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Flexible and Stretchable Capacitive Sensors

with Different Microstructures
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Recently, sensors that can imitate human skin have received extensive
attention. Capacitive sensors have a simple structure, low loss, no tempera-
ture drift, and other excellent properties, and can be applied in the fields of
robotics, human-machine interactions, medical care, and health monitoring.
Polymer matrices are commonly employed in flexible capacitive sensors
because of their high flexibility. However, their volume is almost unchanged
when pressure is applied, and they are inherently viscoelastic. These short-
comings severely lead to high hysteresis and limit the improvement in
sensitivity. Therefore, considerable efforts have been applied to improve the
sensing performance by designing different microstructures of materials.
Herein, two types of sensors based on the applied forces are discussed,
including pressure sensors and strain sensors. Currently, five types of micro-
structures are commonly used in pressure sensors, while four are used in
strain sensors. The advantages, disadvantages, and practical values of the
different structures are systematically elaborated. Finally, future perspec-
tives of microstructures for capacitive sensors are discussed, with the aim of
providing a guide for designing advanced flexible and stretchable capacitive

exhibits characteristics such as a low mod-
ulus, high toughness, and high tear resist-
ance.>¥ The powerful sensing system of
the skin can help the human body sense
pressure, deformation, temperature,
humidity, and other stimuli, and transmit
these changes to the brain in the form of
different electrical signals.>®l The human
body relies on these sensory inputs from
the skin and the proprioception of mus-
cles, tendons, joints, and other motor
organs in different states to maintain
normal posture and complete the basic
activities of daily life.’® Electronic skin
(E-skin) is a flexible electronic device that
simulates the human skin sensing mecha-
nism by converting physiological signals
into electronic signals (Figure 1).69-12
Compared with traditional rigid electronic
devices, flexible and stretchable E-skin
has significant practical value in human-—

sensors via ingenious human-made microstructures.

1. Introduction

As the largest organ in the human body, the skin plays an
important role in daily life."? Based on the collaboration of
the two main components, collagen and elastin fibers, the skin
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machine interactions, Internet of Things
(IoT), and other application fields.l11314
With the rapid development of technolo-
gies such as artificial intelligence and soft robots, requirements
for materials used in human-machine interfaces have also
gradually increased. These materials must imitate the mechan-
ical properties of human skin tissues, establish information
transmission networks, interact intelligently with the external
environment, and be capable of sensing multiple stimuli and
can greatly promote the development of sensors.>!>-"]
According to the operating mechanism, sensors can be
divided into three categories: piezoelectric, resistive, and capaci-
tive.181 The advantages and disadvantages of these common
sensors types are compared in Table 1. Parameters such as the
length and distance between the dipoles in the piezoelectric
sensor change with the applied force, resulting in an increase
in the charge and voltage.?%-2% Therefore, piezoelectric sensors
require no additional power supply. They have a high sensitivity
and a fast response speed to dynamic pressure. However, they
cannot detect static loads and can drift over time in a sensor
response with erratic reliability.?*2°] According to the resistance

calculation formula R= p%, where p is the resistivity, L is the
length, and S is the cross-sectional area, and the force applied
changes in the material's geometry, namely, L and S when p is
unchanged, thus changing the material’s resistance R.?! Resis-
tive sensors are easy to manufacture at low cost, which are cur-
rently the most studied sensors.?28] However, the resistivity of
various materials generally varies with temperature,?*3% which
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Figure 1. Schematic illustration of signal conversion in human feedback
system and E-skin.

makes them easily affected by temperature or humidity changes
in the external environment.[332 Resistive sensors may also be
affected by environmental factors or via contact with the human
body (e.g., sweat and body fluids) when applied in a wearable
system, causing drift and deteriorating the stability and reli-
ability of data output.?® If the fringing of the electric field is
negligible, the capacitance of the plane-parallel capacitor can be
expressed as C =k, k, A where k, is the free-space permittivity,
k. is the relative permittivity of the dielectric material, A is the
area of the parallel electrodes, and d is the distance between the
two parallel electrodes.* In comparison, the effect of temper-
ature and humidity on the dielectric constant is smaller than
that on the conductivity. Hence, this type of temperature drift
hardly occurs in capacitive sensors. When materials with a low-
temperature coefficient are selected as the electrodes of the
capacitive sensors, their temperature coefficients are extremely
small and are almost unaffected by temperature.l??l In addition,
capacitive sensors have the advantages of simple device struc-
ture, low power consumption, low detection limit, wide applica-
tion range, fast dynamic response, and endurability,?>*! which
have been extensively studied and applied in E-skin,[*** med-
ical prosthetics,! wearable devices,[**! biometrics,?**°l touch-
pads and touch screens,”# and other consumer electronics
felds.[47.50-53]

Table 1. Comparison of the three common sensors.

www.advmat.de

In the past few decades, various methods for fabricating flex-
ible capacitive sensors have been proposed. The early prepara-
tion methods of capacitive sensors are mostly based on micro-
electromechanical system (MEMS) technology.’¥ However,
semiconductor-based devices have poor mechanical properties,
are hard and brittle, and cannot withstand large deformations.
Therefore, to replace silicon-based materials, various polymer-
based materials, such as polydimethylsiloxane (PDMS),#55-63]
Ecoflex 3151471 and polyurethane (PU),[°®727% have been
proposed and widely used as flexible substrates for capacitive
sensors. These polymers have a low Young’s modulus and a
high degree of stretchability.”") In addition to good elasticity
and toughness, chemical stability, and transparency, they also
have desirable biocompatibility®®3% and electrical insulation./
However, the unchanged volume of the polymer dielectric layer
limits the improvement in sensitivity.’”-?°l Most polymer elas-
tomers have severe viscoelasticity and interfacial adhesion,>>81
which increase the hysteresis and reduce the response speed
of the device.’"® In practical applications, especially in bio-
medicine, the response time affects the speed of signal collec-
tion and processing.***!l High hysteresis may fail to accurately
reflect the patients’ physical conditions in real time, which will
lead to a delay in treatment time.

To solve this problem, numerous researchers have designed
different microstructures to achieve greater strain of the elas-
tomer, thereby enhancing the sensing range.®¥! Both Guo and
co-workers and Zhang and co-workers used microstructured
PDMS as the dielectric layer, which proved that the distance
and capacitance change of the sensor with microstructured
PDMS are tens of times higher than those of sensors with
nonstructured PDMS.F>3 The Young’s modulus, sensitivity,
and stretchability can be improved by adding various artificially
designed microstructures fabricated of different materials. Park
et al. designed microstructures to expand the failure strain
(from 240% to 400%), low modulus, and large ratio of capaci-
tance change (from 0.25 to 1.5).°° The presence of air in the

Category Mechanism

Advantages Disadvantages

Piezoelectric sensors

Resistive sensors

Capacitive sensors

High sensitivity to dynamic pressure

Self-power ability Unable to static sensing

Simple structure Drift over time
Lower reliability

Fast response speed

Low-cost Hysteresis effect
Simple fabrication techniques

Most studied

Temperature dependent
Humidity dependent

Simple structure Low sensitivity

Temperature independent Susceptible to environmental interference
Low power consumption
Low-pressure detection limit

Fast dynamic response
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microstructures enables the surface to elastically deform when
pressure is applied, which can store and release energy revers-
ibly, thereby greatly reducing the effect of the viscoelasticity of
the matrix and helping the sensors to recover quickly during
the load-release process.’®l Finite element analysis (FEA) of
hyperelastic materials based on electromechanical coupling
simulation also proves that the usage of microstructures is
essential for sensors to achieve high sensitivity.>!

Herein, two types of sensors—pressure sensors and strain
sensors—are discussed based on the application of external
forces. First, we introduce five microstructures currently used
in pressure sensors. We also compare and analyze the effects of
different structures on improving the sensitivity, linearity, and
other performances (Section 2). Then, the four microstructures
in the strain sensor are discussed, compared, and analyzed to
determine how different microstructures improve the stretch-
ability of strain sensors and the practical application value of
strain sensors (Section 3). Finally, future development trends
and challenges associated with flexible and stretchable capaci-
tive sensors are proposed in this review (Section 4).

2. Bendable Pressure Sensors

Pressure sensing is one of the most important functions of
the human skin."”) Diverse types of sensory receptors with dif-
ferent sizes, shapes, quantities, and distributions exist on the
human skin to realize various features of pressure perception
in different parts of the skin.'!! For example, the skin on the
fingers and that on the body have different sensory fields and
sensitivities. Physiological pressure changes may also reflect
deterioration of body tissue due to diseases.® Through the
signal conversion of sensors, we can predict the underlying
diseases in the body in advance to control development of the
disease. To endow E-skin with the ability of pressure percep-
tion, pressure sensors with different sensitivity and pressure
ranges have been extensively studied to satisfy diverse applica-
tion scenarios.

Generally, the performance of sensors is related to their
capacitance and structure. If the fringing of the electric field is
negligible, the capacitance of the plane-parallel capacitor can be
expressed asl087186-%0]

A
Ceko ki 0

where ky(=8.85 X 102 F m™) is the free space permittivity, k, is
the relative permittivity of the polymer dielectric, A is the area
of the parallel electrodes, and d is the distance between the two
parallel electrodes. Because the Poisson’s ratio of the polymer
film is relatively large, the volume does not change when force
is applied. When pressure p is applied, the capacitive sensor
undergoes mechanical deformation, and the thickness d of
the dielectric layer can be calculated by the following formula
(when the deformation is less than 10%)%

E(d-d,) (2)

p=- a4
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where E is the compressive elastic modulus of the polymer,
thus, Equation (1) can be rewritten as!®

A, B
C=kok, 20 =
" dy (E-p) G)

Similar results obtained by the simulation calculations from
Bao’s group also indicate that the low compression modulus of
the polymer film has a significant effect on the improvement
in capacitance change and sensitivity.*”!l Therefore, ideal flex-
ible sensors should be as soft as possible so that d will be sen-
sitive to external stimuli. Beker et al. reduced the amount of
curing agent in PDMS (50:1) to decrease the modulus of the
film, which has a higher capacitance change and higher sensi-
tivity than a traditional PDMS film (10:1) under the same pres-
sure.’ As shown in Figure 2A, the slopes of the two tangents
represent sensitivity S at points A and B, respectively, and the
calculation equation is as follows®®!

g d(cic)

4
5 (4)

where p is the applied load pressure, AC is the difference
between the sensor capacitance values before and after the pres-
sure applied, and C, is the initial capacitance value. According
to Equation (4), when the capacitance AC is high under per unit
load p, the sensitivity will increase.

For the sensor without a microstructure, capacitance is
mainly affected by the decrease in the distance between the
two electrodes because the flat contact surface has almost no
change with uniform stress distribution under external force.[’]
Significant flexibility is observed in numerous current flexible
electronic devices by reducing the thickness d of the substrate;
however, such a method is not ideal for improving sensitivity.l’!
Although pure polymer films are indeed much easier to bend,
the unchanged volume limits the improvement in sensitivity
and pressure range.

