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Recent Progress on Flexible Capacitive Pressure Sensors:
From Design and Materials to Applications

Rishabh B. Mishra, Nazek El-Atab, Aftab M. Hussain, and Muhammad M. Hussain*

For decades, the revolution in design and fabrication methodology of flex-
ible capacitive pressure sensors using various inorganic/organic materials
has significantly enhanced the field of flexible and wearable electronics with

a wide range of applications in aerospace, automobiles, marine environ-
ment, robotics, healthcare, and consumer/portable electronics. Mathematical
modelling, finite element simulations, and unique fabrication strategies are
utilized to fabricate diverse shapes of diaphragms, shells, and cantilevers
which function in normal, touch, or double touch modes, operation principles
inspired from microelectromechanical systems (MEMS) based capacitive
pressure sensing techniques. The capacitive pressure sensing technique
detects changes in capacitance due to the deformation/deflection of a
pressure sensitive mechanical element that alters the separation gap of the
capacitor. Due to advancement in state-of-the-art fabrication technologies, the
performance and properties of capacitive pressure sensors are enhanced. In
this review paper, recent progress in flexible capacitive pressure sensing tech-
niques in terms of design, materials, and fabrication strategies is reported.
The mechanics and fabrication steps of paper-based low-cost MEMS /flexible
devices are also broadly reported. Lastly, the applications of flexible capacitive
pressure sensors, challenges, and future perspectives are discussed.

length, mass, and time."? Several pres-
sure units exist including: pounds per
square inch (psi), pounds per square foot
(psf), mm Hg, atmospheres (atm), torr,
millibar, and pascals (Pa, aka. N m™).
The latter is the most convenient and
widely used.

When fluid flows in any pipe section,
the pressure is classified as follows:!*!

e Static pressure is due to the stationary
fluid (which is not flowing) at the bottom of
the pipe (pressure at point X in Figure 1a).
e Dynamic pressure is due to fluid flow
in which the moving fluid impacts any
object or surface (pressure at point Y in
Figure 1a).

e Stagnation or impact pressure is total
pressure (shown by Y-X in Figure 1a) due
to static and dynamic fluid flow where the
point at which the stagnation pressure, that
is, static pressure, is maximum is called
stagnation point.

Instead of pressure measurement of

1. Introduction

1.1. Pressure as Parameter

Pressure, being one of the most measurable quantities and
process parameters, is the ratio of applied normal force over
an area with derived measuring unit from three base units of
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fluid flow in a pipe section, there are three different types of
pressure which are measured with respect to vacuum (ideal
zero pressure in empty, air-free space) or normal atmospheric
pressure (the pressure at earth surface) which can be divided
into three different types as follows:

o Absolute pressure (Py) is measured with respect to vacuum
[Figure 1b].

e Gauge pressure (Pg,,) is measured with respect to atmos-
pheric pressure [Figure 1b].

e Differential pressure (P,y,) is measured with respect to an-
other pressure and is technically the difference of the two
pressure values [Figure 1a,c]. If the pressure at the reference
point/space is higher than the pressure at the measured
point/space, the resultant pressure is known as negative
pressure.

1.2. Pressure Sensors: From Conventional, MEMS
to Physically Flexible

Several conventional measuring instruments have been used
to measure the absolute, gauge, and differential pressure in
range of 107 Pa to hundreds of MPa. McLeod, Knudsen, ioni-
zation, Pirani (resistance-thermometer), thermocouples, and
viscosity gauges are conventional instruments for measuring

© 2021 Wiley-VCH GmbH
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Figure 1. Schematics to define different types of pressure. a) Pipe to show static (X), dynamic (Y), and impact (Y-X) pressure. b) Levels to show
absolute (Py), atmospheric (P,,), and differential (P;) pressure. c) Differential pressure if two different pressures are applied perpendicularly on any

obstacle.

vacuum pressure, that is, pressures below atmospheric pres-
sure. For high pressure measurement, greater than atmosphere
pressure, conventional devices such as bellows, bourdon tubes,
capsules, diaphragms, and strain gauges are utilized for abso-
lute, gauge, and differential pressure measurements, which
can reach the MPa pressure range.l">* Manometers (U-tube,
inclined, and wall types) and barometers are the conventional
devices used for hydrostatic differential pressure or liquid
level measurement. All of these conventional devices are still
available for industrial applications and selected according to
their suitability, such as pressure measuring range, accuracy,
response time, hysteresis, stability, overloading, electrical signal
conditioning circuits, or pressure reading requirements.

Advancement of integrated circuit (IC) industry revolution-
ized MEMS research, specifically after the evolution of surface
and bulk micromachining processes.’! MEMS, the multidis-
ciplinary and one of most popular research areas in CMOS
industry, consists of mechanically moveable micro-components
such as cantilevers, bridges, diaphragms, valves, gears, chan-
nels, and pumps that respond to different physical, chemical,
or biological stimuli.l" Pressure microsensors are the most
popular devices in the microsensor arena covering a high
percentage of the microdevice market.>'?l The advantages of
pressure microsensors over conventional pressure measuring
devices are:>%1213]

e Fast response

High performance

Small in size/weight

Low power consumption

Large batch fabrication

Small temperature drift

High temperature expansion tolerance

Monolithically integrable with ICs and CMOS circuitry
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Due to these significant advantages, the MEMS sensor
market is very large despite several challenges including making
MEMS devices flexible. However, significant progress has been
made toward this purpose, where converting the substrate
into its flexible version and using organic and nanomaterials,
instead of conventional inorganic semiconductor materials,
are found to be the most promising techniques.*" The trend
in emerging electronics (i.e., flexible, stretchable, printed, and
additive manufactured) is following exponential progress due
to the high demand for low-cost, large area, disposable, easily
deployable, and skin-like electronic systems that do not com-
promise performance at any stage/level.['8-20]

In this review paper, we provide a comprehensive report on
flexible capacitive pressure sensors in terms of their operation
mechanism, type of mechanical sensitive elements, mate-
rials used in separation gap between conductive electrodes,
and application in different technological sectors, including
robotics, wearable/healthcare, aerospace, automobile, biomed-
ical, portable, and consumer electronics, while considering
figures of merit.

1.3. Figures of Merit for Pressure Sensing

1.3.1. Static Characteristics

Several parameters are needed to define the performance of
capacitive pressure sensors, and which play an important role
in understanding the physics of the devices. These parameters
include the following:[*2

a) Accuracy: The difference between the ideal value (Cige,)

versus measured value (Cpeasured) Of sensor is known as
accuracy. This is usually defined in terms of percentage error:

© 2021 Wiley-VCH GmbH
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Cmeasured _Cideal % 100 (1)

measured

%e =

b) Precision: The response of a sensor should be reproducible
if the same input is applied multiple times. Therefore, preci-
sion describes the reproducibility of sensor and how close the
output is from the true value.

c) Resolution: The smallest incremental change in input which
produces a detectable change in output (AC) is called resolu-
tion. This is usually defined in terms of measured range, that
is, difference between maximum and minimum input value.
If the change in input (AP,;,,) can produce the smallest detect-
able change in output, then maximum resolution is given by:

APmin

%R = x 100 (2)

max ~ £'min

d) Sensitivity: The ratio of incremental output to incremental
input is known as sensitivity.

AC
s ===
AP ()

In flexible capacitive pressure sensors, sometimes the nor-
malized form of sensitivity is also used and given by:

_scic ’
/C
In MEMS, the ratio of deflation in the mechanically sensi-
tive element versus applied pressure is called mechanical sen-
sitivity, while the ratio of change in capacitance and applied
pressure range is called electrical/capacitive sensitivity.

e) Non-linearity: The deviation from defined calibration curve
(i-e., least square fit or end point straight curve) with experi-
mentally (or simulated) determined output curve is called
non-linearity. This is represented as a percentage (%) and is
zero for ideal sensors.

COu Pmax
Cout (Pideal) - %
%NL = ) mx % 100 ®)
out max

Here, Pgeat, Prmaw and Cgy, are pressure at calibrated points,
maximum operating pressure, and corresponding value of
capacitance, respectively.

f) Hysteresis: The maximum difference in output of a sensor at
any given measurement point when approaching that point
from increasing and then decreasing pressure is known as
hysteresis. On a plot of capacitance versus pressure, the load-
ing and unloading curves define this property. Moreover, the
value of maximum difference between the area under load-
ing and unloading curves is the hysteresis.

g) Selectivity: If the sensor response is not affected by unwant-
ed signals/noises generated by the environment or other
parameters, then the sensor is called selective.
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1.3.2. Dynamic Characteristics

Sensors are divided into three categories: First order low-
pass, second order low-pass, and bandpass. Partial differential
equations relate the quantity under measurement (input) with
the sensor output which is analyzed in time and frequency
domain for different types of systems. The time and frequency
domain analyses are required to define stability, transient
response, steady-state response, lead-lag response, damping,
response time, rise/fall time, observability, and controllability.
In the second order low-pass category, systems are defined as
underdamped, overdamped, or critically damped based on the
damping factor and location of poles and zeros.!'2

1.4. Flexible Capacitive Pressure Sensors

Flexible pressure sensors are one of the most useful devices
in the sensors market as compared to other flexible devices.
Physical compatibility with any arbitrary curvilinear surface
is an important advantage of flexible pressure sensors and
has been massively explored for various applications. Pres-
sure measurements can be achieved by designing the devices
according to application and transduction principles. Out
of the different transduction principles, that is, piezoresis-
tive, capacitive, and piezoelectric, the capacitive transduction
technique is the most utilized and explored method due to the
following advantages:

o Large fabrication area
e High pressure sensitivity
o Less reactive to temperature drift

1.4.7. Generic Principle of Capacitive Sensing

The capacitive sensing structure consists of two electrically con-
ductive parallel electrodes which are separated by a medium.
One of the parallel electrodes is fixed at any curvilinear or non-
curvilinear surface while the second electrode is mechanically
sensitive. If the overlapping area, separation gap, and permit-
tivity of medium are A, d, and ¢, respectively, then the basic
capacitance of the structure is given by:

c=4 (6)

Note that mathematical Equation (6) does not include
fringing field effect.

From Equation (6), it is confirmed that basic capacitance
variation can be achieved by altering one or all of the three
variables, that is, ¢ A, and d, which is employed for pres-
sure sensing. Changing the separation gap is the most uti-
lized technique for capacitive pressure sensing where the
separation gap varies as a result of the applied pressure on
a mechanical sensitive diaphragm. Parameters like flow
rate, permittivity, and displacement are measured/sensed
using variations in overlap area (A) and permittivity of the
medium (g).21-23]
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Figure 2. Schematic of electromechanical model of generic capacitive
sensing approach.

1.4.2. Electromechanical Model of Capacitive Sensing

The electromechanical (combination of translational or
dynamical) model of parallel plate capacitive pressure sensor
[Figure 2]. This model consists of a linear spring with spring
constant k and damper with damper coefficient B. The mass of
the top electrode, overlapping area, initial separation gap, and
applied voltage are m, A, d, and V,, respectively. When pres-
sure is applied on the top electrode, the spring elongates which
causes movement of top electrode toward the bottom electrode
of the sensor. By choosing proper values of spring constant (k)
and damping constant (B) of the spring and damper, respec-
tively, the approximated value of pull-in voltage (V) can be

obtained after solving partial differential equation:/*+2°]
2 2

miW gy o EAV )
i dx 2(d—w)

where, m and w are mass of moving electrode, deflection in
moving electrode.

While performing the normal mode operations, the max-
imum diaphragm deflection is kept less than one third of sep-
aration gap between plate. Different analytical, finite element
simulation and lumped model approaches have been tried from
different researchers for cantilevers, square, circular, and other
shapes diaphragm of capacitive pressure microsensors.!*+2’]

2. Electrodes for Flexible Capacitive Pressure
Sensors

High performance pressure sensors only require mechanically
sensitive diaphragms with conductive electrodes. In fabricating
conventional rigid pressure sensors, metallic materials like Au,
Ag, Cu, or Al are commonly used as electrode material. Due to
technological advancements and reliability enhancement of dif-
ferent fabrication approaches for flexible devices, for example,
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printed, additive manufacturing, thermal coating, electrodes
made from various low-cost materials can be easily fabricated.
The flexible/stretchable electrodes must be conformable, reli-
able, non-corrosive in humid environment, insoluble, con-
formable, have large area uniformity and excellent electrical,
mechanical, and optical properties, which is becoming more
achievable due to advancements in materials science and tech-
nologies. The electrode material selection for capacitive pres-
sure sensor is determined by the application of the device, such
as implantation,’?®l human-machine interface,”-?®! robotics,!?’!
wearables, 331 or electronic skins.3¥ In designing flexible
electrodes, different next-generation materials like polymers
and nanomaterials (normally 1D and 2D) are the most exten-
sively used after indium tin oxide (ITO), thin metallic elec-
trode, and polymeric film. ITO is mechanically rigid in nature
and loses its mechanical properties after multiple sensing,
bending, and folding operations.’"3334 Nanomaterials such as
graphene,?*3% nanotubes,??3°] nanowires!*’*¥l are still being
explored for designing highly sensitive flexible electrodes
for capacitive pressure sensors, however, their basic physical
properties such as surface uniformity and conductivity are
limited and lack the physical properties of thin film metallic
and polymeric electrodes.3%* Thus, these nanomaterials are
usually sandwiched between two thin films when utilized as
electrodes.3234381 B, U. Hwang et al. presented a composite
electrode based flexible capacitive pressure sensor in which the
top electrode is based on PEDOT:PSS/EMIM-TCB (poly-(3,4-
ethylene-dioxy-thiophene):poly-(styrene-sulfonate) /1-ethyl-3-me-
thyl-imidazolium tetracyano-borate), which is piezoresistive
in nature while GIG [Au-ITO-AU] is chosen as bottom elec-
trode. The effect of the aspect ratio on cantilever capacitive
pressure sensors is analyzed using metal coated polymer as
sensing electrode.’) S. M. Khan et al. analyzed different dia-
phragm shapes of the same material for acoustic and air pres-
sure sensing!*!l and asthma monitoring!*?! applications. The top
and bottom electrodes are based on graphene while a micro-
structured polydimethylsiloxane (PDMS) film acts as dielectric
in the flexible capacitive pressure sensor.?¥ Initially graphene is
grown on a copper (Cu) film and then transferred onto a PET
(polyethylene terephthalate) sheet. Silver nanowire (AgNW)
material has been demonstrated as an electrode in composi-
tion with PEDOT:PSS [poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate] in a flexible capacitive pressure sensor, in
which the AgNWs and PEDOT:PSS are bar-coated on PDMS
after patterning. D. J. Lipomi et al. presented an electrode fab-
ricated using carbon nanotubes (CNT) for strain and pressure
monitoring using capacitive sensing technique that is flexible,
stretchable, and transparent.3?

