical flexibility and MEMS compatibil-
ity. Its integration into the high-density array enables stronger capacitive responses
even at pixel dimensions of 100 pm.

This chapter presents a high-resolution flexible capacitive tactile sensor array com-

prising 64 x 64 individually addressable pixels, for a total of 4096 sensors over a
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2.5 cm? active area. Each sensor unit measures 100 ym x 100 pm, achieving a
spatial resolution comparable to that of human skin. To address individual cells
and mitigate parasitic effects and external noise, common challenges in fF-range
measurements of small electrodes, a custom electronic read-out circuit is developed.
Additionally, a thin compressible polydimethylsiloxane (PDMS) layer is incorpo-
rated to tune the pressure sensitivity and expand the dynamic range. The tactile
sensing array effectively demonstrates its capability by mapping force distributions

with high precision.

5.2 Device Concept and Design

5.2.1 Sensing Method

The proposed device is designed to detect the tangential component of force using
a parallel-plate capacitive mechanism. Each sensing pixel operates as a parallel-
plate capacitor with dimensions of 100 gm x 100 gum and a center-to-center pitch
of 150 pm, closely emulating the ridge spacing of a typical human fingerprint. This
biomimetic layout facilitates high spatial resolution and sensitivity in detecting local
force vectors.

As illustrated in Figure 5.1(a), the sensor comprises two electrodes with a magne-
todielectric layer (MDL) (consisting of Fe;O4 nanoparticles in PDMS) sandwiched
in between. The fundamental sensing mechanism is depicted in Figure 5.1(b). When
external pressure is applied, the dielectric layer is compressed, leading to an increase

in capacitance through two distinct mechanisms:
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Tactile Sensing Array

(b) Sensing Mechanism
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F1GurE 5.1: (a) Conceptual schematic of the tactile sensing array and a single

pixel showing different layers of the pixel. (b) Schematic describing the sensing

mechanism of the device. One device has PDMS as a dielectric, while another has

MDL as a dielectric. The capacitance in the former device is a function of the gap

between the electrodes, while the latter device capacitance is a function of both
the gap and the volume fraction of NPs.

1. Geometric Effect: The compression reduces the separation distance (d) be-

tween the two electrodes, which directly increases the capacitance. This is the

primary mechanism in conventional capacitive sensors using pure PDMS.

2. Dielectric Effect: In the proposed MDL-based device, compression also in-
creases the volume fraction (¢) of the magnetic nanoparticles by reducing the

overall volume of the elastomeric matrix. This increased filler concentration



Sub-mm Capacitive Array for Surface Texture Mapping 116

enhances the effective permittivity (ge) of the composite layer. The permit-
tivity behavior can be described by an effective medium theory, such as the

Maxwell-Garnett approximation for spherical inclusions:

2(1 = @)em + (1 + 20)e;
(24 @)em + (1 — @)e

(5.1)

where ¢, and ¢; are the permittivities of the PDMS matrix and filler par-
ticles, respectively. This provides a second, synergistic contribution to the

capacitance signal.

The key mechanism of this design is the transition from a conventional dielectric,
where capacitance is primarily a function of electrode gap (C o« 1/d), to a magne-
todielectric composite, where capacitance depends on both the electrode gap and
the variable permittivity (C' o €e(¢)/d). This dual-response mechanism enables a

significantly higher sensitivity to applied pressure compared to conventional designs.

5.3 Finite Element Modelling (FEM)

Finite element modeling (FEM) is performed in COMSOL Multiphysics to validate
the operational principle and quantitatively assess device performance. The sim-
ulations use a coupled electromechanical approach. The Solid Mechanics module
models the dielectric’s deformation, while the Electrostatics module computes the
resulting capacitance. A model of a single sensing pixel is modelled as a parallel-
plate capacitor. Two separate models are developed and compared: one using pure
PDMS as the dielectric and another using the magnetodielectric composite (MDL).

The bottom electrode is structurally fixed, while a uniformly distributed pressure is
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TABLE 5.1: Dimensions and Material Properties

Symbol Value Description
We 100 pm Width of electrode
L. 100 pm Length of electrode
A, 100 x 100 um?  Area of a single pixel
g 20 pm Initial dielectric thickness
PI-2611 material
Epy 8.5 GPa Young’s modulus
Up1 0.3 Poisson’s coefficient
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FIGURE 5.2: Comparison of an FEM simulation of a capacitance change of the
single pixel with PDMS-only dielectrics and magnetodielectric layer (MDL).

applied to the top surface, ranging from 0 to 50 kPa. Table 5.1 outlines the geomet-
rical and material properties. In the simulation, the dielectric compression increases
the nanoparticle volume fraction, which dynamically updates the permittivity in the
electrostatics module.