To promote sensitivity, Bao’s group first proposed the design
of adding a microstructure to the pressure sensor in 2010.%¢ By
adding a small microstructure in the PDMS dielectric layer, the
pressure sensitivity was increased by more than 30 times com-
pared with an unstructured PDMS layer of the same size. There
are two main reasons for the significant increase in sensitivity:
i) the presence of many voids in the microstructure film is con-
ducive to a smaller elastic modulus and can provide a larger
deformation space under the applied pressure, which means
that the distance between two electrodes can change more to
further increase AC under the same pressure;[30478949% ij) the
dielectric constant of the polymer matrix (e.g., kppys = 3.0) is
higher than that of air (=1).%%4 When compression occurs, the
air volume is occupied by the matrix, and AC increases accord-
ingly.0299 Therefore, adding microstructures can signifi-
cantly improve the sensitivity of the sensors.”®% In addition,
the microstructure can also reduce the elastic modulus19%-101
and viscoelasticity, which contributes to reducing the heat loss
caused by the resistance and mechanical loss due to the adhe-
sion between the polymer dielectric layer and the electrode
layer during the load/release process. Recent research reports
have already confirmed that the microstructured or patterned
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Figure 2. A) Schematic illustration of sensitivity. B) Schematic process for the fabrication of microstructured PDMS films. C) The pressure responses
of the capacitive pressure sensors with different lengths of hemline of pyramids. D) The comparison of capacitance—pressure characteristics of the
sensors with different lengths. A-D) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://
creativecommons.org/licenses/by/4.0).°4 Copyright 2016, The Authors, published by Hindawi Publishing Corporation. E) Schematic of the differently
designed pyramid microstructures for bottom electrodes of the pressure sensor. Data: left-hysteresis, right-sensitivity. F) Illustration of the capacitive
pressure sensor based on a microstructured electrode. E,F) Adapted under the terms of the CC-BY Creative Commons Attribution 4.0 International
license (https://creativecommons.org/licenses/by/4.0).5" Copyright 2020, The Authors, published by MDPI. G) Schematic illustration of the pressure-
sensing mechanism (contact area variable capacitive). H) Pressure-response curves for present and conventional pressure-sensing mechanism.
G,H) Adapted with permission.®3l Copyright 2018, Wiley-VCH.
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dielectric/electrode layer is an ideal and effective approach for
strengthening sensor sensitivity.1%4

2.1. Micropyramid Structure

In 2010, Bao’s group first developed a high-sensitivity capacitive
pressure sensor by assembling a dielectric layer with a micro-
structure.l3% A silicon wafer with an inverted pyramid structure
was used as the template. Liquid PDMS was poured into the
pyramid structure. After curing, the cured PDMS was separated
from the mold to obtain a dielectric layer with a microstructure
(Figure 2B). Finally, indium tin oxide polyethylene terephtha-
late (ITO-PET) was vapor-deposited as electrodes to prepare the
sensor. Because the microstructured dielectric layer is highly
compressible, the sensitivity of the sensor (maximum sensi-
tivity: 0.55 kPa! in the range of 0.2 kPa) was 30 times higher
than that of unstructured sensors.’®! The advantage of the
micropyramid structure is that the stress is not uniformly dis-
tributed with stress concentrated at the tip of the pyramid.l'?!
The local stress concentration leads to large structural defor-
mation and consequently high sensitivity.' Owing to its high
sensitivity and easy tuning, the micropyramid structure has
become the most widely studied and applied microstructure in
the field of capacitive pressure sensors.

Since then, many improved methods have been proposed
for optimizing the parameters of micropyramids in the study
of microstructures. The sensitivity, sensing range, and other
related properties can be tuned by modifying the shape of the
micropyramids. The relationship curve between the sensitivity
and the PDMS pyramids at different spacings was simulated
using numerous theoretical calculation models, which con-
firmed that the pyramid interval was the main factor affecting
the capacitive sensor. The sensitivity increases with an increase
in spacing because sensors with a lower density of micropyra-
mids exhibit an increased fraction of air, resulting in a large
compressibility with a lower Young’s modulus and conse-
quently high deformation.[101103.105106] However, the spacing
between adjacent cones affects the hysteresis of the response
time due to the interfacial adhesion of the polymer matrix.[%¢!
Capacitive pressure sensors with different sizes of the micro-
structure were developed using the FEA method. When the
distance between two parallel electrodes is constant, the height
of the pyramid (H) is fixed. If the L/H ratio of the pyramid
decreases (where L is the bottom side length of the pyramid),
the angle of the pyramid top decreases and the structure of the
pyramid will become sharper. Accordingly, the proportion of the
air part increases, and the bendability of the device is improved.
Therefore, when the same pressure is applied, the mechanical
deformation of the pyramid increases (the spacing between
the two electrodes is shortened further), resulting in a larger
increase in capacitance and higher sensitivity. The results show
that the smaller the L/H ratio of the pyramid is, the sharper
the pyramid is and the better the sensitivity will be.*2U This
can be explained by the stress distribution of the pyramid
(Figure 2C).12l Furthermore, because the micropyramid-struc-
tured dielectric layer with a smaller or larger L/H ratio behaves
more like an unstructured polymer matrix, the sharper pyramid
structures produce less hysteresis.l'””) Moreover, less polymer
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means that the dielectric layer contains more air, which con-
tributes to a greater volume change and higher sensitivity at
lower pressure (Figure 2D).”2l Cheng et al. designed a hierar-
chical microstructured electrode with a combination of large
and small pyramids to obtain high sensitivity (3.73 kPa™) and
low hysteresis (4.42%) (Figure 2E).1% The few large pyramids
improve the sensitivity, whereas the small pyramids reduce hys-
teresis due to interface adhesion. Nevertheless, such a sharp
and small structure will result in nonlinearity of the high-pres-
sure range.[30°80584100.107-112] The sharply protruding part of
the microstructure can be easily compressed under an external
force; however, as the load increases, the deformability of the
microstructure becomes poor and the equivalent elastic mod-
ulus increases. The proportion of the flexible substrate in the
dielectric layer and the contact area between the opposite layer
in the microstructured sensors tends to be saturated, leading
to higher sensitivity in the low-pressure region accompanied
by nonlinearity in the high-pressure region. When the L/H
ratio of the pyramid is =2 (the top angle of the pyramid is
54.7°), the sensor can attain a balance between sensitivity and
linearity.9210107

Owing to the different thermal expansion coefficients of
metal electrodes and polymer substrates, wrinkles and cracks
are generated on the metal-film electrodes when deposited on
polymer films.*2#1 Li et al. solved this problem by bonding
PET with an ITO electrode on the PDMS film during the metal
evaporation process. PET substrates with a lower thermal
expansion coefficient and a higher Young’s modulus eliminated
the thermal expansion of the PDMS structure (Figure 2F).°U
Although ITO-PET electrodes exhibit good electrical conduc-
tivity and high light transmittance, the large elastic modulus
limits the compressibility and sensitivity of the sensor. Unlike
the traditional mechanism of using the distance change
between two electrodes to create a capacitance change, Bae
et al. used the feature of the single-walled carbon nanotube
(SWCNT)/PDMS mismatch to create micrometer-level wrinkles
on the micropyramids under external pressure (Figure 2G).
The change in contact area between the microstructured layer
and the opposite layer affected the capacitance change; thus, a
linear relationship was observed in the dielectric layer as the
pressure increased (Figure 2H).1l However, this design cannot
be employed control the size and distribution uniformity of the
micrometer-level wrinkles and cannot to be applied to mass
production.

2.2. Microneedle/Pillar Structure

If the L/H ratio of the micropyramid structure increases infi-
nitely, a similar microneedle structure will be obtained. The tip
area of the microneedle structure is smaller and the stress is
more concentrated than that of the micropyramid structure,
and sensors with microneedles have large compressibility,
which can help achieve greater mechanical deformation under
the same pressure.'M3] The distance between the two elec-
trodes is smaller under pressure, resulting in a larger increase
in capacitance and higher sensitivity (Figure 3A).3934>510L113]
For example, under the same pressure of 25 kPa, the incre-
ment in capacitance of sensors with a single-sided micropillar

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

Figure 3. A) Schematic illustration of the variations in the separation distance and the dielectric constant for different capacitive pressure sensors.
B) Relative capacitance variation of three sensors constructed by different microstructures. A,B) Reproduced with permission.?l Copyright 2019,
American Chemical Society. C) Schematic illustration for the fabrication of MGDlI-incorporated pressure sensor. The inset figure shows the MGDI
formation by changing magnitude and direction (angle) of B ing, higher magnetic field results in large size, less dense needles, and vice versa. Repro-
duced with permission.["® Copyright 2020, Wiley-VCH. D) Geometrical change during the loading process and finite-element simulation showing the
local stress distribution and deformation of capacitive pressure sensor based on SGrE, NgrE, and MGrE. Reproduced with permission.™ Copyright
2019, American Chemical Society. E) Schematic illustration of the microhairs array fabrication procedure. F) Photograph of an ant and SEM images of
its antenna composed of high aspect ratio slanted sensilla. Scale bars from left to right: 1 mm, 100 um, and 10 um. E,F) Adapted with permission.[""!
Copyright 2017, Wiley-VCH. G) Real-time monitoring of voice vibration during the pronunciations of the “sensor” and “pressure sensor.” H) Real-time
response measurement and relative capacitance change of the pressure sensor to the airflow. G,H) Adapted with permission.["®l Copyright 2019, Royal

Society of Chemistry.

structure was 70%, whereas that of sensors with a double-sided
micropillar structure was 150% because of the large distance
variation Ad, which was nearly four times as high as that of
sensors without a microstructure (Figure 3B).3% To achieve the
appropriate balance between precision, cost, and speed, Li’s
group designed a novel, large-area compatible, and mold-free
technology that used a magnetically grown dielectric interface
(MGDI) to manufacture flexible pressure sensors with high-
aspect-ratio microneedles by optimizing the concentration of
magnetic particles (MPs) and the vertical curing magnetic field
(Beuring) intensity (Figure 3C).""¥! In addition, graphene has
been widely employed to improve sensor sensitivity because of
its excellent electrical properties in capacitance sensors with a
microneedle structure. Yang et al. designed layer microstruc-
tured graphene electrodes (MGrEs) as the bottom and top
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electrodes in an asymmetrical sandwich sensor; a high sensi-
tivity of 768 kPa™! could be obtained in the two-layer MGrEs
(Figure 3D) because the roughness and compressibility of elec-
trodes was improved, which is hundreds times higher than that
of sensors with smooth graphene electrodes and ten times that
of sensors with nanostructured graphene electrodes. How-
ever, when shear forces occur, the microneedle structure layer
may slip to a certain extent with the relatively flat electrode
layer, which can reduce the robustness of the sensor and limit
its measurement range.