3. Types of Flexible Capacitive Pressure Sensors

Capacitive sensing operates by variation of separation gap
between plates, overlapping area, or change in dielectric permit-
tivity. Variation in separation gap is the most widely employed
pressure sensing approach.***l The compression/expansion
of the separation gap between parallel plate electrodes changes
the capacitance which corresponds to the applied pressure. In
this approach, selective design of the dielectric material can

© 2021 Wiley-VCH GmbH
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enhance the sensor sensitivity. In the following, we explore the
different dielectric materials used between electrodes in flexible
capacitive pressure sensors.

3.1. Air/Vacuum as Dielectric Material

Air/vacuum as the separation gap between electrodes is exten-
sively utilized for most MEMS and flexible capacitive pressure
sensors. The dielectric constant of air and vacuum is 1.00059
and 1.0, respectively. Different household materials (e.g., Al-foil,
polyimide tape, double sided tape, sponge, microfiber wipe)
have been employed in the fabrication of square-shaped flexible
capacitive pressure sensors by J. M. Nassar et al.3l The Al-foil
is used as the electrode material which is clamped at the edges
using double-sided tape. Three different materials including air,
sponge, and microfiber wipe were tested as dielectric material.
The sensor in which air acts as the dielectric material showed
maximum sensitivity.*’]

When air/vacuum acts as the dielectric material one elec-
trode is highly sensitive to pressure application, which fol-
lows the small- or large-deflection theory of plates/shells using
continuum mechanics. The small-deflection theory is most
widely used to analyze the mechanical performance of MEMS
sensors/actuators using mathematical modeling or numerical
simulations based on the Kirchhoff-Love plate theory.*5->3l
Classical mechanics very efficiently theorizes the parameters
of deflection, bending, stress, and strain, as shown by S. P.
Timoshenko et al.B#%456 The analytical investigations for
MEMS and flexible capacitive pressure sensors have also been
widely explored.#39:4145:46:49,53,55-57] Moreover, the assumptions
used to define the mentioned parameters are based on material
properties, Hook’s Law, and physical properties of plates. The
mechanics behind plate deflection has been reported in design
of different soft mechanical pressure®® and forcel* sensors.

The deflection theory has been divided into two parts,
that is, small and large deflection theories, based on the dia-
phragm thickness and has been utilized in a very broad sense
for fabricating MEMS and flexible capacitive pressure sen-
sors.[8:394147.50,51.60-63] The small-deflection theory is applicable
for thin diaphragms in which deflection is kept less than 1/5th
of diaphragm thickness, while large-deflection theory is appro-
priate for thick diaphragms in which deflection is less than
three times its thickness.’*"%4 Different shapes of diaphragms
(i-e., circular, square, rectangular, elliptical, pentagon, hexagon)
and modes (normal, touch, double-touch, multi-touch) of
capacitive pressure sensors have been reported in this review
paper. The goal of the following section is to relate the adoption
of microfabrication techniques helpful for the development of
polymer and/or paper-based MEMS flexible capacitive pressure
Sensors.

3.1.1. Cantilever Capacitive Pressure Sensors
A cantilever is basically a mechanical element with one edge
fixed/clamped/supported while the other edge is free to move/

deflect. This principle has resulted in multiple applications for
MEMS and flexible pressure sensors.?*65-%1 Moreover, polymer
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and paper cantilevers are being utilized to design low-cost pres-
sure sensors due to advancements in emerging fabrication
techniques.}?7°74 The width to length ratio, that is, aspect
ratio, of a capacitive pressure sensor fabricated from metal
coated polymer and double-sided post-it tape using do-it-your-
self (DIY) emerging fabrication technique, plays an important
role for sensing/actuation which has been analyzed for acoustic
pressure sensing.>?) As the aspect ratio of sensor decreases the
mechanical and electrical sensitivity increases, however the res-
onance frequency and response time decrease [Figure 3a].

3.1.2. Normal Mode Capacitive Pressure Sensors

In microfabrication-based capacitive pressure sensors, the max-
imum deflection of the diaphragm should be less than 1/3rd
of the separation gap between plates to avoid the pull-in phe-
nomenon."® Different diaphragm shapes have been reported in
design of normal mode capacitive pressure sensors (NMCPS)
using conventional microfabrication” and also emerging fabri-
cation techniques!*"*?! of using paper-like materials such as alu-
minum (Al) coated polyimide (PI) foil/sheets. In normal mode
operation of capacitive pressure sensors, the pressure sensitive
diaphragm does not touch the bottom electrode.®l When the
diaphragm shape is changed from square to circular (with sides
from 4, 6, 8, and infinity) [Figure 3b] while keeping the overlap-
ping area constant, the diaphragm deflection increases which
increases the mechanical and electrical sensitivity of the capaci-
tive pressure sensor,”®l however, the nonlinearity in output
response also increases.! The sensitivity and non-linearity
both again increase when diaphragm shape is modified from
rectangular to circular (through the more and less elliptical)
shape while keeping overlapping area constant!! [Figure 3b].
The sensitivity increases as the eccentricity of ellipse tends
toward zero, that is, eccentricity of circle. The sensitivity of
paper and metal-coated polymer based flexible capacitive pres-
sure sensors with different diaphragm shapes (i.e., circular,
square, rectangular, elliptical, pentagon, and hexagon) have
been investigated by S. M. Khan et al.*"*2l All of the different
shaped sensors have been investigated using acoustic (1 Pa
pressure and at different frequencies) testing and air pressure
(0-40 Pa pressure range) monitoring. As the diaphragm shape
is changed from rectangular toward circular [Figure 3c], both
the mechanical and electrical sensitivity increase [Figure 3d,e]
however, the linear response of the sensors worsens.[*42

3.1.3. Touch Mode Capacitive Pressure Sensors

In MEMS-based touch mode capacitive pressure sensors
(TMCPS), the pressure sensitive diaphragm touches the
bottom electrode in order to increase the pressure measuring
range and the linearity of output response, which could be
more robust than NMCPS.[°"7778] A heterostructure diaphragm
(graphene and polymer composite materials) based TMCPS
array has been fabricated on thin silicon substrate, however,
any other material could be utilized in place of silicon, as the
researchers proposed for future work.">8% Commercially avail-
able household materials, like Al-coated polyimide (PI) foil and

© 2021 Wiley-VCH GmbH
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Figure 3. Flexible capacitive pressure sensor with air dielectric and different operation modes of normal, touch, and double touch to study effect of
shape and size of mechanical sensing element. a) Effect of cantilever aspect ratio on the performance parameters sensitivity, response time, and
resonant frequency. b) Effect on nonlinearity and sensitivity when the diaphragm shape changes from square to circle (with sides from 4, 6, 8, and )
and rectangle to circle (through the elliptical shape) while keeping overlapping area same. The sensitivity increases as the eccentricity of ellipse tends
toward zero, that is, from more elliptical to less elliptical and then circular shape of diaphragm. c) Effect on nonlinearity and sensitivity of five different
diaphragm shapes (rectangle, square, pentagon, ellipse, and circle) in paper-based capacitive pressure sensor. d) Investigation (mathematical and
finite element simulations) of deflection in different diaphragm shapes after 1 Pa pressure application. e) Variation of change in capacitance versus
applied pressure on different shapes of paper-based NMCPS. (d,e)—Reproduced with permission.l*!l Copyright 2020, AIP. f) Fabrication process flow
of designing TMCPS. g) Experimental characterization of TMCPS to show different operating regions. (f,g)—Reproduced with permission.®l Copyright
2020, IEEE. h) Fabrication process flow of designing DTMCPS. i) Experimental characterization of TMCPS to show different operating regions.
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double-sided tape, are utilized for designing flexible TMCPS.[U
The sensor is fabricated [Figure 3f] by cutting two circular
pieces from Al-coated PI sheet and then using three layers of
double-sided tape along the edges to paste the pieces together.
The sensor is characterized using an air pressure set-up and
Figure 3g shows the different regions of operation, that is,
normal (0-8 kPa), transition (8-10 kPa), linear (10-40 kPa), and
saturation (after 40 kPa) regions.®!

3.1.4. Double and Multi Touch Mode Capacitive Pressure Sensors

The double touch mode capacitive pressure sensor (DTMCPS)
is introduced to increase pressure measurement and linear
operation range.¥>#] MEMS-based DTMCPS have been previ-
ously theoretically explained®283] (mathematical and finite ele-
ment simulations) and fabricated®? by different researchers.
H. Lv et al. optimized the physical parameters (dimensions and
diaphragm thicknesses) for fabricating DTMCPS as compared
with TMCPS.[®2 Al-coated PI sheet, PI tape, and double-sided
tape is again utilized to design the DTMCPS where the fabrica-
tion steps are shown step-by-step in Figure 3h.84 The PI tape
with small circular hole is placed on top of circular piece and
then three layers of double-sided tape are placed at the edges

www.advmattechnol.de

of PI tape, which provides support to the diaphragm that is
placed on top of the double-sided tape layers. The different
operation regions of DTMCPS, normal (0-75 kPa), transition
(7.5-14.24 kPa), linear (14.24-54.9 kPa), and saturation (above
54.9 kPa) [Figure 3i].14

3.2. Graphene and Graphene Oxide as Dielectric

Graphene and graphene-polymer composite materials have
been extensively used for designing electrodes for capacitive
pressure sensors, however, some researchers have presented
flexible capacitive pressure sensors using graphene-polymer
composites and graphene-based materials as the dielectric.®>-5
H. Ze et al. presented graphene and porous-nylon network as
dielectric material for flexible capacitive pressure sensors.®!
Figure 4a shows the fabrication process flow in which PDMS
provides mechanical support to the graphene while the silver
strip acts as the electrode. The combination (sandwiched
layer) of graphene and porous-nylon netting with different
micro-sized meshes (150, 75, 35 um) and different thicknesses
(55, 48, 34 um) acts as dielectric material. After pressure appli-
cation, the separation gap between the PDMS layers decreases
and a change in capacitance occurs. The experimental

Figure 4. Example of graphene and graphene-based dielectric materials for flexible capacitive pressure sensors. a) Fabrication steps for flexible capaci-
tive pressure sensor using graphene and porous nylon network as dielectric. b) Sensor response with three different meshes of porous nylon net-
work. (a,b)—Reproduced with permission.®¥ Copyright 2018, ACS. c) Fabrication steps of graphene oxide (GO) dielectric material based flexible
capacitive pressure sensors. d) Sensor response shows the change in capacitance with pressure variation. (c,d)—Reproduced with permission.[8l
Copyright 2017, Elsevier.
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characterization [Figure 4b] shows sensor operating range up to
5 kPa with sensitivity of 0.33 kPa™! and 0.007 kPa™! for 0-1 kPa
and 1-5 kPa™, respectively, and with response time of <20 ms.

S. Wan et al. fabricated a pressure sensor in which they used
graphene oxide (GO) as the dielectric material.®® Figure 4c
shows the fabrication steps in which GO is printed on PET
sheet and then reduced by hydrochloric acid (HI). In the next
step, the GO is dropped onto the GO printed sheet and placed
inside a microwave oven chamber for freezing and drying, then,
another reduced GO printed PET sheet is placed on top of the
dry GO which acts as the pressure sensitive top electrode. The
sensor response is measured for 0—4 kPa pressure range with
response time of =100 ms and sensitivity of 0.8 and 0.5 kPa™
for 0-1 kPa and 1-4 kPa, respectively [Figure 4d].

For high pressure measurement, two composites, branched-
carbon nanotubes (b-CNTs) and graphene nanoplatelets (GNP),
are mixed in different proportions with thermoplastic polyure-
thane (TPU) and utilized as dielectric material.® The flexible
capacitive pressure sensor of b-CNTs and GNP composite mate-
rial in 3:1 ratio shows the best sensitivity among all other com-
positions, which is 2.05 MPa™! for 0-1.2 MPa pressure range.

3.3. Porous Elastomers/Foam/Sponge/Composites as Dielectric

Different types of elastomers like Ecoflex and PDMS have
played important roles in the design of flexible capacitive
pressure sensors. Other materials that have been composited
with these elastomers to make porous, sponge-like, and foam-
like material are highly flexible even after curing at normal
room temperature. These porous and sponge like dielectric
materials consist of air/bubble gaps which make them highly
compressible and able to regain their original thickness after
the pressure is released. A low-cost flexible capacitive pressure
sensory array has been demonstrated which has highly flexible
polymeric foam as dielectric.’” The flexible foam-based pres-
sure sensor is characterized by placing four different weights
on the sensor [Figure 5a]. The foam-based sensory skin, which
has 90 pressure sensing elements, has been demonstrated in
the application of object detection on the shelf of a retail store
[Figure 5b]. The foam-based PDMS/Ecoflex used as dielec-
trics and is spray-coated AgNWs as electrode on two parallel
side of dielectrics to design the flexible capacitive structure.?8l
The PDMS/Ecoflex foam is prepared at 80 and 120 °C tem-
peratures from 33% concentration by weight [Figure 5c|. The
sensors are characterized at different temperatures for various
curing temperatures and concentrations of PDMS/Ecoflex. As
an application demonstration, the pressure sensor is placed
on human chest for respiration monitoring. The same foam
is utilized to design a pressure 8 x 8 sensory skin/matrix
[Figure 5d] which is also characterized using different weights
[Figure 5e].

During the last few years, fabric-based electronics have
shown progress in design of flexible and hybrid electric
devices.’¥21 A silicone elastomer material and conductive
fabric (knitted and woven) based soft and flexible capacitive
pressure sensor is designed by O. Atalay et al.’?l The con-
ductive fabrics act as parallel plate electrodes and 3D printed
silicone material as dielectric, [Figure 5f]. When pressure is
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applied on the conductive electrodes, the silicone elastomer
collapses which results in a change in capacitance corre-
sponding to pressure application. To analyze the primary
change in capacitance, two types of unstructured fabrics,
knit and woven, are used. The sensor with knit electrodes
gave better sensitivity (2.3 MPa™!) than the woven electrodes
(0.7 MPa7l), however, the response of the knit electrode-
based sensor is more non-linear than the woven electrode
based sensor, while the knit fabrics are bulkier and consist
of more non-smooth surfaces as compared to the woven fab-
rics [Figure 5g]. Yet, for achieving higher sensitivity the knit
fabric is more suitable for any kind of application. To improve
sensitivity, the electrodes are micro-structured, and the dielec-
trics are filled with sugar and salt to create micro-porosity.
The sensitivity of the sensor with sugar dielectrics and micro-
structured electrodes is 12.1 MPa™!, while the sensor with salt
dielectric and micro-structured electrode has sensitivity of
4.5 MPa! [Figure 5h].