The simulated capacitance change under applied pressure is shown in Figure 5.2.
The results quantify the advantage of the MDL, showing an approximately 60%
greater capacitance change (at 50 kPa) compared to the PDMS-only structure. The
capacitance increase for PDMS is modest and stems primarily from the geometric

reduction in electrode separation. In contrast, the MDL exhibits better sensitivity
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due to the synergistic combination of this geometric effect and the compression-
induced enhancement of its effective permittivity. These simulation results provide

validation for the proposed dual-mechanism sensing principle.

5.4 Fabrication Process Flow

The fabrication process is illustrated in Figure 5.3, starting with a temporary han-
dling wafer of silicon (Si). An ~8um polyimide (PI) layer is spin-coated onto the Si
wafer at 2000 rpm for 30 seconds. This is followed by a multi-step curing process:
moisture/solvent removal by baking at 90 °C for 90 seconds, initial soft curing at 150
°C for 90 seconds, and final curing at 300 °C for 30 minutes. Then, the temperature
is gradually ramped from 150 °C to 300 °C.

The next step involves deposition and patterning of Metal Layer 1 (M1), which
forms the bottom electrode of the capacitive sensing array. Since PI surface has
comparatively poor adhesion to the sputtered/deposited thin film metals, the surface
treatment of PI using plasma RIE in the presence of 10 standard cubic centimetres
(SCCM) of Oq flow at 5 mTorr chamber pressure, 30 °C table temperature and 150
W RF power for 2 minutes is performed. Following surface preparation, a thin layer
of Ti/Au (10/150 nm) is deposited using DC sputtering under 25 SCCM Ar flow
at 400 W target power. The deposited metal is patterned using photolithography
with a positive photoresist (PR) S1813. The metal electrode pattern is then etched
using the wet etchant. Subsequently, the PR is removed using acetone. The sample
is then rinsed sequentially with isopropanol (IPA) and deionized (DI) water to elim-
inate residual contaminants, followed by drying under Ny gas. The dielectric layer

consists of a magnetodielectric (MDL) composite, prepared by dispersing magnetic



Sub-mm Capacitive Array for Surface Texture Mapping 119

(a). Silicon as carrier (b). Spin-coat PI (c). Sputter and pattern
(temporary) bottom electrode
(e). Sputter and pattern (f). PDMS encapsulation
top electrode layer

(h). Optimal image of array
array

FIGURE 5.3: Schematic illustrating the fabrication process for the flexible high-
density sensor array. The process begins with (a) silicon as a temporary carrier.
(b) Spin-coating of the polyimide (PI) substrate. (c) Sputtering and patterning
of the bottom electrode. (d) Spin-coating of the magnetodielectric layer (MDL).
(e) Sputtering and patterning of the top electrode. (f) Spin-coating of PDMS
as the encapsulation layer. (g) Finally, peeling off the completed flexible sensor
array. (h) Optical image of the fabricated sensor array demonstrating mechanical
flexibility.

nanoparticles in Sylgard™ 184 PDMS (base: curing agent = 10:1). PDMS is cho-
sen for its biocompatibility and compatibility with cleanroom microfabrication and
CMOS processes. The MDL is spin-coated at 2000 rpm for 1 minute and cured at 65

°C for 90 minutes. This low-temperature curing preserves the compressive properties
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of the MDL, which can degrade if cured at higher temperatures. The same process
used for M1 is repeated to fabricate metal layer 2 (M2) on the PDMS dielectric layer,
forming the second set of electrodes. To protect the capacitive pressure sensor array
from wear and tear, the top layer is encapsulated with a thin 5-10 gm PDMS layer.

Finally, the device is peeled off the Si wafer, completing the fabrication process.

5.5 Readout Circuit Design

Figure 5.4 illustrates the schematic of the readout electronics for the sensor array,
focusing on scalability and system-level integration. The sensor array is config-
ured as a cross-bar matrix of 64x64 sensors, where each pixel incorporates an MDL
sandwiched between top and bottom electrodes. The readout electronics are im-
plemented on a fully integrated, two-layer flexible PCB that ensures mechanical
compliance with curved or deformable surfaces (Figure 5.4(b)). This architecture
includes five primary subsystems: an analog front-end, signal processing and con-
trol circuitry, power management, data acquisition, and a logging and visualization
interface. The analog front-end includes a scanning circuit and a capacitance-to-
digital converter (CDC). The scanning circuit utilizes four 32:1 analog bidirectional
multiplexers (ADG732), with two dedicated to row selection and two to column
selection. This configuration allows assignment of a unique address (C,,,) to each
pixel in the 64x64 crossbar matrix comprising 4096 sensors. The multiplexers en-
able sequential signal transmission and capacitance measurement at each pixel. The
CDC (AD7746) continuously samples a square-wave excitation to power line m and
collects the capacitance data through the readout line n, where each m, n line is
selected by the scanning circuit sequentially (Figure 5.4). It operates with the AT-