Bionic cilia, a special microneedle structure, considerably
mimics small hair on the surface of human skin (Figure 3E).'"%]
Pang et al. designed a pressure sensor using microhair.*® This
microhair-structured PDMS interface layer provided the skin
with biocompatibility and enhanced the signal-to-noise ratio

© 2021 Wiley-VCH GmbH
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(SNR) of the sensor by changing the effective contact between
the sensor and the irregular surface of the epidermis. Hairy
structures in animals are more sensitive than the human epi-
dermis, which helps them recognize the airflow and perceive
the existence of other organisms in the external environment
(Figure 3F).">17] Zhou et al. prepared a pressure sensor with
cilia arrays imitating the human epidermis by embedding
AgNWs into PDMS, which could be used for speech recogni-
tion (Figure 3G) and airflow monitoring (Figure 3H), expanding
the application range of the sensor.'®! Although the output
pressure capacitance curve of this device remains linear in the
range of 0-12 kPa, the data showed nonlinearity in the range of
0-200 kPa. This feature is similar to the nonlinear mechanical
behavior of human skin,®l however, which is unfavorable to the
deformation degree of the object, thereby limiting the applica-
tion of sensors with microneedle structures.

2.3. Microdome Structure

The microdome structure can endow the sensor with the ability
to distinguish between different forces. This hemispherical
structure can generate specific deformations according to the
type and direction of the applied force, which detects and dis-
tinguishes various mechanical stimuli, including pressure,
shear, bending, and torsion."812% Takahashi et al. simulated
the variation principle of capacitance change in a microdome
sensor using a simplified flow model (Figure 4A)."?!U It was
equipped with a novel capacitive force sensor with a polymer
dome structure containing silicone oil instead of fragile elec-
trodes at the location of the applied force. When pressure was
applied, the oil was pushed into the surrounding thin channel,
and the changes in capacitance due to the inflowing dielectric
oil were measured between the top and bottom electrodes of
the channel .11

Xiong et al. fabricated a microdome PDMS electrode layer
with a large deformation in both the distance between two
electrodes d and the changed contact area A (Figure 4B).]
The experiment and FEA indicated that d and A synergisti-
cally caused a significant increase in the capacitance, leading
to an observable improvement in its sensitivity (30.2 kPa™)
(Figure 4C).”l Compared with the unstructured electrode
layers, the discontinuous microstructure has more concen-
trated stress under the same pressure conditions, resulting in a
larger stress concentration and mechanical deformation, even-
tually improving the sensitivity of the sensor.’”7¥l Beccai's group
applied FEM to create a simplified model of a double-layer
microdome structure to evaluate the deformation and stress dis-
tribution of different microdome shapes, which proved that the
ability to distinguish normal and shear forces can be achieved
by adjusting various parameters (Figure 4D).23 Boutry et al.
designed a hierarchically patterned, bioinspired E-skin by com-
bining micropyramids with microdomes (Figure 4E), which
also proved that the microdome could detect the direction of
applied pressure (Figure 4F).” In addition, they fabricated new
biomimetic E-skins with phyllotaxis spiral grids inspired from
botany to combine high sensitivity and a fast time response
(Figure 4G)." Similar to this double-microstructured sensor,
Cheng et al. presented a polymer-based capacitive sensing array
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integrating a microdome and hole, which could measure the
normal and shear force based on changes in the air gap and
capacitance of the cells on sensing elements (Figure 4H).[?2

However, the microdome structure may cause a sharp reduc-
tion in sensitivity as the load increases. The microstructure
layer will contact the corresponding electrode layer with the
applied pressure, and the sharp tip of the pyramid has a small
contact area with the corresponding electrode; thus, the load
change can be sensed in real time. In contrast, the semicircular
structure at the top of the microdome is relatively smooth. As
the contact area increases when a load is applied, the stress will
evenly be distributed throughout the microstructure, rather
than being concentrated on the sharp top like the micropyramid
structure, which leads to insensitivity of the sensor to pressure
changes. As the load increases, the semicircular structure is
rapidly flattened (Figure 4I), which also reduces its deform-
ability and linear range. Therefore, the pressure response of the
sensor with microdomes is similar to that of a sensor without a
microstructure.'24

2.4. Microporous Structure

Natural multilayer porous structures are abundant in mush-
rooms, diatoms, and sponges (Figure 5A).12] Such a large
number of porous structures enable them to have a sufficient
elastic deformation space under external forces, %2l which can
provide a large pressure sensing range from several pascals
to tens of kilopascals.”¥ The air trapped in the holes with a
closed-cell structure acts as a spring.®!l When an external force
is applied, the thin columns between the two pores undergo
buckling, and the critical buckling force is inversely propor-
tional to the length of the thin column.'2¢1?’] Therefore, a large
hole with a large deformation has a small compression mod-
ulus, resulting in high sensitivity.'>'28 A device with a porous
dielectric structure has high compressibility, fast rebound
speed, and a large linear pressure range.'?! Moreover, the
volume fraction of air in this porous structure is so high that
the sensor is ultralight™?% and causes almost no hindrance in
daily life activities. In addition, the porous structure has good
permeability because of which the normal excretion functions
of human skin (e.g., excretion of sweat and body fluids) are not
affected and the occurrence of allergies is reduced.3% There-
fore, polymer foams imitating natural structures have greater
mechanical deformability than bulk polymers, and can be
employed for heat insulation, vibration damping, and pressure
absorption in the automotive and construction industries.['!
The manufacture of molds with microstructures is not suit-
able for low-cost large-area production. For example, microp-
yramids usually require complex photolithography, chemical
etching, 38134136 and subsequent processes with multiple steps,
such as demolding. In contrast, the methods for preparing
porous structures are usually simple; for example, pores left by
sugar dissolved in water (Figure 5B);I*>”"13] by water volatilized
at a high temperature, which does not affect other materials
such as the polymer matrix (Figure 5C);¥13% and by heating
ammonium bicarbonate (NH,HCOs), the foaming agent
commonly used in the food industry, which produces carbon
dioxide (CO,) after heating (Figure 5D).32l These methods are
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Figure 4. A) Schematic of flexible microdome pressure sensor. Adapted under the terms of the CC-BY Creative Commons Attribution 3.0 Unported
license (https://creativecommons.org/licenses/by/3.0/).211 Copyright 2012, The Authors, published by MDPI. B) Schematic of distance and contact
area changes when sensors without/with microstructure were loaded. C) Force analysis cloud diagram of the sensors without microdome and sen-
sors with different dielectric layer thicknesses of 4, 7, and 10 um, respectively. B,C) Adapted with permission.’”) Copyright 2019, Elsevier. D) Schematic
showing displacement of the structure for side and normal pressure. E) Human skin inspired E-skin. F) Schematics showing that the sensors were
possible to measure and discriminate in real time normal and shear forces and forces applied in various directions. G) Measured response charac-
teristics of E-skin, for arrays of five-by-five capacitors with orthogonal and spiral grids of pyramids. D-G) Adapted with permission.’ Copyright 2018,
The Authors, published by AAAS. H) Schematic of a shear stress sensing element: a) without applied forces, b) with a normal force, and c) with a
shear force. Reproduced under the terms of the CC-BY Creative Commons Attribution 3.0 Unported license (https://creativecommons.org/licenses/
by/3.0/.1%2 Copyright 2010, The Authors, published by MDPI. 1) Schematic of structural changes of different microstructures under the same pressure.
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Figure 5. A) Photograph of a Spongia officinalis. Reproduced with permission.['?l Copyright 2016, Wiley-VCH. B) Fabrication process of the micro-
porous dielectric film by sugar. Adapted with permission.[*? Copyright 2017, Elsevier. C) Fabrication process of an elastomer film with well-distributed
micropores. The cross-sectional image of a portion of the porous PDMS film, observed with the SEM, was also shown. The scale bar represents 50 pm.
Reproduced with permission.’l Copyright 2016, Elsevier. D) Schematic illustration of one-step processing of the microstructured PDMS film based on a
mixture of PDMS prepolymer and its curing agent with NH,;HCO3 and its seamless integration into the process flow for fabricating a flexible capacitive
sensor. Adapted with permission.[32l Copyright 2016, American Chemical Society. E) Capacitance—pressure curves of porous structures with different
pore sizes and unstructured sensors. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://crea-
tivecommons.org/licenses/by/4.0).33 Copyright 2020, The Authors, published by Springer Nature. F) Hysteresis characteristics of the PEMC-based
pressure sensor. G) Schematic illustration of structural change of the PEMC under compressive loading, and AC/C, of the PE and the PEMC under
compressive loading. F,G) Reproduced with permission.”!l Copyright 2020, American Chemical Society. H) The AC/C, as a function of the applied pres-
sure. Note that for each weight ratio of water (c,,), three different samples were used for the measurements. |) The dependence of the transmittance
of the PDMS films on ¢,, from 0 to 0.3 in the visible range. H,l) Reproduced with permission.[*] Copyright 2016, Elsevier.
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simple, low-cost, and environmental-friendly. The foam-like
dielectric film can withstand pressure, bending, and strain.
The sensor sensitivity was adjusted according to foam density
(Figure 5E).['*% Increasing the porosity can improve the sensor
compressibility and expand the sensing range (Figure 5F)."!
Park and co-workers produced a simple, economical, and
highly sensitive capacitive pressure sensor based on a porous
Ecoflex-multiwalled carbon nanotube composite (PEMC) mate-
rial. Because of the synergistic effect of the elastomer porous
structure and the CNT fillers, PEMC exhibits a high capacitance
change than porous Ecoflex (PE), thus increasing sensitivity
(Figure 5G)."Y The pores in the entire volume of the com-
posite material can reduce the volume fraction of the elastomer,
thereby reducing its viscoelasticity and achieving a revers-
ible sensor response without obvious hysteresis. Although the
increase in porosity helps increase the AC/C, ratio under unit
load of the sensor (Figure 5H), the light becomes scattered,
which can affect the transparency of the device because of the
existence of holes. When the porosity increases, the light trans-
mittance of the sensors decreases (Figure 51).1

Although an increase in the air ratio can effectively reduce
the mechanical modulus and improve sensitivity,®] the cur-
rent methods for preparing porous structures are usually
uncontrollable. Even if the amounts of reagents or compounds
used for volatilization are controlled, the uneven spatial distri-
bution of pores greatly limits the practical application of the
Sensor.

2.5. Natural Plant-Based Structure

Commonly employed methods used to prepare microstruc-
tures can easily be used to realize soft imprinting of precision
molds, thus obtaining accurate microstructures.107.134-136]
Nonetheless, these methods usually require complicated and
time-consuming mold transfer processes, which are expensive,
thus making it difficult to expand production, and require haz-
ardous chemicals. Waste disposal and environmental pollution
caused by E-waste are also challenging problems.?¥138l Com-
pared with these microfabrication methods, natural materials
have been extensively studied for their environmental protec-
tion, abundance, renewability, sustainability, degradability, and
low cost.3%M0] Natural templated sensors can also achieve the
same performance without expensive and sophisticated instru-
ments and processes and are safe and commercially promising
for the development of E-skin.