To enhance sensitivity of flexible capacitive pressure sen-
sors, sponge-based dielectric materials have also been widely
explored. A PDMS/graphene sponge-like dielectric sandwiched
between Cu electrodes is presented in the design of a wireless
flexible capacitive pressure sensor (Figure 5i-k).¥”] The sponge
consists of graphene and the existing air holes form multiple
parallel capacitors which compress during pressure applica-
tion. The multiple parallel capacitors provide an overall large
change in capacitance. The sponge-based dielectric pressure
sensor showed higher sensitivity (0.12, 0.042, and 0.004 kPa™
for 1-10, 10-100, and 100-500 kPa pressure range, respectively)
than a sensor using normal PDMS dielectric [Figure 5. A
porous PDMS has been composited with yeast and sandwiched
between ITO/PET electrodes to enhance sensitivity by C. Par-
ameswaran et al.”’l The fabricated sensor robustness does
not change even after multiple testing, which can be seen by
the topographical image in Figure 5m. The sensor sensitivity
decreases as the thickness and weight of PDMS is increased
with maximum sensitivity of 0.55618 kPa™! for 0.5 gm of PDMS
[Figure 5n].

3.4. Wrinkled Dielectrics

To enhance the sensitivity of flexible pressure sensors wrinkled
structures have been extensively utilized in both resistivel*%"]
and capacitivel®® 102 pressure sensing techniques. The fabrica-
tion mechanism is basically stretching and then releasing the
dielectric material. After releasing, wrinkles are generated as
the dielectric material resumes its original state. Silver nano-
wires (AgNW) embedded PDMS with wrinkled structures are
one of most utilized materials for flexible capacitive pressure
sensor fabrication. Y. Joo et al. developed a multiscale structure
based robust flexible capacitive pressure sensor using wrin-
kled PDMS. The fabrication begins with UV/O; treatment
of stretched PDMS followed by bar-coating of AgNWs on the
stretched PDMS. The liquid PDMS is poured on the AgNWs
and cured at 65 °C for 12 h in air. The cured PDMS is peeled-
off and then placed on poly(methyl methacrylate) [PMMA]
or poly(4-vinylphenol) [PVP] which acts as the dielectric and
has an inkjet-printed Ag electrode (Figure 6a). The sensor is
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Figure 5. Examples of porous elastomers/foam/sponge/composites like dielectrics-based flexible capacitive pressure sensors. a) The response of
single pressure sensor w.r.t. applied load. b) Sensory matrix of 90 pressure sensors for object detection on grocery store shelf. (a,b)—Reproduced
with permission.’% Copyright 2008, AIP. c) Photograph of fabricated PDMS/Ecoflex dielectric material for flexible capacitive pressure sensor at 80 and
120 °C. d) Photograph of placing 10, 100, and 200 g weights on 8 x 8 pressure sensory skin. e) Response of pressure sensory skin which corresponds to
applied pressure from different weights. (c—e)—Reproduced with permission.?®l Copyright 2020, RSC. f) Photograph of actual fabricated flexible capaci-
tive pressure sensor in normal condition and when pressure is applied. g) Response of pressure sensor for two different unstructured textile electrodes,
that is, unstructured knit and woven. h) Response of pressure sensor when the woven and knit electrodes are micro-structured and silicone dielectrics
have salt and sugar microporous materials as compared with unstructured knit electrode. (f~h)—Reproduced with permission.l®? Copyright 2017,
Wiley. i) Schematic to show pressure sensing from PDMS/graphene sponge dielectric sandwiched between Cu electrodes in flexible capacitive pressure
sensor. j) Schematic to show configuration of PDMS/graphene sponge under pressure application. k) Photograph of wireless pressure sensor to show
the flexibility. [) Response of pressure sensor to show sensitivity as compared to normal PDMS dielectric layer of same thickness and overlapping area
between plates. (i-])—Reproduced with permission.[®’l Copyright 2019, Nature Research. m) Topographical image of PDMS/yeast composited sponge
at normal, maximum compressed, and released state. n) Response of flexible capacitive pressure sensor to reveal sensitivity under different weights
and thicknesses of PDMS/yeast composited dielectric layer. (m,n)—Reproduced with permission.l®l Copyright 2018, RSC.

characterized for 0-4.5 kPa pressure range with sensitivi-  Fabricated 3 x 3 and 5 X 5 sensory matrices show same sensi-
ties of =3.8 kPa™!, =0.8 kPa’!, and =0.35 kPa™' for 0-0.5 kPa, tivity as a single sensor for object detection and spatial distri-
0.5-2.5 kPa, and 2.5-4.5 kPa™!, respectively (Figure 6b).  bution of pressure.
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Figure 6. Examples of wrinkled dielectric based flexible capacitive pressure sensors. a,b) Schematics of wrinkled AgNW embedded PDMS based
flexible capacitive pressure sensor with PMMA or PVP as dielectric layer and the pressure sensor response to determine sensitivity. Reproduced with
permission.®l Copyright 2015, RSC. ¢,d) Schematics of AgNW electrode with wrinkled PDMS and the pressure sensor response compared with an
unstructured dielectric based pressure sensor. Reproduced with permission.”) Copyright 2017, ACS. e,f) Schematics of one and double sided wrinkled
Ecoflex templet with Au-coated PDMS electrode and sensor response comparison of double sided and one sided wrinkled Ecoflex with non-wrinkled
dielectrics. Reproduced with permission.®® Copyright 2017, RSC. g) Schematics of wrinkled PDMS dielectric based flexible capacitive pressure sensor
with Ti/Au electrodes on PET substrate that provides mechanical support. The inset photograph shows sensor flexibility with scale bar of T cm.
h) Response of pressure sensor of hollow and wrinkled PDMS for 0—40 kPa pressure range. i) Response of sensor demonstrated to detect vocal cord

vibration of subject pronouncing “cats love fish.” (g—i)—Reproduced with permission.[% Copyright 2019, ACS.

Prof. C.-P. Wong's group fabricated AgNWs embedded
wrinkled PDMS based flexible capacitive pressure sensors for
demonstration of wearable and healthcare applications.101
The sensor consists of two layers of PDMS, one is wrin-
kled with AgNWs electrode while the other is normal PDMS
with embedded AgNWs (Figure 6¢). The sensor fabricated
by X. Shuai et al. exhibited a sensitivity of 2.94 £ 0.25 and
0.75 £ 0.06 kPa™! for 0-2 and 2-9 kPa, respectively, for a min-
imum detection limit of less than 3 Pa (Figure 6d).5"]

Double-sided wrinkled-based low-cost flexible capacitive
pressure sensor (Figure 6e) for large-area sensing using Ecoflex
as soft material placed between two Au coated PDMS electrodes
has been reported by S. Beak et al.’® The double-sided wrinkled-
based sensor has lower response time (578 ms, 782 ms), recovery
time (0.0012 kPa™! for <1 kPa) and sensitivity (4.2 x 107° kPa™
for 1-10 kPa) than one-sided and non-wrinkled pressure
sensors (Figure 6f). Hollow-wrinkled structures on PDMS are
being utilized as dielectric materials to enhance the sensitivity
of PDMS wrinkled based flexible capacitive pressure sensor, as
reported by X. Zeng et al.'% The structured dielectric material
is sandwiched between Ti/Au patterned PET substrate which
provides mechanical stability to the flexible capacitive pres-
sure sensor and also acts as electrode (Figure 6g). The sensor
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is characterized for 0—40 kPa pressure range with sensitivity of
14.268 and 0.032 kPa™! for 0-0.7 and 0.7-40 kPa pressure ranges
(Figure 6h) and response time of less than 50 ms. Due to the
enhanced sensitivities, ultra-low response and recovery time,
the sensor has enough potential to monitor human physiolo-
gies. Vocal recognition is presented as an example application
by demonstrating sensor response (Figure 6i) when a subject
speaks “cats love fish.”

3.5. Micro-Structured Elastomers as Dielectric

Micro-pillars, micro-bumps, and micro-structures as dielectric
material have been widely explored for more than a decade in
the design of highly sensitive flexible capacitive pressure sen-
sors.1931%4 Micro-arrays are developed by casting PDMS on
silicon mold and then ITO/PET thin film that acts as electrodes
is laminated on the PDMS [Figure 7a].'°! After peeling off the
ITO/PET thin film from the silicon mold, the PDMS micro-
arrays are formed, as shown in the scanning electron micro-
scope (SEM) image [Figure 7b]. The pressure sensors fabricated
using the presented technique are mounted at full wafer scale
on any kind of flexible or plastic substrate with high uniformity
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[Figure 7c]. The characterization results show the capacitance
versus pressure plot for 0—7 kPa pressure range with 0.55 and
0.15 kPa™! sensitivities at 0-2 kPa and 2-7 kPa, respectively
[Figure 7d]. The rise and fall time, or relaxation time, after pres-
sure application of 15 kPa [Figure 7e]. The fall time for the pres-
sure sensor with unstructured PDMS dielectric is very high
(almost 10 s), however, the response time or rise time of pres-
sure sensors with structured and unstructured PDMS materials
are almost identical in millisecond range.

B. C. K. Tee et al. (from Prof. Z. Bao’s group at Stanford Uni-
versity) simulated stress on different micro-pillars with various
sidewall angles (54.7°, 65.8°, 76°, and 90°) and found that as
the sidewall angle decreases the strain on the micro-pillar also
decreases.l'%! Moreover, the separation gap between the micro-
pillars was also simulated and found that as the separation gap
between micro-pillars increases the strain also increases. The
fabrication of PDMS micro-pillars [Figure 7f] starts with KOH-
etching of <100> silicon wafer. PDMS soft molds are utilized
to achieve micro-pillars and placed on rigid silicon substrate to
provide mechanical stability to pillars for characterization. The
authors fabricated micro-pillars with different separation gaps,
41, 88, 182, and 41-88 um, represented as S41, S88, 182 um,
and S48-S88. Out of these separation gaps, the S41 sample had
maximum sensitivity while the unstructured sensor sample had
minimum sensitivity [Figure 7g]. A sensor “skin” matrix is fab-
ricated using 130 sensor pixels with flexibility [Figure 7h] and
the matrix response [Figure 7i] when the pressure is applied
from a fingertip [Figure 7j].

M. Lee et al. designed a micro-structured dielectric based
flexible capacitive pressure sensor in which one electrode is
deposited on the microstructure while the other electrode is a
layer of Parylene/ITO/PET.'””] PDMS is spin-coated on a mold
of KOH-etched <100> silicon pyramidal microgrooves. After
peeling-off the PDMS, which then has micro-pillars, Ti/Au is
deposited on the micro-pyramids. The other electrode is based
on a combination of Parylene/ITO/PET which is fabricated in

www.advmattechnol.de

two steps, laser etching of ITO followed by Parylene deposition.
Moreover, both the electrodes, that is, Ti/Au-deposited PDMS
micro-structures and Parylene/ITO/PET, are aligned and
bonded. The authors presented mathematical explanations of
capacitance variation in this orientation of electrodes and exper-
imentally characterized the sensory skin, which has a sensi-
tivity of 70.6 and 3.3 kPa~! for 0-50 Pa and >50 Pa, respectively.
V. Palaniappan et al. grooved square patterns on an acrylic sheet
using CO, laser to create a mold for which PDMS solution is
poured on top of.'%® Two samples are prepared and oriented
on top of each other so that the tips of the micro-structures
face each other. The sensor was characterized for 0-10 kPa
pressure range with 2.21, 0.33, and 0.11 kPa™! sensitivities for
pressure range of 0-100 Pa, 100-1000 Pa, and 1-10 kPa, respec-
tively. The reported response time, recovery time, and hysteresis
of sensor is 50 ms, 150 ms, and 0.7% for more than 1000 experi-
mental cycles.

S. H. Cho et al. patterned micro-pillars using ionic gels with
height of 5 um and area of 5 x 5 um?['% as the inset SEM
image shows in Figure 7k. The micro-pillars are sandwiched
between ITO/PET thin sheets which act as parallel plate elec-
trodes [Figure 7k]. The sensory skin has sensitivity of 41.64 and
13 kPa™! for <400 Pa pressure and 0.5-5 kPa pressure range,
respectively. This sensory electronic skin has excellent response
time (<20 ms), small rise and fall time and low operating
voltage (0.25 V), however, the challenge of this pillar arrange-
ment is to sense shear force, bending and lateral strain. To over-
come this challenge, C. M. Boutry et al. designed hierarchical
micro-patterns in which the dielectric has both micro-bumps
and micro-pillars sensitive to not only normal, but also shear
pressure, combination of shear and normal pressures, as well as
bending conditions.™% The response of electronic skin, that is,
capacitance variation with pressure, was measured for all three
cases of pressure application. The electronic skin sensor con-
sists of an array of capacitors with top electrode fabricated using
CNTs and polyurethane (PU), [Figure 71]. The bottom layer has