mega3d28P microcontroller using the I?C communication protocol, enabling efficient
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data transfer. The CDC can measure capacitance up to 17 pF with a resolution of
1 fF. Calibration routines are implemented to compensate for parasitics introduced
by the PCB and cables, leveraging the capacitive offset and CAPDAC registers of

the AD7746 chip to nullify the initial capacitances of all pixels. Signal processing
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FIGURE 5.4: (a) Schematic of the readout electronics for the 64x64 capacitive
tactile array, showing multiplexers, CDC, and control circuitry. (b) Flexible two-
layer PCB integrating analog front-end, control, and communication modules.

and control are managed by the ATmega328P microcontroller, which coordinates
with the multiplexers and handles data logging. The microcontroller sequentially
selects pixels via the multiplexers by addressing a specific row and column, thereby
assigning a unique address to each pixel. The data acquisition circuitry utilizes the
FT232RL chip and a USB-C port to bridge the microcontroller’s UART interface
with a host device, such as a computer. This setup facilitates serial communication
for data transfer, programming, and debugging, enabling monitoring and logging
of sensor data. Power to the system is regulated by an ASM1117 linear voltage
regulator, which provides a stable 5.0 V output. Figure 5.5 shows the images of the

experimental test bench for electromechanical characterization of the sensor array.
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The mechanical force applying setup consists of a force gauge (Mark-10) that has a

resolution of 1 mN. The force gauge is fixed on the motorized force tester ESM303.

Linear motor

b |

Probes
e

Device B

/

-~ LN,

FiGURE 5.5: Experimental setup for electromechanical characterization of the
tactile array, including the Mark-10 force gauge (1 mN resolution) mounted on
the ESM303 motorized tester.

5.6 Results and Discussion

Figure 5.5 shows a picture of the experimental set-up and a close-up view of the
overall sensor array. To evaluate the performance of the sensor array, three types of
studies are conducted. First, the capacitance between the top and bottom electrodes
of each pixel is measured to assess the electromechanical response of the sensor. Sec-
ond, repeatability tests are performed on different devices across the wafer to assess

the consistency and robustness of the fabrication process. Finally, the array’s ability
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to perform 2D pressure distribution mapping is tested using the developed readout

electronics. The performance of a single pixel is evaluated by analyzing the pressure-

—
[T
=

€ 30} ——0.03N ~14} —Capacitance 0.6
Q —0.2N ] —Force
225¢ W o8N | S12t M m 105
© ‘ ——1.48N o
620. 5N 510- -0.42
9 45| 2.7N S 8t lo33
c 8 6l 2
210} § 1028
(&) 15 4+t
§ 5 | 8 ZJ L ﬂ \ 10.1
bl ©
© 0'. X i N _“ R . . N A o OF 10
0 5 10 1520 25 30 35 40 45 2 4 6 8 10 12 14 16
Time (seconds) Time (seconds)

(a) (b)

FIGURE 5.6: Individual (single) pixel characterization. (a) Response of the ap-
plied pressure on a single pixel (b) Capacitance change following the dynamic
applied force, showing better electromechanical coupling.

capacitance curve. The force is applied using an ESM303 motorized force tester, and
the capacitance measurements are performed using a semiconductor parameter an-
alyzer (Keithley 4200-SCS). The electromechanical response of a single sensor pixel
is systematically characterized. During each measurement, the applied force is in-
creased to a predefined value, and the corresponding capacitance is recorded. Figure
5.6(a) illustrates the pressure-capacitance relationship for a single pixel, demonstrat-
ing a consistent and repeatable increase in capacitance with applied force up to 2.7
N. This response profile results from the combined effect of the geometric reduction
in dielectric thickness and the compression-induced enhancement of the MDL’s per-
mittivity. The capacitance shows a reliable incremental change across multiple trials
at each force level. The response saturates after approximately 2.5 N, beyond which
the capacitance change becomes negligible, indicating the operational limit of the

sensor’s dynamic range. The dynamic performance is evaluated under cyclic loading.
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Figure 5.6(b) illustrates the sensor’s response to repeated loading and unloading cy-
cles at 0.55 N. The capacitance signal closely follows the profile of the applied force
with minimal hysteresis and rapid response time. The sharp transitions observed in
both the force and capacitance signals confirm effective electromechanical coupling
and the fast recovery of the MDL, highlighting the sensor’s suitability for detecting
dynamic tactile events.