Leaves or petals have rough microstructures on their sur-
faces, and their use as templates can significantly improve sen-
sitivity.*"] The microtower array structure (micrometer level)
on the surface and the hydrophobic surface for easy demolding
of natural lotus leaves has been widely studied.>™! The lotus
leaf can be reused several times as a mold, and the microcyl-
inder does not change as fresh or dry. Zhang’s group used
a lotus leaf as a template to prepare a uniform microporous
electrode (Figure 6A).®Y The micropores in the PDMS/Au
electrodes were rearranged via the action of the polystyrene
(PS) microspheres in the dielectric layer under applied pres-
sure (Figure 6B), to ensure that the flexible device had high
sensitivity and reproducibility. Guo’s group used a lotus leaf as
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a template to provide a bionic micropattern (height-to-width
aspect ratio of over 2) as a flexible dielectric layer on the PDMS
film and covered the film by ultrathin AgNWs as the bottom
electrode (Figure 6D).> Both methods can significantly
expand response range of the sensor (from 200 to 500 kPa,®4
and from 6 to 8 kPal®”) and further improve the sensitivity
(from 0.038 to 0.815 kPa™',® and from 0.352 to 1.194 kPa~'5%)
(Figure 6C,E).55% In addition, Guo’s group proved that the
Ad|/d ratio of sparse microtowers is twice that of dense micro-
towers owing to the large local stress concentration and is
=20 times higher than that of flat PDMS.P°) The hierarchical
structure of the micropapillae and nanofolds on the surface of
red rose petals provide the necessary roughness to the pres-
sure sensor, and the experimental results obtained by the
natural hierarchical microstructure showed good linearity
(Figure 6F).13%142] In addition, rose petals can act as dielectric
layers. While pressure sensors with fresh petals have a high
sensitivity (1.54 kPa™!) because of the electronic double layer
that is contributed by the ionic liquid in the fresh petal, sen-
sors with dried petals have a foam-like hollow structure with
high compressibility (Figure 6G).*°] The petals can be treated
using different methods according to the actual application to
achieve the desired effect.

This method of using natural plants as templates is simple
and effective but is inherently flawed. It completely depends on
the existing natural materials and the shape, size, and spacing
of their microstructures, which cannot be controlled or modi-
fied. Therefore, the prepared microstructures cannot exhibit a
uniform morphology.*”! Moreover, some templates have prob-
lems such as poor spatial distribution and uneven shape and
size, which result in significant differences in the performance
of different batches and difficulty in large-scale, high-resolu-
tion, and standardization production.

2.6. Discussion

The performances of pressure sensors based on microstruc-
tures are shown in Table 2. A comparison of the effects of the
five common microstructures on capacitive pressure sensors
is presented in Table 3. Both porous and natural plant-based
structures have inherent inconsistencies. Owing to the uni-
formity of arrangement and distribution as well as the differ-
ence in pore-forming grains themselves, the pressure response
of the sensor is diverse, which is reflected in the various effects
of the applied force on the structural deformation, resulting in
a large standard deviation in the preparation process. Among
the existing high-sensitivity flexible pressure sensor devices,
the nano- or microscale structures are the most commonly
employed methods to obtain high sensitivity, especially micro-
pyramids.?%192l Many researchers have constructed different
microstructures through FEA, which have proved that sensors
with micropyramids exhibit better performance than other
microstructures because micropyramids have a high stress
concentration and geometric deformation under the same
pressure.P#9910118] Ty achieve higher sensitivity, Park’s group
reported an ultrahigh sensitive pressure sensor-based porous
pyramid dielectric layer (Figure 7A).* Combining the charac-
teristics of the two types of microstructures, the sensors have
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Figure 6. A) Schematic of the fabrication process for micropatterned PDMS film. B) Schematic representation for the deformation of capacitive sen-
sors with and without micropatterned PDMS/Au electrodes. C) Real-time capacitance response curves with stepwise applied forces of microstructured
sensor, nonpatterned sensor, and commercial force gauge. A-C) Adapted with permission.®4 Copyright 2016, Wiley-VCH. D) Schematic illustration
for the fabrication of micropatterned tactile sensor. E) Sensitivity of the micropatterned and nonpatterned sensor. D,E) Adapted with permission.>’l
Copyright 2017, Wiley-VCH. F) Natural materials and device structure: a) photograph of red rose petals; b) SEM image of the rose petal dried by critical
point drying; c) cross-sectional SEM image of the rose petal. G) AC/C, and sensitivity as a function of pressure of the E-skins based on the natural
materials. F,G) Adapted with permission.* Copyright 2018, Wiley-VCH.
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Table 2. Summary of the performance of the pressure sensors based on microstructures.

Type Polymer Materials Sensitivity Response time/ Cyclic Detection  Pressure range Year Refs.
matrix [kPa~] recovery time [ms] stability limit [kPa]
Micropyramid PDMS - 0.55 - - Afly 8 2010 [36]
Graphene - 50/- 1000 - 5 2018 [105]
- - 165/132 - - 200 2018 [107]
AgNWs 0.831 30/60 10 000 1.4 Pa 10 2018 [50]
Pt/BOPP 3.73 21/- 10 000 0.1Pa 100 2018 [106]
rGO + SWCNT 07 50/— 20 000 25 2018 [93]
Ti/Au + parylene 70.6 - 10 200 (300 Pa 1 Pa; rice: 0.35 2020 [57]
press)? 24 mg
TPU SWCNT + graphene - - - - 500 2015  [76]
PHB/PHV PGS 0.76 +0.14 - 8000 5mg 10 2015 [109]
P(VDF-HFP) EMITFSA 41.64 <20/- 5000 <400 Pa; 40 mg 50 2017 [229]
Microneedle/ PDMS - 0.0326 mN™! - 20000 - - 2014 [54]
pillar
AgNWs 0.28 100 10 000 2 Pa 200 2019 [116]
Graphene 7.68 30/28 1000 1mg 4 2019 [114]
Ag@Ni - 49/51 9000 1.9 Pa 145 2020 [113]
PU - 176 - - - 6 2012 [230]
PET PVDF + AgNWs 2.94+0.25 <50/- 1000 <3 Pa 7.5 2017 [82]
P(VDF-TrFE) - 0.35 48/60 3000 4Pa 25 2019 [39]
Microdome PDMS - 1.67% mN~! - - 26 mN 0.36 N 2010 [122]
- - - - 3mN 0.75N; 5.75Pa 2012 [62]
- 2.8 - - - 3000 2014 [237]
- 0.2 - 5 - 120 2015 [124]
PVDF 30.2 25/50 100 000 0.7 Pa 800 2019 [57]
(15 Pa press)?
PU CNTs 0.19+£0.07 - 30 000 27¢g 680 2018  [74]
Porous Purchased + water PDMS TiO, + SrTiO; + 0.00324 - - - 40 000 2015 [232]
PMN-PT
NH,HCO; - 0.26 - 3000 1Pa 1000 2016 [132]
Deionized water - 118 150/— - 0.2 kPa 5 2016  [47]
Ps beads - 0.6 40/- 10 000 2.42 Pa 14 2016 [125]
Water-in-oil emul- Carbon black 35.1 - 100 - 12 2019 [33]
sion method
Sugar - 0.51285 200/ 100 400 2017 [52]
Ecoflex CNTs 0.601 - 10 000 0.16 Pa 40 2016  [65]
Sugar + NaCl Conductive fabric 0.0121 - 100 - 100 2017 [233]
Sugar template MWCNT 6.42 <100/- 10 000 - - 2019 [77]
(10 kPa press)?
As-prepared PET rGO 0.8 100/100 1000 0.24 Pa 4 2016 [129]
Purchased PVDF lonic liquid 1.194 40/- 5000 - 120 2020 [37]
Natural plant-based Lotus leaf PDMS - 0.815 38/- - Hair: 18 Pa 500 2016  [84]
- 1.194 36/58 100 000 <0.8 Pa 10 2017 [55]
Calathea zebrine [EMIM][TFSI] 54.31 29/32 5400 Leaf: 0.1 Pa 120 2018 [234]
Rose petals + rose - 1.54 - 5000 0.6 Pa 15 2018 [139]
leaves
Rose petals - 0.055 300/280 - - 10 2019 [142]
Porous-pyramid- - 44.5 - 5000 0.14 Pa 35 2019 [144]

based (400 Pa press)

AThe contents in parentheses indicate the test conditions for cyclic stability experiments.
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Table 3. Comparison of the five common microstructure influences on pressure capacitive sensors.

Type Schematic Advantages Disadvantages Summary Challenge
Micropyramid First proposed Small linear range Uniform 1) Nonlinear at high pressure
The best performance Controllable 2) Unstable nonstationary contact

Expensive 3) Small capacitance/easily affected
Complex 4) Device thickened or opaque

Microdome Distinguish between dif- Greater viscosity

ferent forces Less deformability
Microneedle/pillar Larger deformation Viscoelasticity
Distinguish different forces High loss
Microporous Light mass Uneven hole size and Uneven

Low hysteresis
Fast response speed
High compressibility

Natural plant-based Simple
Green
Low cost

Easy to get

distribution Uncontrolled
Low-cost

Simple

Difficult to standardize

production

more air phase, which results in a low modulus, large change
in the dielectric constant under pressure, and consequently, a
high sensitivity (44.5 kPa™).

Although these uniform microstructures can improve the
sensitivity, they exhibit nonlinearity in the range of higher pres-
sures.[30:586584100,108-12] nder specified conditions, linearity is
defined as the percentage of the maximum deviation and the
full-scale output value between the sensor’s static calibration
curve (the actual curve) and the fitted curve. A high degree of
nonlinearity affects the judgment of the object deformation
degree and augments the uncertainty between the output and
input values. From a mechanical viewpoint, the sharp parts
of the microstructures allow it to be easily compressed under
external forces. However, the microstructures are gradually flat-
tened as the load increases, and their deformability reduces as
the elastic modulus increases. The proportion of the polymer
matrix in the capacitive device and the contact area between
the microstructures and opposite surfaces tend to be saturated.
Thus, the corresponding curve of the capacitance value and load
has a higher sensitivity in the low-pressure range and nonline-
arity in the high-pressure range. This phenomenon complicates
the relationship between capacitance and pressurel!®! and dete-
riorates the reproducibility and reliability of the sensor under
high input loads.®¥ By analyzing the pressure-response curves
of different microstructure sensors, Miller and Bao found that
the pressure response produced by nonuniform, polydisperse
structures is more linear and has higher sensitivity under high
pressures.'2l When the dielectric contains nonuniform micro-
structures, only the higher microstructures are compressed ini-
tially, and then, the other smaller microstructures will begin to
be compressed with an increase in load. This structure with a
nonuniform distribution has higher sensitivity and better lin-
earity than a single uniform microstructured dielectric when
compressed at higher pressures.'”] However, the effects of
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various methods to improve linearity are not ideal, and the defi-
nition of the high-pressure range varies for each study. There-
fore, the performances of sensors developed in different studies
cannot be accurately compared due to the lack of standardized
parameters.