Figure 7. Examples of micro-structured dielectrics based flexible capacitive pressure sensors. a) Different steps to show fabrication of micro-structures
using Si mold. The fabricated PDMS micro-pillars are sandwiched between ITO/PET and acts as flexible capacitive pressure sensory skin. b) SEM
images of micro-structured PDMS. Left: 2D-arrays of square micro-pyramids. Right: Uniformity and regularity in micro-structures after fabrication.
) Photograph of PDMS micro-structures mounted on flexible plastic substrate to show flexibility. d) Relative capacitance variation w.r.t. applied pres-
sure to show the sensitivity of micro-structured PDMS dielectric based flexible capacitive pressure sensory skin as compared with unstructured PDMS
dielectrics. The inset shows response of sensor at low pressure application. e) Relative capacitance variation due to 15 kPa pressure application for
4 s to show the response time for micro-structured and unstructured PDMS dielectrics. The fall time of micro-structured PDMS dielectrics is in mil-
liseconds unlike 10 s for unstructured PDMS dielectrics. (a—e)—Reproduced with permission.%l Copyright 2010, Nature Research. f) Steps to fabricate
PDMS micro-pillars using PDMS soft molds. g) Relative capacitance variation w.r.t. applied pressure for different separation gaps of micro-structured
PDMS, S41, S88, and S182 corresponds to separation gap of 41, 88, and 182 um, respectively. Here, S48-88 is the sample with 48 and 88 um pillars.
h) Photograph to show the flexibility of sensory skin consisting of 130 pressure sensors. i,j) Response of sensory skin consisting of 130 pressure sen-
sors when pressure is applied by fingertip. (f~j)—Reproduced with permission.%¢l Copyright 2014, Wiley. k) Flexible capacitive pressure sensors with
micro-pillars of ionic gels. The SEM image of micro-pillars are shown in the inset and sensitivity of pressure sensory skin is 41.64 kPa™ for 0-0.5 kPa
pressure range. Reproduced with permission.['"%l Copyright 2017, ACS. |) Experimental characterization of 5 X 5 pressure sensory skin, which is centered
on single micro-bumps, with normal, shear, and combination pressures. Capacitance variation plots for the three kinds of pressure are also shown.
m) Response of fabricated 5 X 5 capacitive pressure sensory e-skin with orthogonal and spiral pyramids. Top: cross-sectional view with normal/perpen-
dicular force (green). Middle: sensitivity magnitude for the all 25 sensors in e-skin. Bottom: response curves for all 25 capacitors. Left two figures:
30 um wide pyramids positioned along orthogonal grid for two different ratios of b/a, 4 and 0.4, respectively. Third figure from left: 10 um wide pyramids
positioned along phyllotaxis spiral grid for two different ratios of b/a, 0.4 and 4. Rightmost figure: 10 mm wide pyramids positioned along phyllotaxis
spiral grid for ratio of b/a, 0.4 and 4. (I,m)—Reproduced with permission."% Copyright 2018, AAAS. n) Tilted micro-pillars as dielectric material for
flexible capacitive pressure sensor with Au/PET as electrodes and sensory skin sensitivity of 0.42 and 0.04 kPa™' for low (0-2 Pa) and high (2-14 Pa)
pressure range, respectively. The tilted micro-pillar has better sensitivity than unstructured and vertical micro-pillars of PDMS determined using finite
element simulations with deflections at 1 kPa shown in the inset. Reproduced with permission.'™ Copyright 2017, ACS.
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micro-bumps (diameter = 1 mm and height = 200 um) and top
layer has micro-pyramids (electrode width = 300 um, and sepa-
ration gap between two consecutive micro-pyramids = 50 um)
placed on each other facing orthogonally. The 5 X 5 sensory
skin is designed with various separation gaps between micro-
pillars [Figure 7m]. Characterization shows that as the ratio of
separation gap between micro-pillars to width of micro-pillars
(b/a) increases, the sensitivity of the electronic skin increases.
In Figure 7m, the top row shows the position and separation
gap of micro-pillars, the middle row shows the pressure sensed
by the electronic skin array and the bottom row is the normal-
ized capacitance to show sensitivity. Y. Luo et al. designed tilted
micro-pillars as dielectric to enhance sensor sensitivity, specifi-
cally targeting high sensitivities in low pressure range for appli-
cation in wearable and smart robotics [Figure 7n].'Yl The steps
for fabricating these micro-pillars are quite similar to others but
with a 30° tilt which, as confirmed by finite element simula-
tions, deflect more resulting in higher sensitivity than bulk and
vertical oriented dielectric materials [Figure 7n]. The sensor
with tilted micro-pillars has sensitivities of 0.42 and 0.04 kPa™
for 0-2 and 2-14 kPa pressure ranges [Figure 7n].

3.6. Fluidic/lonic Liquids as Dielectric

Sensitivity has been one of the critical parameters in pressure
sensors and employing micro-structures as dielectrics has sig-
nificantly contributed to improving it. Nevertheless, sensitivity
is still limited by the pressure measurement range due to
low compressibility which reduces the reliability of sensors/
electronic skins after multiple loading and unloading cycles.!!!!
To overcome this challenge, ionic fluids and Iontronics have
been reported by several research groups. Iontronics is a very
new, emerging and interdisciplinary research area which com-
bines electronics with ionics employing physical, chemical,
biological sciences, and engineering.!'"¥! Ionic liquids offer mul-
tiple advantages such as improved flexibility, signal intensity,
and sensitivity of sensors simply because ions provide electric
double layer (EDL) capacitance.’™ N. Bai et al. presented a
graded intra-fillable architecture (GIA) based iontronic flexible
pressure sensor [Figure 8a].'"? The fabrication steps [Figure 8b]
begins with the GIA-based PVA/H;PO, film (blue) being casted
and cured on sandpaper. The sandpaper has holes which gen-
erate undercuts and grooves in the casted and cured PVA/
H;PO, film. After peeling off from sandpaper, is the film is
sandwiched between Au (yellow) electrode and PI (violet) which
provides mechanical support to the structures. The sensor is
characterized for 0-360 kPa pressure range [Figure 8c] which
has sensitivities S1, S2, and S3 of 3.3, 0.67, and 0.23 Pa™! for
0-10, 10-100, and 100-360 kPa, respectively. Q. Liu et al.
designed a highly transparent (transmittance of 90.4%) flex-
ible capacitive pressure sensor using ionic liquid as dielectric
layer.'" The ionic liquid is poured into a porous polyvinylidene
fluoride (PVDF) film which has identical refractive index and
increasing the transmittance of PVDF film from 0% to 94.8% in
the visible spectrum. The ionic liquid filled PVDF film is sand-
wiched between two Ag nanowire (AgNW) electrodes which are
transparent with 97.6% transmittance [Figure 8d]. The sensor
is characterized for 0-120 kPa pressure range with 1.194 and
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0.109 kPa~! sensitivities for 0-0.5 and 0.5-120 kPa, respectively
[Figure 8e].

Prof. T. Pan’s group at University of California Davis
extensively explored ionic liquid and iontronic-based flexible
capacitive pressure sensors. B. Nie et al. presented micro-droplet
(electrolyte/glycerol) based circular shaped flexible capacitive
pressure sensor [Figure 8f] with broad analysis toward device
optimization for blood-pressure sensing applications.™” The EDL
capacitor is made using micro-droplets as dielectric medium
located between ITO electrodes mechanically supported by PET
substrate. The authors have considered multiple radii (1.5, 3, 6,
and 9 mm) of sensing element with multiple heights of sensing
chamber (0.14, 0.21, 0.28, and 0.35 pm) and various volumes
of micro-droplets (0.3, 0.6, 2, and 3.6 uL) [Figure 8g—j]. After
characterizing the devices, the optimum one (radius = 9 mm,
micro-droplet volume = 3 pL, height of sensing chamber =
140 mm, and sensitivity = 1.58 uF kPa™!) is placed at carotid
artery for real time continuous monitoring of blood pressure.
Following this work, B. Nie et al. presented iontronic-based
12 x 12 flexible capacitive pressure sensor array with high sensi-
tivity (0.43 nF kPa™) over large pressure range which is suitable
for surface topology mapping and wrist pulse monitoring.[®!
The interfacial circumference area between the EDL capacitor
parallel plates and dielectric fluids expands after pressure appli-
cation [Figure 8k]. For fabricating the pressure sensors, four
kinds of imidazolium-based ionic liquids are used with three
different pixel sizes (1, 2, and 3 mm with pressure sensitive
element thickness = 75 um) and three different pressure sen-
sitive membrane thicknesses (75, 125, and 175 um with pixel
size = 2 um). The characterization results for six different sam-
ples [Figure 8],m] and clearly indicates that spatial resolution
and thickness of pressure sensitive membrane strongly affects
the performance of the sensor array. As the pixel size increases
from 1 to 3 mm, the sensitivity of sensor also increases from
3.9-433.7 pF kPa™!, however, the sensitivity decreases from 777
to 7.8 pF kPa™! as the thickness of pressure sensitive element
increases from 75 to 175 pm. Z. Zhu et al. designed epidermal
flexible capacitive pressure sensors where ionic fluid is utilized
as dielectric material that is 85% optically transparent."”] The
authors introduced epidermal—iontronic interface (EII) based
capacitive pressure sensor [Figure 8n]. The ionic electrode is
mechanically sensitive deforming under pressure application
and makes epidermal ionic contact with human skin. As the
applied pressure increases, the contact area between electrodes,
that is, epidermal ionic contact, increases which produces a rel-
ative change in capacitance w.r.t. applied pressure. The sensors
are square shaped and fabricated with various combinations of
pressure sensitive membrane lengths, membrane thicknesses,
and adhesive thicknesses. Different pressure sensitive mem-
brane lengths (2, 4, and 6 mm) are investigated while keeping
membrane thickness (75 um) and adhesive thickness (50 pm)
constant, then different sensing membrane thicknesses (75,
125, and 175 um) while keeping sensing length (6 mm) and
adhesive thickness (50 um) constant, and finally, varied adhe-
sive thicknesses (50, 100, 150, and 200 pum) while keeping
sensing area and membrane thickness (75 um) constant. Char-
acterization results are shown in Figure 8o-r and the sensor
with membrane length of 6 mm, membrane thickness of
75 um and adhesive thickness of 50 um which had sensitivity of
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Figure 8. Examples of fluidic/ionic liquid dielectric based flexible capacitive pressure sensors. a) Schematics of pressure sensor with GIA dielectric
material. b) Step-by-step fabrication process of GIA-based flexible capacitive pressure sensors. c) Response of GIA-based flexible capacitive pressure
sensors. (a—c)—Reproduced with permission."? Copyright 2020, Nature Research. d) Schematic showing sensing principle of sensor composed of
jonic liquid with PVDF sandwiched between parallel electrodes. e) Response used to define sensor sensitivity. (d,e)—Reproduced with permission.["
Copyright 2020, Wiley. f) Schematic to show sensing principle of droplet (glycerol/electrolyte)-based interfacial capacitive pressure sensor. g,h). Sensor
response for four different radii of sensing chambers, that is, 1.5, 3, 6, and 9 mm. i) Sensor response for four different volumes of droplets, that is, 0.3,
0.6, 1.2, and 3.6 mL. j) Sensor response for four different heights of sensing chambers, that is, 140, 210, 280, and 350 mm. (f~j)—Reproduced with per-
mission."l Copyright 2012, RSC. k) Schematic of interfacial capacitive sensing principle using ionic liquids. |) Response of pressure sensory skin with
three different spatial resolutions whose pixel sizes are 1, 2, and 3 mm for sensing membrane thickness of 75 um. m) Response of pressure sensory skin
with three different sensing membrane thicknesses of 75, 125, and 175 um for pixel size of 2 mm. (k-m)—Reproduced with permission.["®l Copyright
2014, RSC. n) Schematic of Ell-based flexible capacitive pressure sensor with iontronic dielectric layer. o) Response of pressure sensor for three different
lengths of sensing area, that is, 2, 4, and 6 mm, with sensing membrane thickness and adhesive thickness of 75 and 50 um, respectively. p) Response
of pressure sensor for three different sensing membrane thicknesses, that is, 75, 125, and 175 um, with length of sensing area and adhesive thickness
of 6 mm and 50 pum, respectively. q) Response of pressure sensor for four different adhesive thicknesses, that is, 50, 100, 150, and 200 um, with length
of sensing area and sensing membrane thickness of 6 mm and 75 um, respectively. r) Response of pressure sensor on flat and three different surface
curvatures, that is, 50, 100, 200 mm. (n—r)—Reproduced with permission.[”] Copyright 2017, Wiley. s) Photograph of fabricated wireless flexible capaci-
tive pressure sensor. t) SEM image of fabricated capacitive pressure sensor showing the cross-section and contact position of IAH microsphere. u)
Response of sensor for three different diameters of sensing area, that is, 3, 6, and 9 mm. v) Response of sensor for three different bending angles, that
is, flat, 30° and 45°. The inset tables show sensitivity of different conditions. (s—v)—Reproduced with permission.[" Copyright 2017, Wiley.

5 and 0.15 nF kPa™! in 0-5 and 10-30 kPa pressure ranges was
the optimized sensor. This sensor is suitable for wearable appli-
cations that focus on blood pressure, respiration rate, muscle
activity, and tactile sensation monitoring.

A challenge for the ionic liquid based capacitive pressure
senor is to transmit data wirelessly by keeping the device
dimensions optimal. Y. Tai et al. presented a chip-like wire-
less flexible capacitive pressure sensor in which ionic alginate
hydrogel (IAH) micro-sphere was used as the dielectric mate-
rial."8l In first step, conductive micro-patterns are printed on
PET substrate and double-sided tape is placed on one side of
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the patterned PET substrate. In second step, 0.2 uL volume of
hydrogel sphere is placed in the patterned PET substrate and
then the PET substrate is folded and assembled [Figure 8s,t].
In response to pressure application, the micro-sphere deforms,
covering more area of the overlapping plate and, simultane-
ously, the separation gap between parallel plates decreases
producing a corresponding change in capacitance. For device
optimization, pressure sensors with different sensing diam-
eters, that is, 3, 6, and 9 mm, are experimentally characterized
resulting in sensitivities of 1.84, 799, and 15.71kPa™!, respectively
[Figure 8u]. The sensor with 6 mm diameter was characterized
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under different bending angles [Figure 8v] showing that as the
bending angle increases (from 0 to 45 degrees), the sensitivity
of sensor decreases (from 799 to 5.91 kPa™).

3.7. Fibers as Dielectrics

The conductive fibers and textiles are becoming popular day by
day for designing various sensors, actuators, energy harvesting
devices which are obtaining great attention which significantly
contributed for sensitivity enhancement of flexible capacitive
pressure sensor with cost effective approach with only few easy
processes which is utilized for flexible and wearable electronics
a lot in past few years."®123] The conductive fiber-based textile
based capacitive pressure sensor('? is presented for wearables
from Prof. T. Lee group at Yonsei University, which is one of
the major contributions toward sensitivity enhancement of
flexible capacitive pressure sensors. The fabrication of sensor
matrix starts with the preparation of conductive Kevlar fiber
(which is strong synthetic fiber and heat resistant) which is
coated with poly(styrene-block-butadienstyrene) (SBS) polymer
and AgNP. Thereafter, PDMS is coated on the AgNP/SBS com-
posite electrode to provide mechanical stability and protect
the electrodes. The conductive fibers are then stacked first to
fabricate 2 x 2 sensory matrix and characterized. The sensory
matrix shows pressure sensitivity of 0.21 and 0.064 kPa™! for
less than 2 kPa and more than 2 kPa, respectively with negli-
gible hysteresis. The conductive functional fibers are stacked
and incorporated with wearable gloves to wireless control-
ling of the drone and hexapod robot. Almost same fabrication
mechanism is being utilized with Twaron fibers with solid and
microporous PDMS coated on the AgNP/SBS composite.l't’]
The conductive fabric coated with microporous PDMS shows
sensitivity of 0.278, 0.104, and 0.0186 kPa™" for less than 2, 2-10,
and 15-50 kPa, respectively with 6.3% hysteresis, about 340 ms
response time and 38.82 Pa of lowest detection limit.

