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Recent Advances in Silver Nanowire Based Flexible
Capacitive Pressure Sensors: From Structure, Fabrication

to Emerging Applications

Fevzihan Basarir, Zahra Madani, and Jaana Vapaavuori*

Skin mountable flexible pressure sensors are crucial for the next genera-

tion technologies. Capacitive pressure sensors bring several advantages and
hence, they have been preferred over piezoelectric and piezoresistive alterna-
tives. Flexible electrode and dielectric material are the fundamental compo-
nents of the capacitive flexible pressure sensors. Hence, solution processable
silver nanowires (AgNWs) are highly promising as electrode material or filler
material in dielectric layer, owing to their superior inherent conductivity and
flexibility. This article reviews recent progress on fabrication of flexible capaci-
tive pressure sensors with AgNWs used as electrode and dielectric material.
Performance of the sensors based on AgNWs is comprehensively discussed
and emerging applications, as well as future outlook, are presented in detail.

1. Introduction

In the last decade, considerable research effort has been dedi-
cated to flexible pressure sensors since they have wide uses in
electronic skin,™ human-machine interaction,? human motion
detection ! healthcare monitoring!*>! and soft robots.’) Based
on the working mechanism, pressure sensors can be classi-
fied as piezoelectric, piezoresistive and capacitive sensors.”?!
Among those, capacitive sensors bring advantages of higher
accuracy, less power consumption, and less dependence on
external conditions, such as temperature and humidity.!% On
the other hand, low power organic field-effect transistor (OFET)
pressure sensors are extremely promising in the futuristic
applications such as artificial skin and soft bioelectronics.!!-3!
The capacitive pressure sensor market is forecasted to reach
4 billion USD by 2026 and has found several applications in
various industries.'! However, the entry of flexible capacitive
pressure sensor to market is in its infancy stage.

Conventional capacitive sensors consist of two parallel plate
electrodes with a dielectric interlayer sandwiched in between.
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Electrically conductive electrode and
dielectric layer are the core elements of
a flexible pressure sensors.®l The elec-
trode should be flexible and bendable;
however, the conventional inorganic
films do not meet these requirements.!"!
Therefore, solution processable nanoma-
terials including carbon nanotubes,!'®"]
graphene, 81 Mxenes?%2 and silver
nanowires (AgNWs)[2223] have been taken
into consideration in the literature. Owing
to their high inherent conductivity, excel-
lent flexibility, and resistance to oxidation,
AgNWs are concluded to have multiple
distinct advantages as compared to other
nanomaterials. Hence, several approaches
have been demonstrated in the scientific literature for the fab-
rication of AgNW based electrodes!?*?"] although the commer-
cial penetration of AgNW-based electrodes is still limited. Since
AgNWs are one of the most employed and promising conduc-
tive nanomaterial used in fabrication of flexible sensors, it is
important to understand how the properties of AgNWs can be
influenced by various strategies used to synthesize them. The
outstanding properties of AgNWs include high optical transmis-
sion, great flexibility, and high electrical and thermal conduc-
tivity.2829] In addition to their use in sensors, they can be used
in many other applications, such as transparent conducting
electrodes,33Y thin film heater,??l organic photovoltaics,**-°!
polymer composites,?® photocatalysis,*”l microelectronics,®!
and biological sensors.53%

In a typical process, AgNWs are deposited on a flexible sub-
strate to fabricate the electrodes and a flexible dielectric layer
is sandwiched between the electrodes for the construction of
the sensors, as illustrated in Figure 1. Applied pressure gives
rise to thickness reduction of the dielectric layer, which in
turn leads to a change in the capacitance of the entire system.
In addition to the change of the thickness, the change in the
dielectric constant with pressure can also induce a change
in the capacitance of the system. Therefore, dielectric layers
with controlled amount of AgNWs have been presented by dif-
ferent research groups to enhance the sensitivity and response
range.[ 104l

The aim of this literature review is to summarize how it
is possible to produce AgNW-based electrodes and dielectric
layers, and how these structures can be integrated to fabri-
cate pressure sensors. Additionally, we identify the sensor
properties of such devices and highlight the emerging appli-
cations. Finally, we discuss the outlook on the future of this
technology.
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Figure 1. Schematic demonstration of capacitive pressure sensor working mechanism.

2. Flexible Capacitive Pressure Sensors

Typically, flexible capacitive pressure sensors comprise sand-
wiching a flexible dielectric layer between two flexible elec-
trodes. In this section, we will investigate the components of
AgNW based flexible capacitive pressure sensors as well as the
sensing mechanism of the sensor.

2.1. Principle of Capacitive Sensing

The capacitive sensor usually consists of two parallel plate elec-
trodes with a dielectric interlayer sandwiched in between. The
capacitance of the structure can be calculated by

C=(eA)/d M

where ¢ A, and d are the dielectric permittivity of the inter-
layer material, effective electrode area and the distance
between the two plate electrodes, respectively. It is apparent
from Equation (1) that the capacitance change could be simply
achieved by a change in either ¢ A, or d. However, since the
applied pressure mainly influences the ¢ and d, the capacitance
change of the sensors emerges because of the change in €and d.