The presence of air in the microstructure is also an impor-
tant factor that affects the stability of the sensor. When a small
force is applied to the device, the gas phase is easily deformed,
thus improving the sensitivity of the sensor.®2%% However,
this design has inherent defects, and the air in the dielectric
layer can cause unstable baselines and unreproducible sen-
sitivity.*07184 Luo et al. tightly combined the connection part
of the tilted micropillars array and the corresponding elec-
trode layer to eliminate the existence of an unstable air phase
(Figure 7C).1#¢l The tilt of the micropillar was used to replace
the compression deformation under load so that the sensor
exhibited high deformation (Figure 7D), a large capacitance
change (Figure 7E), high stability, mechanical robustness, and
a reliable capacitive response.l%l Because of these characteris-
tics, the device does not need to be repaired or replaced after
mechanical damage in normal use; however, the problem of
nonlinearity still exists.

Because most microstructures are on the micrometer scale,
which causes a certain amount of light scattering, the device
becomes thicker or opaque (Figure 7F,G)l37100147148] and affects
the practical application of the sensor. In addition, the capaci-
tance value of the electromagnetic interference in circuits
and the environment (or human body) usually reaches the pF
level.1961] In the presence of air in the microstructure, which
reduces the initial capacitance, sensors are easily disturbed by
external noise sources and exhibit large discrete errors.?70:150
This problem harms the measurement accuracy and repeat-
ability, which limits its application in weak signal detection and
high-density integration %8151
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Figure 7. A) Schematic and B) capacitance and sensitivity versus pressure of capacitive pressure sensor based on porous pyramid dielectric layer.
A,B) Reproduced with permission.['¥l Copyright 2019, American Chemical Society. C) Schematic diagram of the capacitive pressure sensor fabrica-
tion process. D) Electrode displacement versus pressure curves of different structures, obtained by FEA. E) Pressure-response curves of the capaci-
tive pressure sensors for dielectric layers with bulk film, vertical micropillar array, and tilted micropillar array. C~E) Reproduced with permission.*l
Copyright 2019, American Chemical Society. F) Schematic diagram for the opaque mechanism and SEM images of the porous PVDF film (inset).
G) Photograph of the porous PVDF film. F,G) Adapted under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://
creativecommons.org/licenses/by/4.0).3”] Copyright 2020, The Authors, published by Wiley-VCH.

3. Stretchable Strain Sensors The deformation of stretchable dielectrics under tension
is mainly affected by the Poisson’s ratio of the dielectric and
Although high sensitivity is an important sensing performance  flexible substrate.®”! Owing to the Poisson effect, longitudinal
parameter, most pressure sensors can only bend in a single  stretching of the capacitive sensor causes an increase in the
direction and do not allow multiple repetitions of double-cur-  length, whereas its width and thickness decrease (Figure 8A).
vature bending and plane shear.">” Comparatively, stretchable ~ The linear mechanics of this process can be described as
sensors can better attach to surfaces similar to the human skin,  follows[®871.86-8%
which is of more practical value.%153] Because the human body
comprises numerous nonflat surfaces and has a fine topology, Al (5)
it is difficult to use real-time diagnosis to closely attach the 1
sensor to such irregular and rough structures.*® To solve this
problem, the sensor circuit must be stretchable and flexible,
compatible with the compliance of natural biological tissues, & =& =~ V& (6)
and potentially incorporated into wearable technology and
E-skin of soft robots. Compared with traditional rigid electronic
components, these circuit elements maintain their sensing
function even when stretched to several times their natural =~ Wsween =W =AW =w—ve,w =w(1-ve,) ()
length.[68] Ogweren =d-Ad =d—ve, d=d(1-ve,)

lStretch = l+Al:l+£xl=l(1+£x)
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Figure 8. A) Response mechanism of the parallel plate capacitors under tension. B) Wave structure response to tension and compression. C) Sche-
matic illustration of the process for fabricating wavy metal electrode on a polymer substrate. D) Process flow of the inkjet-printed stretchable Ag elec-
trode. A-D) Adapted with permission.l'*®l Copyright 2011, American Institute of Physics. E) SEM images of 2D Ag microwrinkles on flat PDMS surface
prepared via different conditions: varying PDMS crosslinking ratio as: a) 10:1, b) 15:1, and c) 20:1, under the same electroless deposition time (60 s);
varying electroless deposition time as: d) 60's, €) 90 s, and f) 120 s, with the use of PDMS at a given crosslinking ratio (20:1), and pressure-response
curves of sandwiched Ag wrinkle sensors with the different combinations of PDMS crosslinking ratio and Ag deposition time. E) Adapted with permis-
sion.['"7) Copyright 2016, American Chemical Society. F) Schematic of the capacitive pressure sensor, and real-time response of the flexible pressure
sensor to voice vibrations. Adapted with permission.l82 Copyright 2017, American Chemical Society. G) The relative capacitance change versus the
normal pressure as a function of the wrinkled structures of the Ecoflex template, using PMDS electrodes coated with Au. Adapted under the terms of
the CC-BY Creative Commons Attribution 3.0 Unported license (https://creativecommons.org/licenses/by/3.0/).°8 Copyright 2017, Royal Society of
Chemistry. H) SEM image of electrode surface, and capacitance change as a function of time for sensors subjected to step deformation at different
strain levels. Adapted with permission.["% Copyright 2017, Wiley-VCH.
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lsn'etch Wsitretch
Cstretch = kO kmarrix (7

dsrretch

= kO kmatrix

l(1+£x)w(1—vsx)]
(8)

d(1-ve,)
= kOkmatrix (lﬂ )1 +£x
da

=Cy(1+¢,)

where I, w, and d are the length, width, and thickness of the
sensor, respectively, and €, ¢, and &, represent the strains
applied on the x, y, and z axes, respectively; Ly etch, Wstretchr annd
dgeten are the length, width, and thickness of the sensor after
applying strain, respectively, v is the Poisson’s ratio of the flex-
ible substrate, k, is the vacuum dielectric constant, and kaix
is the relative dielectric constant of the flexible substrate. The
results indicate that when strain g, occurs, the stretched capaci-
tance Cypeen 18 (1 + &) times that of the initial capacitance Cj.
Therefore, the structure should be changed to achieve high
stretchability and deformity for high sensitivity.

Wearable sensors must measure high levels of strain (e.g.,
50% or more) to detect human posture or movement.'> Most
polymer elastomers have a certain degree of stretchability; how-
ever, traditional metal electrodes cannot withstand large ten-
sile deformations and cannot generally be stretched to exceed
a strain level of 1-2%.1°%1 Hence, long-distance propagation of
cracks cause electrode discontinuities in the metal deposition
area, which reduces the conductive paths and the overlapped
conductive electrode areas, thereby adversely affecting the lin-
earity and sensitivity of the sensor.> Therefore, most studies
have focused on geometric modification of the electrode layer
to allow the deposited metal to exhibit stretchability under high
strain.[156160-165] However, although there is strong adhesion
between the hard electrode layer and the soft dielectric layer,
excessive deformation will cause the electrode layer to crack and
lose conductivity, thereby affecting the accuracy and service life
of the sensor,71%] because of which the sensors cannot meet
requirements of stretchable flexible electronic products. There-
fore, introducing microstructured metal electrodes is important
to improve the stretchability of sensors.

3.1. Wave/Wrinkle/Buckling Structure

Wrinkles are special structures that imitate the texture of
human skin or fabric surfaces,'1% and can be applied to both
pressure and strain sensing (Figure 8B). At present, numerous
electrodes are fabricated using hard metal or carbon materials
with a polymer matrix; however, their conductivity decreases as
the applied strain increases, which affects their performance
under tensile conditions.'®] The wrinkle structure can endow
hard materials such as metals or semiconductors with the
ability to withstand deformation. The manufacturing methods
for wrinkles are low-cost and uncomplicated.'%®l Wrinkles
are generally achieved by depositing a film or metal electrode
with a high modulus on a prestrained elastic substrate, and
the system relaxes after being released to form a sinusoidal
corrugated structure (Figure 8C).210470-1721  Fyrthermore,
results similar to wrinkles can be obtained without prestrain
using a wave-shaped elastic substrate before film deposition
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(Figure 8D).°6173-155] To produce an ideal wrinkle structure,
the polymer surface is usually treated with ultraviolet/ozone
(UV/03) or plasma.l'®® PDMS surfaces are selectively activated
by UV/O; exposure or oxygen plasma treatment, which irrevers-
ibly forms strong siloxane bonds (—O—Si—0—) with other film
surfaces,[7177l whereas inert areas (unexposed areas) retain the
unmodified surfaces that interact through only weak van der
Waals forces with other surfaces.l”7#1° The wrinkle structure is
similar to a sinusoidal curve, and the nonlinear analysis of its
initial buckling geometry is as follows!!72180.181]

T h’eled‘rode
V&

Epre 4

A,O:

©)
AO = h’eleclrode

c

where A, is the initial wavelength, A, is the initial ampli-
tude, helecirode 18 the thickness of the electrode layer, &
is the prestrain applied to the flexible polymer substrate,
Eoun(1- vezlectmde)
Edectrode (1= vszub)
strain, Eg, is the Young's modulus of the flexible substrate,
Eelectrode 18 the Young’'s modulus of the electrode, Vi iode is the
Poisson’s ratio of the electrode, and v, is the Poisson’s ratio of
the flexible substrate. As can be seen from Equation (9), both 4,
and A, in the initial state linearly depend on hgjeciroqe; hOWever,
only Ay is related to €y, whereas 4, is independent of &

When g, > &, the wavelength A and amplitude A of the
buckling structure change with g, 72150181

23
g =0.52 :| represents the critical buckling

Ao
(1+&,)(1+E)"
A
ST+ 1+E)"

(10)

A
7 S represent changes in the expected
pre

where 2o and
+ Epre

wavelength and amplitude based on the mechanics if accordion
bellows, & = 5,(1 + &yre)/32, which depends only on .

When the buckling structure is subjected to an external force
Expplied> the wavelength and amplitude of the buckling structure
change with &,,;eq7% 150181

)’0 (1 + gapplied )
(1 FEpe ) (l F Eapplied T g)lﬂ
gpre B gapplied -1
&

1+ Epe (14 Euppiied +§’)”3

where {= 5(&ye —
Epre and Eapplied-
Gao et al. adjusted the wavelength and amplitude of wrin-
kles by adjusting the crosslinking ratio of the polymer substrate
or electrode deposition time, thereby adjusting the sensitivity
and sensing range of the sensor (Figure 8E).*”] The polymer
crosslinking ratio can also adjust the viscoelasticity of the
matrix to form a relatively strong adhesion with the electrode

(11)

A= h’electrode

Eapplied) (1 + &pre) /32, which depends on both
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layers, thereby ensuring good structural stability under repeated
loads.l®%] However, the electrode layer inevitably cracks because
of the mismatch in the elastic modulus between the hard elec-
trode layer and the soft dielectric layer,”®1%! thus shortening
the service life of the sensor.