3.8. Printed Dielectrics

The printing technique has also been used in the development
of sensitivity and cost-effective flexible capacitive pressure sen-
sors in last few years. B. B. Narakathu et al. demonstrated the
fabrication of a fully printed flexible capacitive pressure sensor
using both conventional screen and gravure printing tech-
niques.” The sensor was based on a flexible PET substrate
with a metallization layer based on silver nanoparticles ink,
while PDMS was employed as the dielectric layer. The silver
nanoparticles were deposited using the gravure printing tech-
nique while the PDMS dielectric layer was screen printed. In
fact, gravure printing is a robust process which enables high
printing speeds with high quality in addition to allowing the
use of low viscosity inks. The screen printing technique shares
the same advantages with the addition of allowing the depo-
sition of a generally larger wet film thickness as opposed to
other printing methods. The main fabrication parameters that
affect the quality of the screen printed films include pressure
on the stencil, squeegee height, speed, snap-off, and offset for
the screen stage, which all need to be optimized depending on
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the material being printed and the substrate being used. The
sensor was able to detect a minimum pressure of 800 kPa
where the capacitance changed from 26 to 28 pF, while the
maximum detectable pressure was 18 MPa which led to a 40%
change in the measured capacitance. Moreover, the authors
reported a stable performance of the sensor where the recorded
variability in the capacitance between various devices was in the
0.15% range. Similar materials were used by A. Eshkeiti et al.
from the same group, for the fabrication of a flexible capacitive
pressure sensor,l?’! however, in this case, both the dielectric
material, based on PDMS, and the metallization layer based on
silver ink, were screen printed on a PET substrate. It should
be noted that in these works, the response time and sensi-
tivity at the highest operating pressure were not reported. The
minimum and maximum detectable pressures were 0.2 and
2.4 MPa, respectively, leading to capacitance changes of 1% and
3.6%, respectively.

In another work, S. Khan et al. developed a flexible capaci-
tive pressure sensor by sandwiching two screen printed layers
with good alignment.?®! The first stack included adding elec-
trodes based on silver paste on a PI substrate followed by the
screen printed of a piezoelectric material polyvinylidene fluo-
ride-trifluoroethylene P(VDF-TrFE) with a thickness of 3 um.
The second stack included silver paste based electrodes on a
PET substrate. Next, both stacks were sandwiched together with
good alignment resulting in a flexible pressure sensor with a
sensitive area of 1 mm?2. However, the authors did not study
the capacitance change at different applied pressures, instead
the piezoelectric response of the sensor was recorded which is
not within the scope of this review paper. CNTs-based screen
printed electrodes have also been reported in the develop-
ment of flexible pressure sensors. D. Maddipatla et al. used a
1.15 mm thick PDMS layer as the dielectric material in com-
bination with screen printed CNTs electrodes.'””] The sensor
was capable of detecting various pressures ranging from 15 up
to 337 kPa where an 8.2% change in capacitance was recorded,
leading to a sensitivity of 0.021% change in capacitance per kPa.
Nevertheless, the response time and active area of the sen-
sors were not reported. Z. Guo et al. also reported a pressure
sensor based on CNTs, however, in this case the CNTs were
mixed with PDMS and used as the dielectric layer, while silver
ink was screen printed to form the electrodes.?® The demon-
strated sensor showed a maximum sensitivity of 2.9 kPa™! when
operated over a pressure range of 0—450 Pa. To achieve this, the
optimization of the concentration of the CNTs in the DMS elec-
trodes was necessary. The authors reported that an aspect ratio
of CNTs of 1250-3750 with a weight fraction of 3.75%, in addi-
tion to a pyramidal shape of PDMS/CNTs were compulsory to
achieve the highest sensitivity, where the relative permittivity of
the composite dielectric layer is increased under pressure. Sev-
eral arrays of the sensors were also developed by the authors
showing an excellent uniformity and spatial resolution. Never-
theless, the response time of the sensors was also not reported.

The 3D printing technique has also been demonstrated for
the development of flexible capacitive pressure sensors. In fact,
the 3D printing technique has received a growing interest due
to its low cost and simplicity, in addition to the availability of
flexible filaments for both dielectric and conductive materials.
To this end, M. Schouten et al. reported a flexible pressure
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senor that was fully printed and based on parallel plates.?”l The
printed materials include conductive and insulator based ther-
moplastic TPU. The devices with an active area of 3 x 3 mm?
were tested under a pressure range of 33-55 kPa where a 160 fF
change in capacitance was recorded at the maximum operating
pressure. This low sensitivity has been explained by the authors
as being due to the stiffness of the 3D printed electrodes, the
sensitivity can also be enhanced by printing the dielectric using
a lower infill percentage. Nevertheless, it should be noted that
the pressure range for maximum sensitivity was not studied in
this work. Inkjet printing has also been employed in the fab-
rication of flexible pressure sensors, which enables low cost,
resourceful materials usage with a high speed and patterning
capability. M. Kisi¢ et al. printed silver nanoparticles ink on two
Pl-based membranes.3% In fact, PI membranes were used as
the dielectric layer and spacer of the sensor, thus, when pres-
sure is applied, the membranes would deflect and cause the
reduction in the spacing between the electrodes and leading to
an increase in the measured capacitance. The authors reported
a sensitivity of 16.7 pF per bar at pressures ranging from 0 up
to 1 bar (100 kPa), however, an extensive characterization of the
sensors is missing.

4. Discussion on Various Design Approaches with
Advantages and Challenges

In this review article, our approach is to characterize the flex-
ible capacitive pressure sensors based on the dielectric mate-
rials and designs which have been extensively utilized recently.
We started first to explain the sensors with air as the dielectric
material, then, with graphene/graphene oxide, micro-struc-
tured and then fluidic dielectrics while considering that the
sensitivity enhancement approach should be followed by all of
them.

J. M. Nassar et al.3 designed the paper based flexible capaci-
tive pressure sensor with microfiber wipe, sponge, and air.
Among all of these three materials, the pressure sensor with air
dielectric shows maximum sensitivity because the air is highly
compressible than the remaining two which enabled design of
the paper-watch for health monitoring.*” In spite of this advan-
tageous property—the air is easily available in environment,
nevertheless, the flexible pressure sensors always should show
excellent mechanical durability which increases the repeat-
ability, and therefore, the sensor could sustain large amounts
of pressure without degradation in its performance after mul-
tiple testing. The sensors with air dielectric gap always require
mechanical support whenever the large area of diaphragm is
chosen for designing large area sensor modules™ otherwise
the mechanically sensitive diaphragm is deflected at the center
due to the prestress and gravity effect.®3? The major issue
with air dielectric is that whenever the air particles squeeze
after pressure application, damping is caused which degrades
the performance of the sensors.

To overcome the challenges of the air dielectric based flex-
ible capacitive pressure sensor, graphene, and graphene oxides
and some porous materials including different porous elasto-
mers,[?$9993] gponge ¥ microfiber wipe,¥! nano-mesh,!!
have been utilized as dielectrics. These porous materials
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include some amount of air either in bubble form or air
molecules which are present between the threads or wires.
The advantages of porous materials are basically: enhanced
mechanical stability, mature and well-developed fabrication
technique of the porous materials using elastomers, and high
surface to volume ratio. In order to enhance the performance
of the sensor, the design approach has been well studied
including the use of wrinkled and micro-structures which are
discussed in sections 3.4 and 3.5 of this review. The wrinkled
dielectrics are generally fabricated from the elastomers which
are stressed first and then sandwiched between two electrodes
and next released. In the terms of sensitivity and other param-
eters enhancement, the wrinkled dielectrics approach is quite
better than using porous materials, however controlling the
wrinkles[3>134 and fast output saturations are major challenges
which have been reported previously. Therefore, to overcome
the challenges that the wrinkled dielectric approach faces,
micro-structuring of the dielectric material has been previously
explored to enhance the sensitivity of the sensors, in addition
to enabling a fast response time and allowing the design of
pressure sensors for both high- and low-pressure monitoring.
Prof. Z. Bao group from Stanford University showed the first
demonstration of flexible capacitive pressure sensors using the
shape and size optimization, pillar orientations, and combina-
tion of micro-pillers and micro-bumps technique.[104105110.135]

With the recent advancement in ionic gels and liquids in
addition to the iontronic technique, the ionic fluidic dielectrics
have received an increased attention and were explored exten-
sively for sensitivity and flexibility enhancement, rather than
focusing on the micro-structuring approach. The flexible capaci-
tive pressure sensors with fluidic dielectrics are highly sensitive
for small pressure ranges, very compatible with wearables, in-
vivo and in-vitro measurements.!3®) Moreover, using fluidic die-
lectrics in combination with a proper electrode material enable
the design of transparent!!¥l flexible capacitive pressure sensors
as opposed to the various structures and designs of dielectrics
which have been reported and classified before. The major chal-
lenges which are being reported for fluidic dielectric based flex-
ible pressure sensors are fluid leakage issues and integrating
the iontronic devices with biocompatible integrated circuitries
which could be lead to an excellent technological achievement
in neuro-prosthetics and artificial cardiac pacemakers.[3¢!

The fibers/fabrics and printing approaches are also explored
a lot which contribute a major part for designing the flexible
capacitive pressure sensors. Utilizing these materials reduces
cost of the device because of easy availability, well developed
fabrication steps/approaches, and does not require the clean-
room environment for fabrications. In fact, the printing tech-
nology overcomes several of the challenges that are faced by
the traditional silicon technology which requires high vacuum,
deposition of films at high temperatures in addition to expen-
sive lithography tools. The main advantages of the screen
printing approach include a reduced waste of material during
the development, enhanced cost efficiency, reduced operation
and manufacturing temperatures, in addition to the possi-
bility of using various types of substrates with flexing capabili-
ties. Nevertheless, to achieve a low cost and high performance
system, different electronic components need to be fabricated
using a printing-based or a compatible fabrication technique,
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moreover, scaling down the pressure sensors could be limited
when using a printing technique when compared with the con-
ventional silicon technology.

5. Applications of Flexible Capacitive Pressure
Sensor

5.1. Aerospace Applications

The aerospace industry requires very precise and wide range
pressure monitoring for different purposes such as altitude
monitoring, weather forecasting, air speed and wind pressure
monitoring, payload transfer for military application!*137-149] in
unmanned aerial vehicles (UAVs), orbital satellites, space air-
crafts, and other aerospace vehicles. L. Lin et al. presented a
MEMS piezoresistive pressure sensor using surface microma-
chining process with 2 um thick square shaped diaphragm for
100 Psi (=689.5 kPa) full scale pressure monitoring.* X. Lii
et al. presented a low cost flexible capacitive pressure micro-
sensor made of PDMS dielectric material and copper electrodes
with polyethylene terephthalate (PET) utilized for encapsula-
tion.”1 A common challenge is the sensor placement on the
curvilinear surfaces of aerodynamic systems. W. Xiong et al.
addressed this challenge for futuristic smart UAVs [Figure 9a]
in their skin-like flexible capacitive pressure sensor array
designed using PDMS, polyimide (PI) and epoxy, and experi-
mentally characterize for 3 kPa full scale pressure range. The
skin-like sensor array, which includes four units of pressure
sensors, is placed on a hollow cylinder [Figure 9b] to demon-
strate flexibility.'*¥! Aerodynamic systems require placement
of flexible pressure sensor skin on aircraft wings [Figure 9a,c]
for wind pressure monitoring.38#142] The flexible capacitive
pressure sensor skin presented for air speed detection consists
of one reference unit and five sensors [Figure 9d,e] connected
through a miniaturized pipe [Figure 9d] to transfer air from
the inlet at the reference sensor.'*1*2 The different pressure
values, that is, P, P, P;, Py, and Ps are then subtracted from P,
which is the pressure output from the reference sensor. These
measured values are used to calculate a single readout vector
employed to obtain the value of dynamic air pressure or wind
pressure .42 1, Shi et al. designed a skin-like soft and flexible
capacitive pressure sensor matrix for measuring positive and
negative pressure in —60 to 20 kPa range.¥] The sensor matrix
is designed using low cost polymer materials PEDOT:PSS and
Ecoflex, encapsulated with PDMS (schematic in Figure 9f and
12 X 12 sensor array matrix in Figure 9g)."*3]

5.2. Automotive Applications

A significant amount of progress has been made for MEMS-
based capacitive pressure sensors for the automobile sector,[ 4]
however, new and emerging technologies based on flexible
pressure/strain sensors are on-trend for various types of
monitoring, such as tire pressure, gas exhaust, airbag, vehicle
detection, and in-vehicle monitoring of driver and passengers
for long travel.'’-1521 C. K. Duc et al. designed flexible capaci-
tive pressure sensors using Al foil as electrode material and
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polyurethane film as dielectric material [Figure 9h], for wire-
less vehicle detection.'] The sensor is experimentally charac-
terized at different high pressures of 1.5 MPa full scale value
[Figure 9i] and mounted on the road (without reconstruction)
[Figure 9j] to estimate the speed and weight of vehicles with
an error rate of 10.83% and 0.33% at the maximum values of
speed and weight, respectively.® S. Cruz et al. designed a fully
inkjet-printed flexible capacitive pressure sensory matrix (inset
of Figure 9k) for posture imbalance monitoring, which could
be helpful for the driver and other passengers when travelling
long distances.® The presented sensor shows high linearity
[Figure 9k] up to almost 50 kPa pressure range with reported
sensitivity of 40-50 pF Pa~.[1%0]

5.3. Marine Applications

Pressure sensing in ocean and marine environments has been
a major research challenge over the last few decades due to
the harsh conditions and is still being explored today.!"1>3-158]
M. M. Hussain’s group at King Abdullah University of Science
and Technology (KAUST) presented standalone, lightweight,
low-cost CMOS compatible, and multisensory marine skin for
deep sea environment monitoring.'>>1I This multisensory
marine skin [Figure 91] monitors marine environment, that
is, pressure, depth, temperature, and salinity, when tagged
onto diverse animals, for example a deep sea crab (Portunus
pelagicus) (Figure 9m).1% The fabricated flexible capacitive
pressure sensor is circular with Ti/Au chosen as top/bottom
electrode and PDMS as the dielectric material. The PDMS
thickness is optimized according to full scale pressure, flex-
ibility, stretchability, and signal saturation in output, which
is characterized in 10-11 dbar pressure range [Figure 9n] at
21°Cand 0, 3.62, and 2.54 cm bending radiuses.!’>*] The pres-
sure increases linearly with sensitivity of 6.93 pF cm™ and
0.71 nF per dbar [Figure 9n] as the animal descends in sea
depth.[1°]

5.4. Robotics Applications

Sensors and artificial skin for robotics have primary applica-
tion in tactile perception where touch sensing is a very prom-
ising and revolutionized area of research. Several significant
approaches in this interdisciplinary research area will be
discussed. Robotic e-skin plays an important role for well-
organized and controlled monitoring to fulfill the desired
requirements of the most promising applications in automa-
tion and medical industries. This begins with placement of
flexible and stretchable systems/devices on the robotic hand for
monitoring of various parameters.[1>>-161