Figure 5.7(a) illustrates the response time of a single pixel when subjected to a dy-
namic load measured to be approximately 150 ms, which aligns well with previously
reported values [172]. The response time of the device is influenced by several fac-
tors, including the data acquisition system’s speed, the rate at which dynamic load
is applied to the sensor, and the properties of the dielectric film used in the sensor.
The second study focuses on repeatability testing of three different devices from
different regions on the same wafer. As seen from Figure 5.7(b), the capacitance
curves of all three devices follow closely, providing an initial visual confirmation of
consistency. This performance is further characterized in 5.7(b), which illustrates

the spatial uniformity across the 4096 pixels of sensor array, where a colour-filled
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FIGURE 5.7: (a) Dynamic time response of a single pixel, showing a response
time of 150 ms. (b) Capacitive response of pixels located at different corners of
the device.
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band visually represents the device-to-device variance. Analysis of three representa-
tive devices from different wafer corners confirms good manufacturing consistency at
scale. The devices exhibited a consistent dual-region capacitance-force relationship,
with a high-sensitivity region (0.1-0.9 N) averaging 14.5+2.2 fF /N and a saturation
region (1.0-2.7 N) averaging 4.12 £+ 0.38 fF/N. This behavior can be understood by
examining the sensor’s operational mechanism. The initial high sensitivity is a di-
rect result of the magnetodielectric layer (MDL). Under light compression, the sensor
benefits from a synergistic effect: the capacitance increases both from the geometric
reduction in electrode separation and from a significant, rapid increase in the MDL’s
effective permittivity. This permittivity enhancement arises from the reduced inter-
particle spacing of the magnetic nanoparticles. The transition to the lower sensitivity
saturation region is attributed to two main factors. First, the magnetodielectric com-
posite exhibits progressive stiffening, diminishing the geometric contribution to the
capacitance change. Second, the dielectric enhancement saturates as the nanoparti-
cle network approaches its maximum packing density. The tight distribution of these
responses, coupled with an impressive 8.8 x average dynamic range across extreme
spatial positions, confirms excellent fabrication uniformity. Most significantly, the
convergence of the color band in 5.7(b) illustrates how spatial consistency improves
under force, culminating in an excellent operational coefficient of variation of just
3.8% at 2.5 N. Statistical analysis validated this wafer-scale uniformity, showing no
significant differences between corner devices (ANOVA, F' = 1.138, p = 0.326). This
progressive normalization under load indicates that our fabrication process produces
consistent mechanical and electrical properties.

To evaluate the sensor’s detection limit and operational range, capacitance measure-
ments are performed across a range of applied forces from 0 N to 2.7 N (Figure 5.8).
The results demonstrate three key characteristics. First, a clear detection threshold

exists at 0.03 N, where the capacitance first deviates from its baseline. Second,
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FI1GURE 5.8: Capacitance response of the sensor array across the full force range
(0-2.7 N), showing a minimum detectable load of 0.03 N and saturation at 2.5 N.

a proportional capacitance-force relationship is maintained throughout the loading
phase. Third, the capacitance completely returns to baseline upon force removal,
showing minimal hysteresis. The saturation behavior becomes apparent at approxi-
mately 2.5 N. At this point, the capacitance plateaus despite further force increases.
This performance confirms a wide dynamic range and excellent reversibility. The
spatial mapping capability of the high-resolution tactile sensor array is evaluated
by applying uniform pressure to 3D-printed letters ("INL”). Figure 5.9 presents the
resulting 2D pressure distribution heatmaps, which clearly and accurately replicate
the shapes of the stamps. The sensor successfully resolves the distinct spatial fea-
tures of each character, demonstrating its ability to translate physical contact into
a high-fidelity digital pressure image. This capability is further validated using a
more complex contour, a circular ring, where the sensor clearly delineates both the
inner and outer radii in the pressure heatmap. The sharp definition in these maps
confirms the effective spatial resolution and functional uniformity of all 4096 sensing
pixels. These findings conclusively demonstrate the potential of this high-density
array for advanced applications in flexible E-skins, particularly for tasks requir-

ing detailed texture discrimination and object recognition in wearable devices and
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FiGURE 5.9: 2D pressure mapping using the high-resolution tactile array.
Heatmaps correspond to (a) 3D-printed letters “INL”. (b) A circular ring pro-
file.