For pressure sensing, the air part in the wrinkles can reduce
the effective mechanical modulus,™! which will improve sensor
sensitivity.'®2 Zhu's group processed a prestretched PDMS
film through a dry low-pressure air plasma to produce a flex-
ible sensor, which exhibited good performance in the noncon-
tact mode, such as in the process of detecting sound vibration
and airflow (Figure 8F).2 The plasma treatment method is
uncomplicated, efficient, and convenient to operate; however,
while excessive corrosion or secondary pollution may occur
on the surface of the material 82108182183 Chen et al. used a
sodium hydroxide (NaOH)-treated crosslinked poly(methyl
methacrylate) (PMMA) film as the separation layer to prepare
an ultrathin and ultralight (<60 g m™) solution-based layering
polymer film. The AgNW/PMMA film was attached to pre-
stretched PDMS film, and then, the PDMS film was released to
its initial state to form a wrinkle structure.' However, NaOH
is strongly alkaline, highly corrosive, and using it in the prepa-
ration process is a dangerous task, which pollutes the environ-
ment. Baek et al. prepared a wrinkled Ecoflex film by simple
stretching and releasing to produce a wrinkled surface micro-
structure with a size of tens of micrometers.>® The effect of
the surface microstructure of the wrinkled film on the sensor
performance was systematically studied by comparing the
unwrinkled film, single-sided wrinkle film, and double-sided
wrinkle film. The double-sided wrinkled pressure sensor can
effectively improve the sensitivity of the sensor and speed up
the response and release time compared with unwrinkled film
(Figure 8G).[%8l

For strain sensing, the wrinkled structure can absorb the
main tensile strain when the flexible substrate is released(!®!
and can continuously transform the tensile strain into
bending, thereby adapting to external deformation and effec-
tively improving the stretchability of hard devices!™>3! without
mechanical damage.'® Using the anisotropic characteristics
of the wrinkles and buckling structures, strains in different
directions can be distinguished, thus allowing the sensors
to accurately monitor the motion and surface state of target
objects.®®18”] Arab Hassani et al. prestretched a double-sided
adhesive acrylic elastomer to 200%, and then released it and
added it to the polyimide (PI) substrate to obtain a sensor with a
wrinkled structure to monitor force and tension.88l Atalay et al.
created a wrinkled structure by a combination of direct-write
laser raster and biaxial stretching, which can greatly improve
the stretchability of the soft sensor and conductive electrode,
with an electrode conductivity of the electrode up to 250% and
a linear output of capacitance sensor up to 85% (Figure 8H).['%%]

The performances of the sensors based on the wrinkle struc-
ture are shown in Table 4. Methods for fabricating microstruc-
tured molds using spontaneous buckling of polymer films are
simple, low-cost, and useful for most flexible devices converted
to stretch.’>3l However, the mechanical properties of metal
materials limit further improvement of their stretchability.
Moreover, their microstructures are irregular and uncontrol-
lable. The pressure sensor has poor stability and reliability for
different batches of samples.? In addition, the stretch-release
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process may lead to the appearance of rough surfaces, which
is not ideal for practical applications.>3] Texture-based sensors
have poor elasticity in the operating range, have a low baseline
capacitance, and are susceptible to mechanical friction with
high hysteresis.""!

3.2. Serpentine Structure

Although numerous studies on wrinkles have been con-
ducted, stretchability is only allowed in the direction of the
fold, which leads to poor flexibility or little stretchability in
other directions.™® The fractal-inspired serpentine struc-
ture allows biaxial strain and even distortion that extends out
of the device plane by selective attachment to the elastic sub-
strate.180189-193]  Fyrthermore, nonstretchable squares can
be repeatedly cut and subdivided into smaller squares. After
multiple subdivisions, the structure becomes more compli-
cated, the scalability becomes stronger, and the stretchability
is improved (Figure 9A).%Y Using a similar method, the ser-
pentine structure buckles due to the change in amplitude or
wavelength when the applied strain reaches a critical value
(Figure 9B).1°>1%] Without stress concentration, the structure
can prevent the material from delamination or cracking,"]
ensuring that the strain on the metal electrodes is maintained
below their elastic limit. Therefore, the electrode maintains a
conductive path during the deformation process and achieves a
greater range of stretchability.[169191198,199]

A serpentine structure can be considered to be a simple
structure composed of two straight lines with a length of
and a semicircle with a diameter of |, (width w and thick-
ness #).[161200200 Through modeling and experiments, the
deformation process of the serpentine structure can be

divided into three stages: 1) the wrinkling stage (+ < 2 pm,
1

t [ 3Ew P ! . o .
—< > | ——): the elastic stretchability first increases and
w Eelectrode 2w

then decreases as t increases; 2) the buckling stage (2-50 um,

1

E. P
SEw ' 1 <t 1): the elastic stretchability monotoni-
Eelect‘rode 2w w

cally increases to saturation with ¢t (when t = 45 um, elastic
stretchability is 100%); 3) the shearing stage (t > 45 um, 1< %):

the elastic stretchability is independent of t (Figure 9C).1Y In
the above equations, Egy, and Eqeqoe are the plane-strain mod-
ulus of the flexible substrate and the electrode, respectively, and
usually Eqp < Eerecroge 142 The results suggest that in addi-
tion to the influence of the cross-sectional aspect ratio t/w, the
elastic stretchability of the serpentine structure also increases
when the yield strain and serpentine spacing (I/w) increase.l?’!

In addition to adjusting the parameters to enhance duc-
tility (Figure 9D), the fractal design of serpentine geometry
also exhibits response characteristics of orientation and spa-
tial customization.?°2 The rich fractal graphics can be used as
a space-filled structure with generalizable design rules, which
can be promoted and installed on the skin as a wearable device.
Kim’s group designed a sensor array with a serpentine struc-
ture so that its stretching could be adjusted according to the
dynamic mechanical characteristics of the target skin segment
(Figure 9E,F).2% Pan’s group applied Ag serpentine electrodes
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Table 4. Summary of the sensors based on wrinkles structure.

www.advmat.de

Type Polymer Materials Max strain  Sensitivity ~ Response Cyclic stability Detection Pressure Remarks Year  Refs.
matrix [%6] [kPa™]  time/recovery limit range [kPa]
time [ms]
UV/O; treatment + PDMS + AgNWs - >3.8 <150/- 1500 40 mg/15 Pa 5 Sense the pressure 2012 [108]
prestretched PDMS ~ PMMA or (1.5 kPa distribution of each
PVP press)? finger when grab-
5000 (bend)? bing an object
Si substrate pat- PDMS AgNWs 50 - - 4 (20% - - - 2012 [205]
terned with rectan- strain)?)
gular AgNW films
Plasma treatment PVDF + - 2.94+0.25 <50/— 1000 <3 Pa 7.5 Wrinkles + 2017 [82]
of dry low-pressure AgNWs microhairs
air + prestretched
PDMS
Plasma - - 2.04%£0.16 <100/— - <7 Pa/70 mg 9 - 2018 [183]
Plasma treatment BaTiO; + - 4.9 <50/- 5000 <1.7 Pa 10 - 2019 [235]
under low-pressure PVDF
air + prestretched
PDMS
UV/O; exposure + Ti/Au-PET - 14.268 50/<0.2's 10 000 1.5 Pa 40 Respiratory moni- 2019 [11]
prestretched PDMS toring and vocaliza-
tion recognition
UV/O; radiation + Ecoflex Au-coated - 0.013 578/782 50 (press)? 150 mg 10 Double-side 2017 [158]
prestretched Ecoflex electrode wrinkled template
- Block Photonic 100 - 80/78 5000 - - The strain-respon- 2018 [236]
copolymer crystal (50% strain)? sive structural color
Prestretched PS PS Au 200 0.148 <10/<17 (Up to 10 1N 600 - 2019 [182]
Hz)?
Prestretched PDMS ~ PDMS + AgNWs + 40 2.76 - 3000 (bend)® 50 Pa; 12 mg 1 Controlling all 2019 [184]
PMMA PEDOT:PSS 3000 actions of a
(20% strain)? shooting computer
game with only
three fingers
Biaxial prestretched PVDF-HFP  Silver flakes 800 - - 5000 (50% - - Wrinkles + woven 2019 [221]
acrylic tape + PVDF strain)? fibers
(3M VHB 4905) nanofibers

AThe contents in parentheses indicate the test conditions for cyclic stability experiments.

based on PET to prepare of a stretchable flexible sensor, realizing
the static and dynamic mapping of large-scale spatial contact/
pressure/strain distribution (Figure 9G).2% From 30°, 45°, 60° to
90°, the change in capacitance increased linearly with an increase
in the arm bending angle. Liquid metals are promising materials
for strain sensors because they can withstand large deformations
while maintaining electrical conductivity. Fassler and Majidi
injected a liquid alloy into an Ecoflex elastomer through a 3D
printed mold to create microchannels and prepared a square-
wave capacitor comprising two serpentine electrodes that shared
the main axis. When the sensor was stretched along this major
axis, the capacitance of the square wave capacitor changed along
with the extension of the electrode (Figure 9H).®l In addition
to hyperelastic strain sensing, soft capacitors and inductors can
also serve as circuit components for wireless communication
and analog filtering, as well as in RLC circuits for high-band
pass filtering and radio frequency oscillators.

Although the serpentine structure can provide a metal elec-
trode sensor with excellent stretchability, the preparation of
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a serpentine structure requires expensive lithography and
vacuum metal evaporation,?® which greatly increases the
manufacturing cost. The snake-like electrode reduces the
contact area of the conductive part, thereby increasing the
impedance between the electrode and skin and reducing
capacitance.29:271 A smaller capacitance results in a lower
SNR,I106150] wwhich is susceptible to interference from external
noise caused by circuits and the environment (or human body),
thus affecting the reliability of measurement.’”1#]

3.3. Mesh Structure

3.3.1. 2D Mesh

Numerous electrodes are composed of relatively hard metals
(or carbon materials) and polymer matrices; however, their

conductivity decreases with an increase in the applied strain,
which affects their performance under tensile conditions.!®!
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Figure 9. A) Finite element calculations for finite size hinges in silicone rubber. The cuts can be combined in a multilevel hierarchy. Reproduced with
permission.® Copyright 2014, The Authors, published by National Academy of Sciences USA. B) Schematics showing the stretching process of the
serpentine design. C) Experimental fatigue measurement and FEA study of the dependence of the elastic stretchability on the thickness of Cu inter-
connects. B,C) Reproduced with permission.[®! Copyright 2017, Wiley-VCH. D) Cross-sectional photographs of the 3D printed wavy electrodes with
different joining angles. Scale bar: 5 mm. Adapted with permission.[02 Copyright 2017, Wiley-VCH. E) Regional strain maps of the skin, calculated
using positional information acquired by motion-capture system for four different motions: clenching fist, front bending, tilting left, and right. F) Map
of maximum stretching range for the entire area acquired by combining the data from (E), and corresponding arrangement of site-specifically designed
single crystalline silicon nanoribbon strain gauge. E,F) Reproduced with permission.2%®l Copyright 2014, Springer Nature. G) Schematic illustration
of the device fabrication process. Reproduced with permission.2%4 Copyright 2015, Wiley-VCH. H) A square wave sample at different strain is shown.