5.4.1. Flexible Capacitive Pressure Sensors for Robotic Grippers

L. Chin et al. presented a soft robotic gripper [Figure 10a] con-
sisting of highly sensitive flexible capacitive pressure and strain
sensor used for object sorting, capable of distinguishing mate-
rial with puncture resistance.021%3] This soft robotic gripper

(17 of 34) © 2021 Wiley-VCH GmbH



ADVANCED
MATERIALS
TECHNOLOGIES

www.advmattechnol.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Figure 9. Flexible capacitive pressure sensor for aerospace, automotive and marine applications. a) Schematic of aircraft equipped with pressure sen-
sory skin in which the sensor has circular shaped capacitive pressure sensing element of radius = a. b) Fabricated flexible capacitive pressure sensor
array (4 x 1) mounted on a hollow cylinder. (a,b)—Reproduced with permission.'*® Copyright 2020, Springer. ¢) Schematic of sensory skin placement
on wings of UAV and inset SEM image of the sensors. Reproduced with permission.!l Copyright 2006, Elsevier. d) Colored SEM image of capacitive
pressure sensors on printed circuit board strip (PCB) showing the reference sensor connected to all other sensors through a miniaturized pipe. Repro-
duced with permission.['#2l Copyright 2005, Elsevier. e) Schematic of capacitive pressure sensor array where the sensor measuring P, pressure has a
small air inlet hole. Reproduced with permission."!l Copyright 2006, Elsevier. f,g) Schematic of flexible and soft capacitive pressure sensor fabricated
using PEDOT:PSS and Ecoflex with PDMS utilized for encapsulation and fabricated flexible capacitive pressure sensor matrix of 12 x 12. Reproduced
with permission.[3l Copyright 2019, Wiley. h) Flexible capacitive pressure sensor fabricated using Al foil as electrode material and polyurethane film.
i) Experimental characterization of sensor for 1.5 MPa full scale pressure. j) Sensor mounted on road for wireless monitoring of vehicle speed and
weight. (i,j)—Reproduced with permission.’!l Copyright 2019, MDPI. k) Response of fully inkjet-printed flexible capacitive pressure sensor for moni-
toring posture imbalance. Reproduced with permission.[*% Copyright 2015, IEEE. I) Marine skin demonstrating the flexibility of sensor system which
consists of flexible capacitive pressure, temperature, and salinity sensor fabricated using low-cost CMOS compatible approach and encapsulated using
PDMS. m) Marine skin attached onto crab (Portunus pelagicus) to monitor its movement in the sea. n) Output of marine skin capacitive pressure sensor
to monitor underwater depth by measuring increased pressure. (l-n)—Reproduced with permission.*l Copyright 2018. Nature Research.

is capable of grasping objects with 110> MPa compliance and
of 20-25 mm radius.'®? The same robotic gripper is capable
of sorting recycled materials of paper, plastic, and metal due
to placement of flexible capacitive pressure and strain sensor
on its one finger.'l J. Hashizume et al. reported a robotic
grasper of comparatively compact size which can grasp any
object with high pull-out force on rough surface using soft-
rubber based large-area soft and flexible capacitive pressure
sensor on adhesive film.[1% T. M. Huh et al. fabricated a flexible
capacitive pressure sensor using silicone for a robotic gripper
[Figure 10b],'%5! which has reconfigurable bumps to grasp wet
and/or slippery objects.
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5.4.2. Flexible Capacitive Pressure Sensors for Robotic Hands

Robotic hands, like the human hand, are used for grasping and
gripping among other applications. M. Amit et al. presented
a capacitive pressure sensor embedded glove for robotic hand
[Figure 10c] for the purpose of minimizing humans in haz-
ardous chemical analysis environments.[' The flexible capaci-
tive pressure sensor has PDMS foam as dielectric later and Ag
+ PDMS as conductive electrode.'*®l The sensor is analyzed at
different PDMS foam dielectric porosities with base capacitance
of 4-8 pF for each sensor. The sensitivity for 85 vol% porosity
of PDMS foam dielectric layer has 57 and 300 Pa~! for 3-20 kPa
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Figure 10. Flexible capacitive pressure sensor for robotics applications. a) Soft robotic puncture resistant gripper holding an object for material detection
and sorting. Both fingers of the soft robotic gripper consist of flexible capacitive and strain sensors. Reproduced with permission.['®3] Copyright 2019,
IEEE. b) Soft robotic gripper; capacitive pressure sensors on the fingers have bumps to measure normal and shear pressure. Reproduced with permis-
sion.['651 Copyright 2020, IEEE. ¢) Schematics of robotic glove with capacitive pressure and chemical sensors designed for monitoring hazardous mate-
rials. Reproduced with permission.%€l Copyright 2019, RSC. d) 3D-printed robotic hand with biomimetic tactile sensor stack on index finger. Reproduced
with permission.[¥l Copyright 2019, Wiley. e) Soft robotic hand with integrated capacitive pressure sensors holding different materials Reproduced with
permission.l'®8 Copyright 2018, IOP Science. f) 3D-printed robotic hand with soft flexible capacitive pressure sensors on each finger holding a stapler.
Reproduced with permission.®%l Copyright 2020, Wiley. g) Flexible capacitive sensory robotic skin utilized for tactile sensing. Reproduced with permis-
sion.”% Copyright 2016, IEEE. h) Capacitive pressure sensor array which is fabricated using simple micromachining process has micro-dome structure.
Reproduced with permission.l”4 Copyright 2019, IEEE. i) Robotic hand holding the fabricated flexible capacitive robotic skin and inset shows close-up
view of the micro-bumps and electrodes. j) Robotic skin mounted on commercially available robotic gripper is used for tactile sensing by capacitance
change which is monitored using LCR meter. (i,j)—Reproduced with permission.% Copyright 2018, AAAS. k) The soft robotic gripper composed of flex-
ible and stretchable robotic skin with capacitive pressure sensors holding a wet and soft object. Reproduced with permission.l"”7>! Copyright 2020, IEEE.
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and <50 Pa pressure range, respectively.1°! W. Navaraj et al.
presented biomimetic sensory stack with capacitive and piezo-
electric tandem sensing structure on a 3D-printed robotic hand
[Figure 10d] for tactile sensing to mimic human hand skin
sensing.¥”] The capacitive pressure sensor on the robotic hand
reported static tactile sensing sensitivity of 250 and 2 Pa~' at
low (100 Pa) and high (2500 Pa) pressure range, respectively,
however, nonlinear response is one major issue.®l R. P. Rocha
et al. incorporated a flexible capacitive pressure sensor on
anthropomorphic soft robotic hand [Figure 10e] and analyzed
the grasping process for four different objects.['*® The flexible
capacitive pressure sensor was compared to a resistive pres-
sure sensor and it was concluded that the capacitive sensor
was better in terms of performance and physical properties. [
M. Natagios et al. developed a 3D printed robotic hand and
fabricated soft flexible capacitive pressure sensors using addi-
tive manufacturing technique with Ecoflex and polyurethane
as dielectric layers. The sensors are placed for tactile sensing
at the distal phalanxes of each of the five robotic fingers with
each finger having the electronics embedded inside.'® The
3D printed robotic hand is integrated with commercially avail-
able URS5 robotic arm and the actuation process was analyzed
[Figure 10f] using commonly available laboratory objects, for
example, stapler.[16’]

5.4.3. Flexible Capacitive Pressure Sensory Skin for Robotics

Z. Ji et al. designed 4 x 4 flexible capacitive sensory robotic
skin [Figure 10g] for measuring force range of 0-20 N full
scale using copper as electrode and PDMS as dielectric mate-
rial on PET substrate, for different types of robotic arm move-
ment.[”7% To increase the full scale pressure range for tactile
sensing, various works presented flexible capacitive pres-
sure sensor/skin using low-cost and easily available mate-
rials for 25,71 180,172 570,073 and 1200 kPal full scale
pressure range. S. Wang et al. presented micro-dome struc-
ture based flexible capacitive pressure sensor [Figure 10h]
using micromachining technique.l’ C. M. Boutry et al.
presented a bio-inspired flexible and soft electronic robotic
skin [Figure 10i] for normal and tangential pressure detec-
tion in which the substrate consists of micro-bumps and the
bottom side of the pressure sensitive electrode consists of
micro-grooves. % The connecting patches/interconnects are
made of CNT-PU material and then the skin is mounted on
a robotic arm [Figure 10j] to control movement and the capac-
itance data is recorded by LCR meter." A. Gruebele et al.
fabricated stretchable and flexible capacitive robotic skin for
grippers [Figure 10k] which is unaffected by humid/wet envi-
ronment, long-lasting, and highly sensitive to soft touch.l”’]
The sensory skin does not have any rigid components because
the PCB, which converts capacitive to digital data, is mounted
on the gripper itself.'7’] H. S. Sonar et al. presented a capaci-
tive pressure sensory soft and low-cost robotic skin which is
fabricated using conductive fabrics and foam for pressure
localization.[V®l This work presents electrical and mathemat-
ical analysis performed for n X n matrix and the fabricated
1x 5 and 5 x 5 matrix of soft deformable skin is experimen-
tally characterized.

Adv. Mater. Technol. 2021, 6, 2001023 2001023

www.advmattechnol.de

5.5. Wearable/Implantable Applications

Over the last two decades, wearable electronic devices have
been trending due to the involvement and advancement of
different research areas such as advanced manufacturing pro-
cesses, computational mechanics, material technologies, min-
iaturization of different electronic components, and wireless
communication.”7-7%1 Wearable sensors and actuators play a
vital role from healthcare monitoring!*>12180-18 and human-
computer interaction!61182183185-1891 1o consumer electronics
applications.[185186.190.191 Regearchers utilized different fabrica-
tion techniques (i.e., both conventional and emerging) to design
smart electronic skin which can be tagged/deployed/placed
on different non-curvilinear surfaces for analysis of different
parameters, including pressure.'?V192-1%] Diverse applications
of wearable flexible capacitive pressure sensors are reviewed for
healthcare, human—computer interaction, and consumer/port-
able electronics.

5.5.1. Healthcare Applications

Flexible pressure sensors are one of the most integral part of
any healthcare system and capacitive type is one which has
been extensively explored as it plays a major role in measuring
pressure at different locations on the body, not only on humans
but also on animals, either by exterior placement (e.g., on skin)
or by implantation, as discussed below.

Pulse Rate and Blood Pressure Monitoring: Flexible pressure
sensors/e-skins have multiple applications in wearable sys-
tems, including monitoring pulse, heartrate, and blood pres-
sure.'-20 Arterial pulse rate is a key parameter for health
monitoring, which is in range of 60-80 bpm (beats per minute)
for adults. The pulse rate provides information about the heart
and blood flow, specifically the frequency of heart contraction
and expansion. The pulse rate varies from human to human
and depends on body conditions, for example, pulse rate is
higher while exercising. Various researchers have reported dif-
ferent approaches to monitor pulse rate using transistors and
resistance/impedance change based flexible pressure sensors
using new fabrication approaches which gained much atten-
tion [187:200.202-206] Since the absolute pressure range of pulse rate
is very small with low pressure amplitude, the flexible capaci-
tive pressure sensor must have high sensitivity and highly
linear response. B. C. K. Tee et al. designed flexible capacitive
pressure sensors using micro-pyramids of different side wall
angles as the dielectric.'%l The micro-pyramids sensor with
maximum side wall angle is the most sensitive and is presented
for different applications including pulse rate monitoring. The
finger is placed at the designed sensor which can monitor only
the systolic pressure [Figure 11a,b]. For continuous monitoring
of pulse rate, the pressure sensor needs to be placed at an
artery (e.g., at wrist, neck, behind knee, ankle joint) and should
be compact to include miniaturized sensors with data acquisi-
tion (DAQ) system. B. Zhuo et al. monitored pulse rate (P, T,
and D-waves) from 3D-printerd micro-structured PDMS mold
based dielectrics with ITO as bottom electrode and PET as top
electrode [Figure 11c,d].?”) For pressure range up to 0.2 kPa,
the reported sensitivity of sensor was 1.62 kPa™'. This proposed
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Figure 11. Applications of flexible capacitive pressure sensors for pulse rate, blood pressure, and respiration monitoring. a,b) Fabricated flexible capaci-
tive pressure sensor with micro-pyramid structured dielectric for finger pulse waveform monitoring. Reproduced with permission.['%¢! Copyright 2017,
Wiley. ¢,d) Comprehensive sensory sensor system with DAQ board placed on the radial artery at wrist; pulse rate in one period (bottom) contains
information of period (P)-wave, tidal (T)-wave, and diastolic (D)-wave. Reproduced with permission.?”} Copyright 2017, IEEE. e,f) Placement of a
sensor on the radial artery of a subject to wirelessly monitor pulse rate. Reproduced with permission.['”l Copyright 2014, Nature Research. g,h) Place-
ment of sensor on the neck near carotid artery for continuous monitoring of blood pressure. Reproduced with permission." Copyright 2020, RSC.
i) Photograph of pressure sensor attached to the backside of belt. j) Real time respiration signal monitoring of 3rd subject. k) Real time monitoring of
first subject in forward and backward bending postures. (i-k)—Reproduced with permission.?"l Copyright 2017, IEEE]. |) Metal-coated polymer and
paper-based flexible capacitive pressure sensor packaged using Styrofoam with wireless PSoC-BLE system on the backside of sensor. m) An attached
sensor on chest of human subject for real-time monitoring. n) Real time data acquisition from the chest of a human subject. (I-n)—Reproduced with
permission.*?] Copyright 2020, IEEE. o) Respiration rate monitoring using pressure sensor on mask before and after exercise. Reproduced with permis-
sion.2'2l Copyright 2020, ACS. p,q) Respiration rate monitoring before and after exercise with sensor placed on the chest of subject. Reproduced with

permission.l?®l Copyright 2020, RSC.

architecture of sensor and DAQ circuitry are well developed,
however in this modern era, there is requirement for wireless
data transfer which can be recorded on mobile phone/tablets
or at nearby hospitals. L. Y. Chen et al. presented in vivo moni-
toring of pulse rate with a complete system consisting of flexible
capacitive pressure sensor and flexible antenna[Figure 11e].1%’]
The subject had 82 bpm heart rate which is monitored for 12 s
time duration with resolution of 90 ms [Figure 11f].