robotics. While the demonstrated 64x64 capacitive array provides sub-millimeter
spatial resolution, further scaling of such arrays introduces several practical chal-
lenges. As the pixel density increases, parasitic capacitances between neighboring
electrodes may lead to electrical crosstalk, which can distort the spatial pressure
distribution. In addition, routing a large number of electrode interconnections be-
comes increasingly complex and may introduce additional parasitic resistance and
capacitance. Large arrays also generate significant data throughput, requiring ef-
ficient multiplexing and high-speed readout electronics. Furthermore, maintaining
uniform sensitivity across all pixels becomes challenging due to possible variations
in dielectric thickness and electrode geometry during fabrication. Therefore, careful
optimization of electrode design, circuit architecture, and fabrication processes is

necessary for scalable implementation of high-density tactile sensor arrays.
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5.7 Conclusion

This work presents a sub-mm resolution capacitive sensor array consisting of 64 x64
(4096) individually addressable pixels. The sensor array is fabricated on a flexible
substrate using a standard MEMS process. Each pixel measures 100 ym x 100 pum,
and a magnetodielectric layer is sandwiched between the electrodes. The use of this
magneto-dielectric layer enables tunable effective permittivity under mechanical de-
formation, resulting in enhanced capacitive sensitivity across a wide pressure range.
The sensors demonstrate a pressure detection range from 0.37 to 30.86 kPa (0.03
mN to 2.5 N) and a sensitivity of 17.5 fF/N. The array is interfaced with custom-
designed readout electronics, forming a fully integrated system. The sensor pixels
can potentially be fabricated with reduced critical feature sizes, enabling a higher
density of sensors within the same area. With an active area of 2.2 cm x 2.2 c¢m, the

2. Furthermore,

system achieves a device density of approximately 846 sensors/cm
the integrated system offers significant upscaling potential by leveraging technolo-
gies commonly employed in modern mass-fabrication lines. The three studies are
carried out to validate the robustness of the device. First, the capacitance between
the top and bottom electrodes of each pixel is measured to verify the array’s readout
capability. Second, repeatability tests are performed on devices from the same wafer
and on devices from three additional wafers to assess the consistency and robustness

of the fabrication process. Finally, the array’s capability to conduct 2D pressure

distribution mapping of the complex contour is demonstrated.
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TABLE 5.2: Comparison with Previously Reported Works

Work Mechanism Pixel Size (um) No. of Sensors Range (kPa)
This Work Cap 100 4096 0.37-30.86
[165] Cap 420 256 0-500
[128] Cap 2000 64 0-2.5
[173] Cap 4000 16 0-30
[174] Cap 600 144 0.1-0.6
[175] Cap+OFET 7500 64 0-5

[176] Res 2500 16 N/A
[177) Res 1000 400 0.1-6

[178] Res+OFET 2540 256 N/A







Chapter 6

Conclusion and Future Outlook

This chapter summarizes the key contributions of this thesis and outlines potential

directions for future research in this area.

6.1 Summary of the Research

The objective of this thesis was to develop flexible electromechanical sensors that
embody the mechanical adaptability required for Sensor 4.0. A series of devices
was designed and fabricated with performance parameters such as sensing range,
multimodality, crosstalk suppression, and scalability that limit existing flexible elec-
tromechanical sensor technologies. Each device was integrated into a complete sys-
tem combining sensor, readout, and application demonstration, thereby bridging the
gap between material-level innovation and functional platforms. The first device de-
veloped in this thesis targeted human-machine interface applications. To overcome
the limitations of conventional single-mechanism devices, it combined capacitive and

resistive transduction principles, thereby achieving an extended sensing range with
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improved sensitivity. An array of devices was fabricated, with each pixel mechani-
cally and electrically isolated to suppress crosstalk, a critical requirement for tactile
sensing. The device architecture employed a suspended PEDOT:PSS/LIG/PDMS
film over interdigitated electrodes, supported by an SU-8 spacer. A dual-isolation
strategy using these SU-8 spacers and a fully parallel, per-channel ADC readout
effectively suppressed crosstalk to <0.3%. In operation, the capacitive mode was ef-
fective in the low-pressure regime (0.3—15 kPa), achieving a sensitivity of 30 fF/kPa
(0.0013 kPa™'). At higher pressures (15-86 kPa), the device switched to piezore-
sistive mode, delivering a sensitivity of 148 kQ/kPa (0.03 kPa~'). The sensor was
integrated into a complete system via a flexible PCB, where a hierarchical MSP430-
ESP32 readout pipeline enabled real-time wireless data acquisition with low latency
(50 + 5 ms).