By aligning the serpentine electrodes orthogonally, a 2D mesh  (Figure 10A).”72%8] If a metal film is designed in a network
structure can be formed, which further increases the ductility — structure, stretchability will be improved.
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Figure 10. A) Schematic of stretched memory on PDMS. B) Tilted SEM image of the polyimide network (scale bar: 500 um); the inset is a higher-
resolution SEM image of a meandering interconnect (scale bar: 50 um). C) Pressure mapping before and after the 300% expansion of an SCMN; the
position of the pressure load is also identified after expansion. A-C) Adapted under the terms of the CC-BY Creative Commons Attribution 4.0 Inter-
national license (https://creativecommons.org/licenses/by/4.0).12% Copyright 2018, The Authors, published by Springer Nature. D) Structures with
different shapes are labeled P1-P12. E) Effective Poisson’s ratio curves under tensile strain corresponding to different structures in (D). D,E) Adapted

with permission.['%¢l Copyright 2019, Wiley-VCH.

Inspired by human skin, Wang’s group designed a highly
stretchable metal-matrix network. A network structure has 100
winding wires that connect the sensing nodes to achieve multi-
functional use of scalable sensing performance (Figure 10B).12°]
The specific scalable sensor unit was assembled on a structured
PI network for 3D integration, with an adjustable sensing
range (sensitivity up to 22.4 MPa™!) and large area expansion
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capability (Figure 10C).2%! Ying et al. used a silicon nanofilm
(SiNM) diode-multiplexed electrode array for electrical stimu-
lation. A SiNM pressure gauge was used for high-sensitivity
strain monitoring, and an elastic capacitor was used for tactile
sensing. The importance of nanogeometry in achieving the
required mechanical properties was demonstrated via mechan-
ical analysis and FEA.2%U In addition to using serpentine

© 2021 Wiley-VCH GmbH
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network structures, other shapes can also be used to form more
complex network structures to allow the sensors to withstand
more complex deformations, such as rotation or twisting.[1021%]
Wang et al. designed 2D mesh structures with 12 different
shapes through laser cutting, including common regular and
irregular shapes (Figure 10D).l%! By comparing and analyzing
the changes in the effective Poisson’s ratio and wrinkling state
of different structures with increasing strain, they found that
the commonly used structures (P1-P4) were wrinkled within a
larger prestrain range, whereas the AgNW imitating network
film (P11) and the AuNM film (P12) designed in the reference
(Figure 10D)(%¢1 were in an unwrinkled state within a larger
prestrain range (Figure 10E). This conclusion provides good
guidance for designing flexible transparent electrodes.

A metal penetration network is an ideal stretchable electrode
structure. However, it is very difficult to construct a 2D mesh
structure.”’”l Moreover, the network structure has problems
associated with small electrode areas and small capacitance,
such as the serpentine structure. Problems such as those asso-
ciated with smaller sensing capacitors require sophisticated
devices for measurement!'%l and are susceptible to interference
from external noise or parasitic capacitance (electromagnetic
interference in circuits and ambient noise are usually up to the
pF level).?73870150 Meanwhile, 2D mesh sensors have a small
SNR, large discrete error,B!l poor accuracy ,and low reliability
for repeated measurements, which is unfavorable for weak
signal monitoring and high-density integration.3:141>1

3.3.2. 3D Mesh

The mesh structure was not limited to a 2D structure. By fur-
ther introducing a 3D stretchable structure, the stretchable
electrode exhibited good conductivity under higher strain. For
example, a piece of paper cannot be stretched; however, a paper
net is highly stretchable. The greater the number of grids, the
greater the degree of stretchability (Figure 11A).2Y The 3D
mesh structure was similar to the porous structure of the pres-
sure sensor.

Commercial organic foam materials are used as dielectrics
for both pressure and strain sensing (Figure 11B), and the
sensor combines a compressible silicone foam as a dielectric
layer with microcracked stretchable gold as the electrode layer,
thus achieving a pressure sensitivity from 5 to 405 kPa with a
maximum tensile strain of up to 30% (Figure 11C).14 Zheng
et al. heated and cured a mixture of PDMS and water to form
a porous PDMS dielectric layer (Figure 11D). After drying
the soaked sensor, its performance could still be restored to
the its original state with excellent mechanical circulation
(Figure 11E).3% Based on the 3D mesh structure, adding other
functional materials into the composite materials can provide
the sensor with other ideal functions. Park et al. mixed spiro-
pyran, PDMS, and silica nanoparticles (SNPs) in a hydrophilic
cosolvent (water and ethanol) to prepare a porous mechanical
color-changing composite material with a graded nanoporous—
microporous (NP-MP) structure, which could be used to visu-
alize the magnitude of strain (Figure 11F).5 Because the local
stress in the graded NP-MP structure increases energy dissipa-
tion, and modifying the porous composite material with SNPs
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can further improve the tensile properties and maximum stress
of the material, the hierarchical NP-MP structure in the porous
polymer improved the mechanical sensitivity and stretchability
(maximum strain 400%) compared with the nonporous struc-
ture (240%) (Figure 11G).’% Peng et al. designed a sandwich-
structured sensor, the core of which was a three-layered porous
structure prepared using a simple sugar particle template tech-
nology, and two panels contained isolated conductive networks
of AgNWs and carbon nanofibers. The new multidirectional
sensor had a unique asymmetric sandwich structure that could
be employed to simultaneously detect multiple stimulus sig-
nals, such as pressure and tension (Figure 11H).*7) Park et al.
used E-skin made of a porous microstructure to distinguish
between various forms of tactile information, such as pres-
sure, strain, bend, and sound vibration (Figure 111).°4 In addi-
tion, the porous surface of PDMS made it nonadhesive to the
SWCNT electrode due to its reduced contact area, which was
beneficial for repeated measurement and expanded application
prospects.

Although the 3D mesh structure can be employed for strain
sensing, the maximum deformation achieved in currently
research is smaller than that of other structures, usually no
more than 50% and only =10% for some structures.>>3713% This
greatly limits its practical application. In addition, as with the
porous structure of the pressure sensor, the uniform size and
distribution of the holes remain problems to be solved.

3.4. Textile/Woven Fiber Structure

Since the 17th century, Irish fishermen have woven woolen
sweaters. In modern society, weaving is a process in which
coils are formed by yarn using knitting needles, which are
then connected to textiles through stringing. Compared with
other clothing, textiles have a 3D mesh structure. This porous
structure endows textiles with ductility, mechanical toughness,
breathability, softness, and comfort.’>?l The appropriate combi-
nations of textiles and clothes can be used for real-time moni-
toring of human pulse, movement, and other daily activities;
these textiles have grate potential for application in wearable
devices.PVU Lee’s group demonstrated the feasibility of tex-
ture-based sensors in wearable devices by integrating them into
gloves and clothes in the form of fabrics to control the machine
wirelessly (Figure 12A), which proved the feasibility of textile-
based sensors in wearable devices.[

Capacitive sensing systems based on textiles can be estab-
lished not only at the textile level™ but also at the fiber
level, 2131 which is conducive to the construction of ortho-
gonal textile arrays? and facilitates integration with clothes.
Special response characteristics and directional sensitivity can
be achieved by fabricating a sensor with a woven structure by
embedding conductive materials with porous structures into
the elastomer matrix.'>?1>-2 Cooper et al. melted liquid metal
into hollow elastic capillaries to obtain fibers integrated with
fabrics and then wound it into spirals to create a capacitive
sensor with the capability of sensing torsion, strain, and tactility
(Figure 12B). When twisted or stretched, the geometry of fibers
and the capacitance between the fibers change accordingly,
thereby achieving good sensing performance (Figure 12C).21]
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Figure T1. A) Stretching two sheets of letter-sized papers containing an array of slits with coarse and fine ligaments, respectively. B) Schematic of
the stretchable capacitive pressure sensors. C) Relative capacitance change as a function of applied tensile strain at different compressive states.
A-C) Adapted with permission.?'2l Copyright 2015, Wiley-VCH. D) Schematic illustration of the fabrication procedure for preparing the wearable
capacitive sensor. E) Relative capacitive change rate during approach-leave operations, repeated stretching cycle operations, and repeated pressure
cycle operations. D,E) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.
org/licenses/by/4.0).%% Copyright 2020, The Authors, published by Wiley-VCH. F) Photographs of mechanochromic polymers with different structures
exhibiting color changes in response to tensile strain. G) FEA-determined stress distributions of mechanochromic polymers with different pore sizes
(left) and with 300 nm SNPs and a 5 um pore size (right). F,G) Reproduced with permission.l*®! Copyright 2019, Wiley-VCH. H) Experimental setup
for detection of compression, shear, and slippage, and corresponding measurements of force, relative capacitance, and resistance. Adapted with
permission.¥”] Copyright 2020, American Chemical Society. |) Detection of various mechanical stimuli under: a) repeated normal pressure, b) strain,
c) bending, and d) sound vibration. Adapted with permission.>!l Copyright 2014, Wiley-VCH.

For textile-based strain sensors, the applied strain will cause  than individual fibers, thereby suppressing the local stress
macroscopic deformation of the network structure rather  during the stretching process and improving its stretchability
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Figure 12. A) Photograph showing the smart glove with the textile-based pressure sensors on the ends of four fingers (the index, middle, ring, and
little finger) and clothes with 4-channel pressure sensors. Adapted with permission."! Copyright 2015, Wiley-VCH. B) Schematic of the torsion sensing
mechanism with two twisted fibers. Changes in geometry by twisting increase the capacitance between the intertwined fibers. C) Capacitance change
per length normalized by the diameter of the fibers collapses the data onto a regression line. B,C) Adapted with permission.?3l Copyright 2017, Wiley-
VCH. D) Schematic of the tough elastic conductor. E) Stretchability and conductivity dependences on the nanofiber fraction for the free-standing film.
F) Cyclic stabilities of the buckled structures of the tough elastic conductors with and without nanofiber reinforcement. D—F) Adapted with permis-

sion.l22l Copyright 2019, American Chemical Society.

and stability.'%22% Polyvinylidene fluoride (PVDF) has a high
dielectric constant among polymers, however, it cannot with-
stand large tensile strain. For use in capacitive strain sensors,
Someya’s group layered a PVDF nanofiber-reinforced elastic
conductor film and a stretchable dielectric layer on top of a
prestretched elastomer and obtained a capacitor with a wrinkle
electrode after release (Figure 12D).?21 The PVDF nanofiber
sheet can eliminate stress and suppress crack propagation,
which ensures that the sensor maintains good electrical con-
ductivity under high strain (Figure 12E) with great stability
(Figure 12F).22! This biaxial prestrain can also be used to dem-
onstrate biaxial stretchability and can even be applied to harsh
mechanical deformations.

Although the good mechanical properties of composite
fabrics and silicone elastomers reduce the application limita-
tions of traditional sensors on wearable devices, the fibers in
the textile industry are usually thick and have a size range of
tens to hundreds of micrometers, which leads to a large elastic
modulus. The sensors may undergo plastic deformation or per-
manent irreversible deformation when stretched to a certain
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strain.’% This leads to considerable challenges in the process
of manufacturing complex structures in the fibers by the con-
ventional fiber spinning process, and the weaving process
limits the freedom degree of the design because the fiber/yarn
path is constrained along the warp or weft direction within the
fabric.l???! In addition, the incompatibility between the sensors
and soft textile fibers may cause delamination and mechanical
failure.??’l The low durability and low wear resistance of sen-
sors with textiles under repeated stretching are also serious
problems(™? because clothing is affected by chemical corrosion,
thermal fatigue, and other factors, resulting in local damage or
microcracks, which affect the service life of electronic textiles.