The normal range of blood pressure is less than 120 mmHg
systolic and 80 mm Hg diastolic. In the case of high blood pres-
sure (i.e., hypertension), the systolic and diastolic blood pres-
sure varies from 120 to 160 mm Hg and 80 to 100 mm Hg,
respectively, which increases the possibility of cardiovascular or
kidney disease.[063208209 A transparent and micro-droplet gly-
oxal dielectric based capacitive pressure sensor is presented for
continuous blood pressure monitoring by B. Nie et al.> The
flexible capacitive pressure sensor is placed on the neck (near
carotid artery) and monitors blood pressure [Figure 11g] with
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response time of 100 ms, resolution of 1.8 Pa, and mechan-
ical-to-electrical sensitivity of 1.58 uF kPa™! [Figure 11h]. The
reported sensor can be utilized for other biomedical systems
like ocular, pulmonary, and cardiovascular as it detects pressure
in range of 2-10 kPa.

Respiration/Wheezing Monitoring: Respiration monitoring
in everyday can provide early detection of several diseases
like emphysema, bronchitis, asthma, and sleep apnea.10-212]
Continuous monitoring of respiration can save human lives
and is actually very common for athletes, and nowadays, even
normal people.?3l Several researchers proposed monitoring
respiration or wheezing using flexible capacitive pressure
sensors. S. W Park et al. fabricated a flexible capacitive pres-
sure sensor and placed it on the backside of a commercially
available waist belt [Figure 11i].25% The sensor is attached
with the signal conditioning circuitry to convert the capaci-
tance into voltage, which then passes through a low pass filter
(cut off frequency = 20Hz), instrumentation amplifier, and
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analog-to-digital convertor. Afterward, noise and interference
are removed with the help of a MATLAB-coded finite element
response (FIR) based filter. Real time signal monitoring is per-
formed for inhale, exhale, and the hold time between by three
different subjects while body is straight, that is, no bending of
sensors. The response of third subject is shown in Figure 11;j.
The sensor is also characterized for forward and backward
body movements and voltage peaks show amazing repeatability
[Figure 11k]. The sensor demonstrates excellent response of
continuous respiration rate monitoring, however wearing bulky
signal conditioning and DAQ circuitry can be uncomfortable.
S. M. Khan et al. designed diaphragm-based flexible capacitive
pressure sensors from metal coated polymer and double-sided
tape for asthma monitoring [Figure 111).4% Different diaphragm
shapes (circular, square, and rectangular) have been analyzed to
choose the shape that is most sensitive; finite element analysis
determined it to be the circular. Three different sounds (man,
woman, and baby) were chosen for characterization and a stan-
dalone system was designed to report the change in capacitance
for each sound.* For real-time respiration monitoring, the
sensor was placed on the chest of an adult (29-year-old) subject
[Figure 11m] who makes different sounds like “hello” and lung
sounds [Figure 11n].

S. Sharma et al. performed respiration monitoring
of breathing before and after exercise using composite
nanofibrous scaffolds based flexible capacitive pressure sen-
sors.[??] The sensor is attached to a mask worn by the sub-
ject (healthy 30 years old) for respiration monitoring which
shows increase from 24 to 48 respiration cycles per minute for
before to after exercise [Figure 11o]. The sensor shows excel-
lent response; however, as masks are not worn constantly, a
more practical system needs to be designed, such as sensor
embedded in textile clothing or stuck on the chest, for res-
piration monitoring. G.-K. Jeon et al. presented a flexible
capacitive pressure sensor with PDMS/Ecoflex solution as
dielectric material and spray-coated silver nanowire (AGNW)
as electrode for respiration monitoring before and after exer-
cise. The sensor is attached to the subject’s chest for respi-
ration rate monitoring [Figure 11p] and the respiration cycles
[Figure 11q].[?8

Foot Plantar Pressure Monitoring: Biomechanical analysis
of gait recognition and posture relies on the study of pres-
sure between the plantar surface of foot and floor, known
as pedobarography.?¥ Plantar pressure measurements can
also aide in the diagnosis and treatment of foot injuries,
deformations or balance, and confirm effectiveness of treat-
ments or orthotics. Gait analysis in clinical science became
revolutionized by the ability to study pressure distribu-
tions on feet during static and dynamic motion.2*#21%l Dif-
ferent approaches are proposed across several research areas
including MEMS,?1627]  fiber-optical sensor,?®®l artificial
neural network,!?"?1% and deep learning.*?% Flexible capaci-
tive pressure sensors are also being utilized for analyzing
foot plantar pressure. The sensors need to be very robust and
applicable for high pressure range. K. F. Lie et al. presented
a flexible capacitive pressure micro sensor which has bumps
and PDMS dielectric layers,[??!] fabricated using microma-
chining technology with an operating range of up to 945 kPa
and 6.8% per N.
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Instead of using a sensory matrix for plantar pressure meas-
urement, the insole type wearable system is claimed as most
suitable configuration and has become popular among dif-
ferent researchers. S. W. Park et al. designed a smart insole
system which can analyze gait using signals from right and left
foot during motion.???l The large area sensors are fabricated
using emerging fabrication technologies with electrodes com-
posed of MWCT/PEDOT:PSS and dielectric material of porous
PDMS. The fabricated sensor is inserted into a heel of commer-
cially available shoe insole and connected to signal conditioning
circuitry designed using an amplifier. A low-pass filter reduces
noise and interference as part of the signal conditioning cir-
cuitry and then the signal passes to a MATLAB program for
voltage measurement. To demonstrate real time monitoring,
the subject walks with speed of 4.9 m s™! with findings shown
in Figure 12a. The alternating peaks from left and right foot
signals correspond to the walking motion. This work is well
presented however it did not include the pressure distribution
of whole foot. J. Tao et al. designed a smart insole system for
real time monitoring of planter pressure.??!l Figure 12b shows
fabrication steps of the 24 sensory array system in which the
bottom electrode is patterned using a laser and the same pat-
tern is employed for Ecoflex elastomer dielectric layer. The top
electrode is placed on the dielectrics to make the capacitive
pressure sensor array and an additional shielding layer is on
top of that. The planter pressure is monitored for four different
yoga postures (static pressure monitoring) and different ways
of walking (dynamic pressure monitoring) in which the ana-
lyzed capacitance change correlates to the pressure applied on
the feet [Figure 12¢,d].

Intraocular and Intracranial Pressure Monitoring: Increased
fluid pressure in the eye increases risk for developing glau-
coma. Glaucoma being any eye condition that could damage
the optic nerve. Measuring eye fluid pressure can help with
early detection of glaucoma and treatments for glaucoma
include reducing eye fluid pressure intraocular pressure (IOP)
(normal range: 1.6-2.8 kPa). This disease requires continuous
real time monitoring using cost-effective devices. The “Gold-
mann Applanation Tonometer” is the conventional device
used to measure 10P.[#?222] However, for continuous 1OP
monitoring, different approaches have been presented, such
as impedance measurement techniquel??$22% that can be uti-
lized like contact lenses, or whole microsystems(?3% that can
be implanted inside a patient’s eye. Nevertheless, several
challenges for this sensing application have been reported
including sensor flexibility, high system costs, availability of
contact area, and biocompatibility. D. Ha et al. microfabri-
cated a flexible capacitive pressure sensor while considering
all these challenges.?’l The sensor has a square pressure
sensitive diaphragm (area = 300 x 300 um? and thickness =
30 um) which can operate across 0-50 mmHg pressure range
with high linear response and sensitivity of 0.3 fF per mm Hg
[Figure 12e]. The sensor is experimentally demonstrated for
real time monitoring on a round surface that mimics a mouse
eye [Figure 12f,g].

Intracranial pressure (ICP) arises due to head injuries or dis-
eases like brain tumors or chronic hydrocephalus.3"-2* Since
the brain has a very complex structure, implantation of sensors
with corresponding signal conditioning circuitry is one of the
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Figure 12. Applications of flexible capacitive pressure sensors for plantar, intraocular, and intracranial pressure monitoring. a) Response of left
and right foot plantar pressure for fabricated insole system placed inside the backside of shoe. Reproduced with permission.[?22 Copyright 2018,
Elsevier. b) Fabrication steps of Ecoflex silicone elastomer based flexible capacitive sensor matrix of 24 sensors designed for insole plantar pressure
monitoring system. c) Monitoring plantar pressure-measurement from fabricated sensory matrix for four different yoga postures (static condition).
d) Monitoring of plantar pressure when walking (dynamic condition). (b—d)—Reproduced with permission.??3l Copyright 2020, Nature Research.
e—g) Response of flexible capacitive pressure sensor (area = 300 x 300 tm?) measured on curved surface to mimic a mouse eye for real time moni-
toring. Reproduced with permission.?8l Copyright 2011, Springer. h,i) The pressure sensor is implanted inside mouse eye and the antenna is placed
on mouse brain. Response of sensor is measured for 60 s duration with and without compression on brain of mouse and compared with an external
reference sensor. The arrows are shown to indicate when compression was applied on brain of mouse. Reproduced with permission.'”l Copyright
2014, Nature Research.

challenges reported by different researchers. A capacitive pres-  microfabricated a flexible capacitive pressure sensor placed at
sure sensor with inductive coil is being utilized to transmit the  the center of an inductor coil which can be implanted inside
ICP measurement via wireless communication. Q. Wei et al.  human brain for continuous real time monitoring of ICP.[23’]
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The pressure sensor is characterized using air pressure setup
for 0-10 kPa pressure range providing a plot of capacitance and
frequency versus intracranial pressure. For real time ICP sensor
characterization, L. Y. Chen et al. fabricated flexible LC-system
for continuous in vivo monitoring of ICP!*? demonstrated by
implanting the system in a mouse brain [Figure 12h]. The com-
pression inside the mouse brain increases the ICP and as com-
pression in brain increases, the increment in pressure mapping
from baseline also increases [Figure 12i].

5.5.2. Consumer/Portable Electronics Applications

Several applications for capacitive pressure sensors in the
areas of consumer and portable electronics have been dem-
onstrated, including keyboard, object detection, hand gesture
detection, and weight estimation. Such applications require
highly sensitive and fast pressure sensors that can be fabri-
cated using simple processes. R. Shi et al. demonstrated a
skin-wearable keyboard using an array of 55 transparent pres-
sure sensors which can differentiate the applied pressure on
individual pixels."® The pressure sensors used a composite
material of silver nanowires and PDMS as the dielectric. The
dielectric was also patterned into pyramidal shapes in order
to enhance the sensor sensitivity. By sandwiching the dielec-
tric composite between ITO/PET sheets, a large sensitivity of
0.831 kPa™! is obtained with a low detection limit of 1.4 Pa. The
pressure sensor also exhibited a fast response time of less than
30 ms with a relaxation time of less than 60 ms. The authors
confirmed the reliability of the sensor using a 10k cycling test.
By arraying 5 x 5 sensors, the authors demonstrated a func-
tional keyboard which was able to type the letter “t” and word
“Flextronics” by simply detecting the capacitance variation
of each pixel. To achieve this, the sensor array was integrated
into a complete system, which included switching and oscil-
lating circuitry, microprocessor, and wireless transmission unit
[Figure 13a]. The oscillating circuitry detects the capacitance
change of the sensors while the microprocessor determines the
pixel information which is then sent wirelessly to mobile phone
software.

K. Lee et al. demonstrated a low-cost paper-based 3D
touchpad.l?*®l The pressure sensors are based on graphite
electrodes developed using pencil writing on a paper. The
electrode was then coated with a thin PDMS layer which pre-
serves the surface roughness of the graphite/paper stack. A
similar electrode layer is then formed and added on top of
the first stack. As a result, a rough structured PDMS layer is
sandwiched between graphite electrodes formed on paper sub-
strate. The resulting pressure sensors exhibited a sensitivity of
0.62 kPa™! with fast response and relaxation times (hundreds
of milliseconds), in addition to a low detection limit of 6 Pa.
The authors confirmed the reliability of the sensors using
cycling tests of repeated loading (5k) and bending (1k). By
arraying 3 x 3 sensors, the authors demonstrated the ability of
the array to detect the capacitance change in each sensor when
soft and hard touches are performed [Figure 13b]. The same
fabrication technique is utilized to design keyboard which
consists 27 pressure sensor which includes all the alphabets
and space bar, and thus typing the words “Yonsei University”
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was possible. In another work, S. Takamatsu et al. were able
to demonstrate the application of a keyboard based on capaci-
tive pressure sensors fabricated on knitted textile using
PEDOT:PSS electrodes.l?l The sensors could detect pressures
down to 0.05 N cm™ while the keyboard showed stretchability
of 30%. Nevertheless, the response time and sensitivity of the
devices were not reported.

Employing the same principle used in keyboard applica-
tion, the application of capacitive pressure sensors for object
detection has been demonstrated. In this case, the change
in the measured capacitance over an array of sensors allows
the detection of the object location and stiffness. X. Wang
et al. developed a flexible and stretchable 3 x 3 sensory array
capable of detecting object morphology and stiffness.238l
Using a parallel plate electrode with serpentine design and
PDMS as the dielectric material, the sensors exhibited 90%
stretchability and a near zero temperature coefficient while
the response time was limited to an embedded microchip
with 90 Hz frequency. It should be noted that the PDMS die-
lectric was also designed to show micropillar structures with
200 um height and 10 pm diameter in an attempt to improve
the tactile sensitivity and lower detection limit of the sen-
sors [Figure 13c]. The authors demonstrated the ability of
the 3 x 3 sensor array to differentiate between an apple and
an orange when placed on top of the array [Figure 13d]. C.
Metzger et al. used flexible polyolefin foam as the dielectric
material to achieve ultra-low-cost capacitive pressure sensors
(0.9% per meter) with moderate sensitivity and load resolu-
tion of less than 10 g cm 2.°1 However, the authors men-
tioned that the sensitivity is large enough to perform object
detection where an array of the sensors was capable of dif-
ferentiating between three distinct objects based on their
weight and morphology.