Building on this, the thesis advanced towards human motion monitoring, where new
requirements emerged: the ability to sense strain directionality and proximity in ad-
dition to pressure. To address these challenges, two devices were developed. Unlike
conventional direction-insensitive sensors, the first device employed an asymmetric
design to achieve direction-sensitive strain sensing, a key requirement for applica-
tions such as artificial prosthetics and rehabilitation. By incorporating a p-meshed
PDMS dielectric layer, the device could discriminate strain directionality, offering
enhanced functionality compared to symmetric strain sensors. The second device
combined strain sensing with non-contact proximity sensing, enabling multimodal
operation within a single platform. In addition to its multifunctionality, this de-
vice was fabricated through a single-step process and required only a single readout
interface circuit. Its strain-sensing layer was realized by introducing a magnetodi-
electric (MDL) composite, where nanoparticles were homogeneously dispersed in

PDMS. This configuration enhanced sensitivity (strain a~4x, proximity ~1.5x) and
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broadened the dynamic range (6-20 mm). The distinct repositioning of nanopar-
ticles under varying loads improved strain responsivity compared to a PDMS-only
sensing layer.

While the above devices performed well for static pressure stimuli, they were in-
herently limited in capturing dynamic signals, which are critical for tasks such as
robotic gripping or human biomechanics. To address this challenge, two devices were
proposed. The first device was fabricated through a low-cost process using porous
PDMS embedded with BTO piezoelectric nanoparticles. Simulation studies were
employed to optimize porosity and the BTO/PDMS ratio, resulting in a twofold
increase in sensitivity and a dynamic sensing range of 5-100 kPa. While effective
for dynamic signals, this device could not capture static stimuli. To overcome this, a
second device was developed that combined capacitive and piezoelectric transduction
within a single platform, enabling detection of both static and dynamic pressures.
A p-pyramidal microengineered capacitive layer provided high sensitivity to static
and subtle stimuli, whereas a MoS, /PVDF piezoelectric layer was responsible for
detecting dynamic and high-frequency stimuli. The device achieved a working range
of 1-140 kPa with sensitivities of 30 fF'/kPa in capacitive mode and 160 mV /kPa in
piezoelectric mode. As a proof of concept, the multimodal device was demonstrated
in robotic gripping tasks, successfully distinguishing between grabbing, holding, and
slipping events.

Finally, the thesis addressed the need for scalability and high-resolution tactile map-
ping, introducing a sub-millimeter resolution capacitive array. The final section of
the thesis presented a sub-millimeter-resolution, high-density capacitive sensing ar-
ray (4096 pixels) for next-generation applications requiring spatial resolution com-
parable to that of human skin. The platform achieved fine-grained surface texture
detection, pushing the limits of resolution and integration in flexible tactile systems.

The high-resolution array comprises 64 x 64 individually addressable pixels over a
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2.5 cm? active area, with each pixel measuring 100 pum x 100 gm. The sensors were
fabricated through a standard MEMS process, operating on a capacitive mechanism
with a pressure detection range of 0.03 mN-2.5 N (0.37-30.86 kPa) and a sensitivity
of 17.5 fF/N. A custom circuit was developed to individually address each pixel and
mitigate parasitic capacitance, enabling accurate readout in the femtofarad range.
The system was first implemented on a rigid PCB and later adapted to a flexible
PCB to mechanically conform to curved surfaces. The integrated array success-
fully reconstructed the morphology of a circular ring with 100 pgm spatial resolution,

demonstrating its capability for high-resolution tactile mapping.

6.2 Scope for Future Work

This thesis focused on the development of flexible electromechanical sensors for
human-motion monitoring and human—machine interfaces. The flexible electrome-
chanical sensors form the core component of Sensor 4.0, representing intelligent and
adaptive sensing nodes. The different device designs and material optimization were
carried out to tailor the response according to their applications. Verification was
done by a series of simulations and experiments to analyze their utility. In addition,
a complete integrated system was developed for each of the devices. Nevertheless,
the research directions outlined here provide opportunities for extending this work

into new and transformative domains.

6.2.1 Multi-functional and Multi-modal Devices

Most applications operate in complex environments, where collecting comprehen-

sive environmental and physiological information requires multimodal sensing. A
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single-modal sensor is often insufficient in such scenarios, while the integration of
multiple sensing mechanisms can improve the quality and reliability of the acquired
information. Therefore, multimodal or multi-sensing capability should be a key fea-
ture of next-generation flexible devices. There are two strategies to achieve this:
(i) integrating multiple sensors into a single device, or (ii) designing a single sen-
sor capable of sensing multiple signals. The choice depends on the complexity of
design, fabrication cost, signal conditioning requirements, and the challenge of ef-
fectively decoupling multiple signals. Future efforts in this direction will enable
flexible sensors to deliver richer datasets, facilitating applications such as intelligent

human—machine interaction, advanced prosthetics, and precision healthcare.