3.5. Discussion
The performances of strain sensors based on microstructures
are shown in Table 5. A comparison of the effects of the four

common microstructures on the capacitive strain sensors is pre-
sented in Table 6. The above-mentioned “stretched structure”
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Table 5. Summary of the performance of the strain sensors based on microstructures.

Type Polymer matrix Materials Cyclic stability Detection limit  Max strain [%] Remark Year Refs.
Serpentine Ecoflex Liquid-phase gallium— 4 - 200 Capacitance and inductance 2013 [68]
indium—tin alloy
Pl Si 5 - 80 Humidity sensor 2014 [203]
PDMS Ag 1000 6 Pa 70%; 100 kPab) - 2015 [204]
PI 54000 (300% - 800%; 400 kPa® Simultaneous multi- 2018 [209]
strain)?; 450 stimulus sensing; adjustable
(150 um bend)? sensing range; large-area
expandability
2D mesh Au No wrinkle or fold after
deformation;
PDMS 1000 (100% - 100 High transparency 2019 [166]
strain)?
Pl + Ecoflex - - 25 - 2012 [69]
3D mesh - PDMS SWCNT - 2.5 Pa 30 Differentiating multiple 2014 [94]
Mechanical stimuli
Water-in-oil Carbon black 100 - 10 - 2018 [33]
emulsion
method
Deionized water Spiropyran + SNPs - - With porous- Mechanochromic 2019 [56]
+ ethanol 400; without
porous-240
Water Liquid metals 1000 - 10 Noncontact detectivity 2020  [130]
Sugar AgNWs/CNTs - - 50 Measurement of multiple 2020  [137]
forces
Purchased Silicone Au + EGaln - - 30 Decoupling the strain and 2015 [212]
pressure cross-sensitivity
DMF PVDF lonic liquid - - 18 Transparency 2020 [37]
Woven fibers Woven PDMS PEDOT:PSS - - 20 - 2016 3]
Commercial ~ PVDF-HFP + [EMIM] - 2.4 Pa - - 2017 [157]
textiles [TFSI]
1000 - 100 - 2017 [70]
Nylon Ecoflex Ag - - 30 - 2017 [31]
Nanofibers PVDF Ag + fluoroelatomer 5000 - 800 - 2019 [227]

(50% strain)?)

AThe contents in parentheses indicate the test conditions for cyclic stability experiments; ®)The sensor can be used for both strain sensing and pressure sensing.

has good biocompatibility, which makes up for the limitations of
traditional rigid elements in motion and mechanical adaptation
to the human skin.>??4 However, the manufacturing processes
of stretched structures are usually complicated and low-yield,
which increases costs, and have a negative influence on mass
production.??’l Moreover, some stretched structures are limited
in the stretching direction and have unstable electrical function-
ality and mechanical integrity under large periodic mechanical
deformation.l??l The main reasons for the degradation in per-
formance of strain sensors are the fatigue and plastic deforma-
tion of polymer substrates, as well as the fracture and buckling
of sensing nanomaterials under high strain, which makes the
strain sensors unsuitable for long-term applications. Some
studies have combined 3D geometric engineering with elas-
tomer substrates to achieve electrically stable and high-perfor-
mance stretchable electrodes.””?%8] Considering the diversity
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and mismatch of the Young’s modulus of different components,
unfixed connections between fibers will slip or separate under
the mechanical strain applied by static and loading/unloading
cycles for a long time. Thus, the SNR is limited, which causes a
significant interference to the actual strain signal®% and affects
the accuracy of the output data.

Compared with pressure sensors, the development of strain
sensors remains sluggish. The main goal of the stretched struc-
ture method is to endow the sensors of nonstretchable materials
with stretchability, which is different from the characterization
of pressure sensors. The goals of research on pressure sensors
are to improve the sensitivity, shorten the response time, and
improve the linearity of the output curve. However, the current
characterization of strain sensors focuses on stretchability and
repeatability, the minimum detection amount of strain sensing
is not focused upon.
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ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Table 6. Comparison of the four common microstructure influences on strain capacitive sensors.

www.advmat.de

Type Schematic Advantages Disadvantages Summary Challenge
Wrinkle First proposed Uncontrollable microstructure Uneven Methods of obtaining
Prepared simply Stretchable in one direction Uncontrolled stretchability deteriorate
Low-cost sensitivity
Simple
Serpentine Enhanced ductility Susceptible to interference Uniform
Directed response Controllable
Expensive
Complex
Mesh 2D Stretchable in all directions
Large deformation
3D Uneven
Uncontrolled
Low-cost
Simple

Woven fibers Combined with clothing  Irreversible deformation

4. Challenges and Outlook

New fabrication techniques and new information transmission
methods (e.g., wireless technology) have promoted the develop-
ment of capacitive sensors. However, some problems remain to
be resolved. Common microstructured capacitive sensors have
the following conflicts (Figure 13):

1) Conflict between high sensitivity and stretchability: For pres-
sure sensors, different microstructures are used to achieve
high sensitivity and low hysteresis;3640:55106 however, they
cannot be used in large strain situations. Strain sensors use
microstructures to convert materials with poor stretchability
into structures that can withstand large strains!!>318519519]
but with low sensitivity. No published works have combined
the advantages of high sensitivity and stretchability because
high sensitivity requires the sensor to cause large changes in
capacitance by producing significant large structural changes
under small strain.’!! Stretchability is required to maintain
the integrity of the structure and the morphology of the
material under large strains. Realizing high sensitivity and
stretchability simultaneously by designing an outstanding
microstructure in the same capacitive sensor in the future is
still a challenging task.

2) Conflict between hysteresis and anti-interference: A higher

amount of air phase in the microstructure means a smaller  Figure 13. Current conflicts and future prospects of capacitive sensors.

Adv. Mater. 2021, 2008267 2008267 (25 of 31) © 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

amount of polymer in the same volume. The air can reduce
the contact area between the microstructure layer and the
opposite layer, thereby reducing the viscoelasticity and hys-
teresis of the sensors.%! However, microstructured design
has inherent drawbacks such as the permittivity of air
being much smaller than that of the polymer matrix, which
reduces the initial capacitance of the sensor, leading to poor
anti-interference ability and low SNR. This problem affects
the measurement accuracy, which limits its application in
weak signal detection and high-density integration.3>14%:151

3) Conflict between uniformity and cost: Although the com-
monly used methods to prepare microstructures have promi-
nent advantages in obtaining fine structures, the preparation
processes usually require multiple steps, such as sophisti-
cated and time-consuming photolithography and chemical
etching 3317341361 \which greatly increases the cost and
duration of production. In contrast, preparation methods for
porous and natural plant-based structures are usually simple
and inexpensive.[*:527L130.32137] However, these methods are
usually poorly controlled. The uneven distribution of pores
and the randomness of natural microstructures fail to gen-
erate the desired morphologies in the prepared microstruc-
tures,?”! which lead to poor stability and low reliability in
different batches of products.B> Therefore, such conflicts
greatly limit the mass production and performance of the
Sensors.

These challenges also provide opportunities for the future
development of capacitive sensors (Figure 13):

1) Standardization: Currently, the characterization parameters
of capacitive sensors mainly include sensitivity, linearity,
detection limit, hysteresis, and stability, whereas the criteria
for evaluating performance are different. Hence, a specific
standard is required to determine the capacitive sensors in
the corresponding application fields. For example, if capaci-
tive sensors are employed in wearable devices, the device
should be able to withstand at least 50% strain and tens
of thousands of cycles of stability to meet the deformation
range and cycles of human skin.

2) Versatility: Numerous research efforts have been devoted
to multifunctional signal pressure, strain, and touch sen-
sors for temperature, humidity, airflow, acoustic waves, and
other sensing fields. E-skins are increasingly able to imitate
or even surpass the functions of human skin, improving
sensing performance and expanding application areas.

3) Biocompatibility: Flexible devices fit well with human skin.
For example, retractable temperature sensors have great
application prospects compared to traditional rigid thermal
sensors.'*]  Moreover, biodegradable sensors implanted
into the body can be degraded through human metabolism
during the postoperative recovery phase, which causes no
secondary harm to the patients.

Flexibility: Most capacitive sensors currently studied require

an additional power supply. Bulky batteries and complex

wiring limit system flexibility. However, wireless technology
and self-powered technology can solve these problems,
without affecting the normal activities of the human body.

=
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5) Environmental protection: The development of microstruc-
tures is usually a low-yield and high-cost process, which
involves complex multistep fabrication steps such as lithog-
raphy, transfer, and vacuum deposition,*3 which greatly
limit their practical application. Using low-cost, low-loss
materials or reusable electronic components with fewer
manufacturing steps can greatly reduce electronic waste and
make the process cost-effective.

6) Cyclic stability and chemical stability: The test of cycle dura-
bility usually involves load/release cycles with pressure or
tension on sensors using testing machines in the laboratory.
However, the magnitude and direction of stress and strain
are uncertain in real life. Pollutants in the natural environ-
ment (e.g., dust, gas, and microorganisms) and pollutants on
the human skin surface (e.g., grease, sweat, and body fluids)
are complex.'>11%1 Encapsulation technology is required to
isolate the sensor from the external environment and solve
these problems without affecting communication and data
processing.

7) Comfort and fashion: The appearance of a product is also an
important evaluation indicator of daily use.l'>2 In addition to
intelligence, the sensor should also be softness and comfort,
should be designed with a good sense of fashion, have an
elegant appearance, and cause less hindrance to daily life
activities.

5. Conclusions

We have summarized the advantages, disadvantages, and
practical applications of several popular microstructures that
are widely employed in capacitive sensors. The microstruc-
tured dielectric layer or electrode can improve sensor sensi-
tivity, reduce hysteresis, and endow the rigid electronic device
with excellent elastic stretchability, which is an essential
part of the next-generation wearable devices and soft robots.
Because the volume of polymers is almost unchanged when
pressure is applied, the polymer dielectrics are inherently vis-
coelastic. These shortcomings severely limit the improvement
in sensitivity and high hysteresis. Therefore, more efforts
have been applied to strengthen the sensing performance by
designing different microstructures of materials. To accel-
erate the development of flexible and stretchable capacitive
sensors with different microstructures, as we pointed out in
this review, three types of conflicts between high sensitivity
and stretchability, between hysteresis and anti-interference,
and between uniform and cost should be focused upon. In
addition, the various challenges presented in this review also
provide opportunities for the future development of capacitive
sensors. Finally, the rise of new technologies such as wire-
less communication and supercapacitors has promoted the
rapid development of capacitive sensors, indicating that multi-
functional E-skins with similar or even better performance
than human skin with broader application prospects can be
developed. We expect that this review will provide a compre-
hensive understanding for designing advanced flexible and
stretchable capacitive sensors using ingenious human-made
microstructures.
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