In order to achieve higher sensitivity, Y Luo et al. proposed
a capacitive pressure sensor using tilted micropillars of PDMS
as the dielectric material.™! The tilted micropillars enable a
bending deformation rather than compression deformation
which results in larger changes of distance between the elec-
trodes upon pressure application. As a result, a high sensitivity
of 0.42 kPa™! with a low detection limit of 1 Pa and an excel-
lent stability after 1k cycles are reported. It is worth noting that
the tilted micropillars were developed by coating PDMS onto
a tilted exposure photoresist mold and that the tilt angle can
be customized by modifying the exposure angle. By integrating
several sensors on a glove, the set was able to detect different
finger and hand gestures [Figure 13e]. Moreover, X Liang et al.
used an array of 5 x 1 capacitive pressure sensory skin around
a wrist to detect hand gestures.[?3*2%] In this case, however,
the authors used commercial capacitive sensors which were
then encapsulated using PDMS and placed around the wrist.
The measured capacitance changes due to the tendon move-
ments were fed into a system with machine learning capabili-
ties which allowed for over 90% real-time gesture recognition.
Finally, the pressure sensors have also been used in applica-
tion of detecting the weight of wearable objects, such as a
backpack, where capacitive pressure sensors were integrated
on the backpack strap.2*l The sensors used a dielectric mate-
rial based on porous PDMS with a mixture of NaHCO; and
HNO;. The silver electrodes were then fabricated using screen
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Figure 13. Applications of flexible capacitive pressure sensors for consumer and portable electronics. a) Demonstration of real-time typing of the
word “flextronics” using the flexible keyboard based on capacitive pressure sensor with AgNWs/PDMS composite as the dielectric material. Complete
system components are shown on the right. Reproduced with permission.®l Copyright 2018, Springer. b) Photograph of the 3 x 3 multiple-pixel pres-
sure sensor array based on graphite electrodes formed on paper substrate. The reconstructed map with various column heights shows the relative
capacitance change when two balls with weights of 5 and 50 g are placed on the array. Same fabrication technique is utilized to design the keyboard
which is formed on paper substrate. Reproduced with permission.[3¢l Copyright 2017, Wiley. c) The cross-sectional illustration of the pressure sensor
using a parallel plate of serpentine electrodes and micropillar-based PDMS dielectric. d) The reconstructed map of the capacitance changes measured
by 3 x 3 sensory array when an apple and orange are placed on the array. (c,d)—Reproduced with permission.[238l Copyright 2017, RSC. e) Gloves with
five integrated sensors on the fingers are capable of detecting the fingers and hand gestures as shown in the measured capacitance change plots. The
sensors are based on parallel plate capacitors with tilted PDMS micropillars as the dielectric material. Reproduced with permission.["!l Copyright 2019,
ACS. f) Detection of backpack weight using porous PDMS based capacitive pressure sensors with screen printed silver electrodes. The 3 x 1 sensory
array is attached on the backpack strap using a heat press lamination process. Reproduced with permission.[?4ll Copyright 2019, IEEE. g,h) Fabricated
6 x 6 flexible pressure sensor array from Kevlar fiber as dielectric with AgNP/SBS composite electrode and response of 2 x 5 and 5 x 5 number sensor
under 0.25 and 0.87 g beads. i,j) Kevlar fabric dielectrics based four flexible pressure sensor pressure sensors are attached with gloves on the on the
tips of index, middle, ring, and smallest finger, which is utilized to control the drone. k) Same set of four pressure sensors are incorporated on the
hoody to control the hexapod robot. (g—k)—Reproduced with permission.l2% Copyright 2015, Wiley.

printing and the devices were attached on the fabric of the  the largest measured sensitivity of 0.8% kPa™! was observed for
backpack using heat press lamination. The sensors showed  the pressure range of 50-200 kPa. By integrating three sen-
a short response time of 0.8 s with the capability to detect a  sors on the strap of the backpack, the array was able to detect
wide range of pressures varying from 0 up to 900 kPa. Dif-  the weight of the backpack when loads up to 8 kg are added
ferent pressure ranges resulted in different sensitivities where  [Figure 13f]. Moreover, . Lee et al.'? presented the Kevlar
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Table 1. Performance comparison between different operation modes of flexible capacitive pressure sensors with air dielectric, as discussed in this

review.

Mode/shapes Dielectric thickness Overlapping area Operating pressure Mechanical sensitivity Rise time Ref.
[um] (approx.) [em?] range [Pa] [um Pa7] (simulation) [ms]

NMCPS Cantilever 250 0.15 0-1 62 75 [39]
Rectangular 350 T 0-40 0.0776 — [41]
Square 350 P 0-40 0.0815 — 1]
Pentagon 350 T 0-40 0.104 — [41]
Ellipse 350 n 0-40 0.867 — [41]
Circle 350 T 0-40 1.163 — [41]
TMCPS 400 T 0-50 — =~15.85 [87]
DTMCPS 451 T 0-60 — ~16 184]

fabric dielectric-based 6 x 6 capacitive pressure sensory array
is fabricated and characterized using two weight beads of 0.25
and 0.87 g [Figure 13gh]. The four sensors are incorporated
on the clothes (gloves and hoody) for wireless controlling of
drones and hexapod robots [Figure 13iXk].

6. Conclusions and Outlook

In this paper, the latest flexible capacitive pressure sensors
are reviewed from the perspective of operation principle,
materials, fabrication techniques, and applications. In gen-
eral, capacitive pressure sensors are based on a parallel plate
capacitor structure with an embedded dielectric. By applying
perpendicular pressure to the electrodes, the distance between
them changes resulting in a change in the measured capaci-
tance. While elastomeric dielectrics have been widely used
in flexible capacitive pressure sensors due to their inherently
ultra-flexible nature, the sensitivity of such sensors is lim-
ited by the compressibility of the rubbers. Thus, to achieve
highly sensitive flexible pressure sensors, researchers have
proposed several approaches for optimizing the dielectric
layer by using air, micropillars and microstructures, embed-
ding AgNWs or composite materials into the flexible dielectric
layer, printed materials, fabrics, fibers, or coating the surface
of the dielectric layer with nanomaterials. Moreover, various
designs and materials have been studied for the electrodes in
order to enhance their flexibility and stretchability, such as
using fractal designs (e.g., serpentine structure) or inherently
flexible and stretchable conductive materials (e.g., CNTs or
metallic nanoparticles embedded in elastomers). Additionally,
capacitive pressure sensors can achieve high transparency and
biocompatibility when the electrodes are replaced with ionic
conductors that generally exhibit excellent stretchability and
stability. Such structures are promising for ionic skin applica-
tions. Each of these dielectric materials and designs uniquely
affect performance parameters and operating range of sen-
sors, which are decisive to their application, and are summa-
rized in Tables 1 and 2.

In terms of fabrication approaches, several methods
have been studied ranging from low-cost techniques,
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such as simple graphite coating on paper substrate using
a pencil, to more sophisticated techniques that allow for
miniaturization using micro- and nano-fabrication tools,
such as photo- and e-beam lithography to achieve micro-
pillars or nanomaterial-based dielectrics. Nevertheless,
there is usually a tradeoff between the different traits of
the flexible pressure sensors, such as cost, sensitivity,
scalability, or reliability. Capacitive pressure sensors are
generally characterized by detecting capacitance change
upon pressure application where the main figures of merit
include sensitivity, response time, relaxation time, lower
detection limit, reliability in terms of cycling, maximum flex-
ibility, and stretchability (%). Researchers are encouraged to
report these values in their future studies for a better under-
standing and benchmarking of capacitive-based flexible pres-
sure sensors.

Flexible capacitive pressure sensors have been demon-
strated over a wide range of applications, including: altitude,
air, and wind speed monitoring in the aerospace industry;
tire pressure, gas exhaust regulation, and airbags in the auto-
motive industry; sea depth in the marine industry; e-skins,
robotic grippers, and hands in the robotics industry; pulse
rate, blood pressure, plantar pressure, and respiration moni-
toring in the healthcare sector; hand gesture, object, and
weight detection, and keyboards in the consumer and portable
electronics sector. This wide range of essential applications
shows the importance and the need to further enhance the
performance of current flexible pressure sensors using lower
cost techniques.

Finally, a capacitive pressure sensor detects input from the
outer environment and produces an electrical signal that is
then treated and converted into an informative output to the
end user depending on application. The signal processing
circuitry should be designed to meet the specific require-
ments of a given application. Therefore, not only the per-
formance and fabrication costs of the pressure sensors, but
also signal transmissivity, costs of integrating sensors into a
complete system, and stability are challenges that need to be
tackled in order to fully evolve from proof-of-concept devices
fabricated in laboratory to reliable complete systems used in
our daily life.
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Table 2. Performance comparison between flexible capacitive pressure sensors with different designs and dielectric and electrode materials, as

discussed in this review.

Type of flexible capaci- Dielectric Electrode Dielectric ~ Operating pressure Maximum sensi-  Pressure range for max- ~ Response  Ref.
tive pressure sensor material material  thickness [um] range [kPa] tivity [kPa™] imum sensitivity [kPa] time [ms)]
Graphene and graphene- Graphene and porous Ag ~34 0-5 0.33 0-1 <20 [86]
based materials nylon n/w
Branched-CNTs and GNPs Ag ~ 800 0-1.2x10° =2.05x1073 0-1.2x103 — [89]
3:1)
Graphene oxide (GO) PET =300 0-4 =~0.8 0-1 =100 [88]
Elastomers/foam/ Polyolefin foam — 250 0-1.029 ~8.25fF 0-1.029 — [90]
sponge/composites
PDMS Cu 30 0-945 0.0019 0-945 — [227]
Ecoflex CNT = 500 10-150 5.9x107* 10-150 — [242]
PDMS/Parylene—C Pt/Au m 0-140 0.024 0-10 — [243]
PDMS Cu 90 240-1000 0.22x107* 240-1000 — [244]
Ecoflex CNT 500 1-1400 0.0016 0-500 =40 [245]
PDMS AgNW =500 0-260 40x10* 0-50 — [246]
PU sponge AgNW — 0-70 5.54 0-0.03 — [247]
Porous PDMS ITO 100 0-5 1.18 0.02 150 [248]
40 wt% PDMS Graphite on 6 0-10 0.62 0-2 200 [236]
paper
CaCu;Ti,01,~PDMS — 4 0-1.3 1.66 0-0.64 33 [249]
sponge
PDMS/SiO, beads PEDOT:PSS PDMS—S5 and 0-n 1 0-1 140 [250]
SiO, beads—6
to9
Porous PDMS ITO/PET 15 0-40 0.759 <5 230 [93]
Graphene/PDMS sponge Cu — 0-500 0.12 1-10 =7 [87]
Silicone Conductive 960 0-100 0.0121 — 7 [92]
fabric
PDMS AgNPs/ 500 0-45 0.0436 0-15. 601 <50 [251]
CNTs
PU sponge ITO/PET 50 0-116 5.3 nF 0-116 —_ [252]
PDMS/Ecoflex AgNW 3 0-80 0.16+0.03 0-1 70 28]
PDMS ITO/PET 3 0-216 8.3 0.022 — [253]
Carbon black/PDMS/PET Conductive 1210 0-5 35 0-0.2 — [254]
carbon tape
PDMS/microsphere ITO/PET — 0-150 0.124 0-15 167 [255]
composite
Ecoflex silicone elastomer ~ Laser 600 0-200 0.012 0-200 132 [223]
(porous) patterned
PDMS Micro-pat- 4 0-9 30.2 0-0.13 25 [256]
terned Au
Wrinkled dielectrics PMMA or PVP AgNW and — 0-4.5 3.8 0-0.5 <150 [99]
Ag
Wrinkled PDMS Ag — 0-10 19.80% 0-10 <200 [102]
Wrinkled p-arrayed PDMS ~ AgNW — 0-6.7 2.94+0.25 0-2 <50 [37]
Wrinkled p-arrayed PDMS ~ AgNW — 0-9 2.04+0.16 0-2 <100 [101]
Wrinkled p-structures Au — 0-8 0.0012 0-1 578 [98]
Ecoflex
Wrinkled p-structures Ti/Au — 0-40 14.268 0-0.7 <50 [100]

PDMS
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Type of flexible capaci- Dielectric Electrode Dielectric ~ Operating pressure Maximum sensi-  Pressure range for max- ~ Response  Ref.
tive pressure sensor material material  thickness [um] range [kPa] tivity [kPa™] imum sensitivity [kPa] time [ms]
Micro-pyramids and PDMS p-pillars ITO/PET -6 0-7 0.55 0-2 <<10® [105]
micro-bumps
PDMS p-pillars Al 34 0-22 — — — [106]
PDMS p-structure Ti/Au and 24.7 0-0.35 70.6 0-50 — [107]
PET/ITO/
Parylene
PDMS p-pyramid Ag/PET 1500 0-10 2.21 0-0.1 50 [108]
lonic gel u-pyramids PET/ITO 5 0-0.5 41.64 0-0.4 <20 [109]
PHB/PHV CNT/PU 10 0-350 0.19+0.07 0-1 — (0]
PDMS p-structure Ni/Ti and — 0-25 0.7 0-25 50 [257]
SWNT
PDMS hierarchically Pt — 0-100 =373 0-0.1 21 [258]
U-structured
Ultraviolet-curable Graphene 15 0-4 7.68 0to=0.5 30 [36]
adhesive/graphene
PDMS p-pyramids Ti/Au =140 0-2.5 0.16 0-0.75 346 [259]
PDMS p-arrays Au 50 0-12 4.9 0-2.5 <50 [188]
Thermally expandable 0-50 0.201 0-4500 60 [260]
microsphere/PDMS
PDMS p-structures ITO/PET — 1-3.5 1.62 0-0.2 — [207]
Spiky Ni/PDMS 75% wt Ag — 0-500 1.149 0-20 50 [261]
composite microflakes/
PDMS
PDMS tilted p-pillars Au/PET — 0-14 0.42 Oto=2 <20 ]
Fluidic/ionic liquid PVA/H;PO, GIA Au — 0-360 3302.9 0-10 9 Mmz]
dielectrics
PVDF ionic liquid AgNW 200 0-120 1194 0-0.5 40 4]
Electrolyte/glycerol ITO — — 1.58 uF — 260 ms]
Barium strontium tita- Al 1.501 0-3 2.24 uF 0-3 — [262]
nate/Hg droplet
Imidazolium-based ILs ITO — — 0.43 nF — — 6]
Nafion solutions ITO 50 0-30 5nF 0-5 — M7
lonic alginate hydrogel ~ PET with 300% 5 — 9.32% — — ms]
(IAH) Ag-patterns
1-Butyl-3-methy- PET/ITO — 0-18 178.5 nF 7-18 30 4]
limidazolium
bis-(trifluoromethyl)-imide
Fiber dielectrics Kevlar AgNP/SBS — 0-10 0.21 0-2 — [120]
Twaron AgNP/SBS — 0-50 0.278 0-2 340 o]
Printed dielectrics PDMS Ag 200 800-1.8 x 10* — — — [124]
PDMS Ag 200 200-2400 — — — [125]
P(VDF-TrFE) Ag paste 3 3.3x10%-5.5 x 10 — — — [126]
PDMS CNTs ink 150 1.52-337 0.021 1.52-337 e [127]
CNTs/PDMS Ag ink 68 0-850 2.9 0-450 — [128]
Regular Conductive 200 1.5 x 10%-3 x 10 5%107° — — 129]
thermoplastic-TPU thermo-
plastic-TPU
Pl/air Silver ink 1000 1-1x10° 16.7 pF per bar — — 130]
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