6.2.2 Standalone Truly Flexible Electronic Systems: From

FHE to Transformational Electronics

At present, most flexible electronic systems incorporate flexible sensors but rely
on rigid CMOS chips for data processing. A complete, standalone, flexible elec-
tronic system requires both sensors and interfacing circuits to be flexible. Organic
electronic systems provide an attractive alternative, but their integration and per-
formance remain limited compared to state-of-the-art CMOS technology. On the
other hand, Flexible Hybrid Electronics (FHE) systems combine flexible sensors and
flexible PCBs, but the rigid CMOS chips reduce overall flexibility and limit form
factor. The next state-of-the-art will be standalone flexible systems where every
component, including ICs, is flexible. One approach is to thin down bare-die ICs to
less than 50 pm using advanced fabrication techniques such as DRIE, and then in-
tegrate these ultra-thin dies onto flexible substrates like polyimide. The integration
strategy will depend on the device footprint and the intended application. Het-

erogeneous integration techniques, including 1D, 2D, 2.5D, and 3D schemes, will
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be central to achieving this vision. Such advancements will shift flexible electron-
ics from FHE to truly transformational electronics, combining high-performance
CMOS-level processing with the mechanical compliance needed for wearable and

implantable systems.

6.2.3 Flexible Electronics for Neural Interfaces

Flexible electronic systems have been widely applied in human—machine interfaces,
robotic grippers, and health monitoring. However, one of the most underexplored
domains is their use in neural interfaces. Flexible electrodes for brain—computer in-
teraction and brain organoid studies could make significant strides in understanding
complex neurophysiological phenomena. Traditional techniques such as patch clamp-
ing and rigid microelectrode arrays are not fully compatible with brain organoids.
Future research must focus on improving their sensitivity, spatial resolution, and
biocompatibility. Flexible electrodes and conformal microelectrode arrays offer the
potential to seamlessly attach to the intricate 3D geometry of brain organoids, en-
abling detailed recording of neuronal interactions within and between networks. This
could open new avenues for modeling brain diseases, testing drugs, and advancing

neuroprosthetics.



Appendix A

Experimental Setup

Linear motor
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FIGURE A.1: Experimental setup for electromechanical characterization.

A schematic of the custom test station used for electromechanical characterization.
The setup is designed to apply precise mechanical loads while simultaneously mea-

suring the electrical response of a device under test (DUT). It consists of four main

137



Appendix A. 138

components: A linear motor test stand provides controlled vertical displacement to
apply a normal force. A force gauge, mounted on the motor, measures the applied
load in real-time. A set of micropositioning probes establishes electrical contact
with the electrodes of the DUT. A parameter analyzer, connected to the probes,
performs high-resolution electrical measurements (e.g., capacitance, resistance). For
a typical measurement, the DUT is placed on a stable platform beneath the force
gauge. The probes are carefully aligned and lowered onto the contact pads. The
linear motor is then commanded to execute a pre-defined motion profile, pressing the
force gauge onto the DUT. Throughout this process, the parameter analyzer contin-
uously records the electrical parameters, while the data acquisition system records
the simultaneously measured force. This integrated approach provides a complete
dataset of the device’s response as a function of applied mechanical load, forming

the basis for electromechanical performance metrics reported in this work.
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Analytical Derivation of Filling

Factors

To quantitatively model the pre-contact capacitive response of the suspended hybrid
tactile sensor, the Partial Capacitance Method (PCT) is employed. This method
determines the effective permittivity (e.¢) of the multi-layer dielectrics in the vicinity
of fringing fields. It requires calculation of discrete filling factors (g;), which represent
the fraction of the fringing electric field energy residing within each respective layer.
The interdigitated electrodes (IDEs) in our device follow a global spiral pattern.

However, their radius of curvature is larger than the spatial period .
A =2(w + g) = 400 um (B.1)

with finger width w = 100 yum and gap g = 100 um.
As a result, the local cross-section perpendicular to the electrode fingers can be ac-
curately approximated by a periodic array of parallel, co-planar conducting strips

[104]. Because the radius of curvature of the spiral electrodes is significantly larger
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than the spatial period A, the local electric field distribution is effectively equivalent
to that of a periodic coplanar strip capacitor. Under this condition, the Schwarz—
Christoffel conformal mapping framework derived for linear planar IDE structures
remains valid. Consequently, the Partial Capacitance Technique (PCT) can be ap-
plied to evaluate the vertical distribution of fringing-field energy [104, 179]. This
local linear approximation provides the physical justification required to apply planar
IDE models to our device, while the global spiral geometry is separately accounted
for by the Bessel function formulation in Equation (2.1) [103].

To evaluate the penetration of the electric field into the surrounding dielectric me-
dia, a conformal transformation mapping is used. This transformation maps the
physical coordinates to a complex potential plane where the electric field between
the electrodes is uniform. For a single dielectric layer of finite height h above the

electrode plane, this transformation yields an elliptic modulus defined as

by — 20 GE) (B.2)

o m(w+a)
o (e

where a = § = 50 ym is the half gap.
In the limit of an infinitely thick homogeneous half-space (h — o0), this reduces to
the free-space modulus

a

k():

(B.3)

w+a
By integrating the field energy in the transformed space, the cumulative filling fac-
tor Q(h) which represents the fraction of the total electrostatic field energy stored
between the electrode plane (y = 0) and height (y = h) relative to a homogeneous

half-space, is obtained analytically as:

(B.4)
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where K (z) is the complete elliptic integral of the first kind, and and ¥'(z) = v/1 — 22
is the complementary modulus. For our specific suspended device architecture, the
fringing electric field penetrates a four-layer medium composed of the air gap, the
PEDOT:PSS layer, the LIG, and the PDMS substrate. Following the top-down
analytical framework [180], the height boundaries the height boundaries (h;) for

these layers relative to the IDE surface are as:

hi = o for the top of the PDMS substrate.

(B.5)
ho = d + tpepor.pss + trig  for boundary above LIG.

(B.6)
hs = d + tpEDOT-PSS for boundary above PEDOT:PSS.

(B.7)
hy =d for boundary above the air gap.

(B.8)

The individual layer filling factors (¢;) used in Equation (2.3) of the chapter 2 rep-
resent the cumulative integrated electric field energy from the electrode plane up to
each respective layer boundary. As a result, for a semi-infinite upper half-space, this
cumulative integral evaluates to Q(co) = 3 [104, 179]. Therefore, the cumulative

filling factors are assigned as follows:

= Q(hy) for the semi-infinite PDMS substrate. (B.9)
72 = Q(hs) for the LIG layer. (B.10)
q3 = Q(h3) for the PEDOT:PSS layer. (B.11)

qs = Q(hy) for the air gap. (B.12)
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The effective permittivity (e.4) is accurately modeled as the weighted sum of the

layer permittivities.

Eeff = Eenv + (61 — €env)@1 + (62 —€1)q2 + (63 — €2)q3 + (64 — €3)qu (B.13)

where €.,, = 1 represents the background environment. This decomposition is illus-
trated schematically in Figure 2.2, which shows the multilayer dielectric structure
decomposed into individual capacitive contributions weighted by the incremental
permittivity differences across each layer boundary.

As applied pressure reduces the air gap d, the cumulative energy fraction in the air
gap (q4) decreases. This physically shifts a larger proportion of the fringing field
energy into the higher-permittivity suspended layers, driving the pre-contact capac-
itive response described in the main text. To explicitly demonstrate this weighted

sum, algebraic expansion of the expression yields

Eeft = Eenv(l — q1) +€1(q1 — @2) + €2(q2 — q3) + €3(q3 — qu) + €4(qa) (B.14)

Because the PDMS is semi-infinite (¢, = 3), the environmental base term evaluates
to 1(1 — %) = %, which elegantly represents the fixed capacitive contribution of the
lower half-space (the substrate beneath the electrodes). This expanded form clearly
isolates the discrete energy weights residing within each physical layer, perfectly
capturing the contribution of the lower half-space (1/2), the PDMS (¢1 — ¢2), LIG
(g2 —q3), PEDOT:PSS (g3 —qu), and air gap (¢q4). The global spiral geometry is then
separately accounted for by applying this (e.¢) to the established Bessel function
formulation for spiral interdigitated capacitors [180].

The application of this analytical Partial Capacitance Method to our device is highly

reliable, as previous literature establishes a < 5% deviation from exact finite-element
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simulations when the layer thickness to spatial period ratio %l is less than 1 [103].
Under this condition, the vertical variation of the fringing field occurs over a length
scale much larger than the electrode pitch, allowing the multilayer dielectric struc-
ture to be accurately treated using the Partial Capacitance Technique. Our device

satisfies this validity condition comfortably with a zero-pressure ratio of

d 48
C= 2 2012
X~ 100 0
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