2.2. Electrode Substrate Material

Since the AgNWs are solution processable nanomaterial,
there is a need of flexible polymeric substrates for deposition/
coating of the AgNWs in order to fabricate flexible conductive
electrodes. Flatl?2*l or microstructured®**! PDMS has been
mainly utilized as such substrate, owing to its high elasticity,
flexibility, and chemical resistance. Besides that, utilization
of printing paper, flexible wood film,*! cellulose tape,®!
polyurethane film*! and PET film*] have also been demon-
strated in the literature. Additionally, porous materials such as
wool fabric,*® melamine spongel*! and porous PDMSP have
also been explored. Moreover, to add breathability function
to the sensor, PVDF nanofiber membrane was employed as
substrate material.l?!l Flexibility, elasticity compressibility, con-
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formability, moldability, thermal and chemical resistance are
the inevitable requirements for an ideal substrate material.
Therefore, we believe that novel substrate design and optimi-
zation is required for further advancement of flexible pressure
sensor field.

2.3. Electrode Formation

AgNWs can be deposited or patterned on diverse substrate
materials, discussed in previous subsection, via a variety of
techniques. Details of these electrode fabrication methods are
discussed comprehensively in Section 4. Overall, it is essen-
tial to note that, alongside the other fabrication parameters,
AgNW length has a great influence on the conductivity of the
electrode.> However, this factor has not yet been systemati-
cally taken into account in the AgNW sensor research. Fur-
thermore, long term stability of the AgNWs on the chosen
substrate is very critical since the sensors will be subjected
to many kinds of deformation throughout their lifecycle
so adhesion of the AgNWs to the substrate should also be
evaluated as one of the key parameters. Moreover, large area
coating or printing techniques, as well as other scalability
issues, should be explored before the commercialization of
the sensors.

2.4. Dielectric Material

The performance of capacitive pressure sensors mainly depends
on the geometric change of the dielectric layer with the external
pressure. As summarized in Table 1, several materials have
been employed as dielectric layer in the AgNW based pressure
sensors. It is worthy to note that owing to their high compress-
ibility and elasticity, silicone-based elastomers including PDMS
and Ecoflex were mainly employed as dielectric material.l??!
However, utilization of thin films of PMMA, PVP, PVDF and
PI as well as commercial films including Parafilm, 3M VHB
and cellulose tape were additionally demonstrated.[?3254852-54
Natural materials such as bamboo leaf!®>! and dried rose petall“’l
have—on the other hand—been employed owing to their
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Table 1. Properties of the sensors prepared with AgNW based electrode.
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Electrode type Dielectric ~ AgNW length  Resistance/ Sensitivity Limitof  Response time Loading/ Refs.
material [um] Sheet resistance [kPa™] detection [Pa] [ms] unloading cycle
Subtle pressure Low pressure Medium pressure
(1 Pa—1kPa) (1-10 kPa) (10-100 kPa)
Plain 3 M VHB tape 10 16 Qsq’ - - - - - 10 [25]
(1000 kPa)
PDMS 20-30 17Qsq” 0.124 0.003 - 2 200 - 122]
TPU Nanofiber >10 - 4.2 0.071 - 1.6 26 10 000 [26]
(15 kPa)
lontronic film 84.6 - 131.5 1n.73 - 1.12 43 7000 [42]
(0.47 kPa)
Bamboo leaf - - 2.08 0.08 0.08 20 500 4000 [55]
(5N)
Microstructured 25 52 Qsq” 1.01 0.28 0.15 - - 5000 [45]
PDMS (150 kPa)
Microstructured PMMA - - 3.8 0.8 0.35 15 <150 1500 [23]
PVP
PVDF 8.4 2.6Qsq”" 2.94 0.75 - 3 <50 1000 [52]
(2 kPa)
PDMS 20-30 1.1 0.08 - 1 <1000 2000 [43]
Colorless PI >30 10Qsq™ 1.194 0.077 0.8 36 100 000 [53]
(0.4 kPa)
Wood >5 - 2.09 2.09 - 500 [56]
slice/ionic liquid (80 kPa)
Dried rose petal 20-50 43Qsq’”! 0.08 ~0.03 <0.01 7 - 5000 [46]
(20 kPa)
Cellulose tape 20-50 10Q 0.0045 ~0.002 ~0.001 - - 1800 [54]
(12.5 kPa)
Porous Parafilm 13.4 - - - - - - - [48]
Porous PDMS 5-50 - - - - - - - [50]
Melamine 10Q 1.285 0.108 0.038 0.5 18 42 000 [49]
sponge (1 kPa)
TPU nanofiber >10 - 42 0.071 - 1.6 26 10 000 [26]
membrane (15 kPa)
Fiber Ecoflex 20 - 0.096 - 0.0011 1.5 32 10 000 [27]
(0.84 and
13.7 kPa)
PDMS 50 - 5.49 0.65 0.01 - 75 2000 [89]
(0.6 kPa)
Patterned Ecoflex - - - 0.00162 0.00162 - 40 - [90]
PDMS >100 54Qsq” - 0.0004 - - - 200 [47]
(100 kPa)
PDMS - - - 0.0038 0.00029 - - - [o1]
PDMS 30-50 0.4Qsq”! - - - - - 100 [92]
(5N)
ZnO 500 Q 0.43 0.15 0.07 - 150 1000 [27]

whiskers/PDMS

microstructured form and biodegradability. To increase the
sensitivity, porous dielectric materials like melamine spongel’!
and nanofiber membrane, ! and ionic dielectric materialst*>>l
were also investigated.

Another way to cause pressure-related capacitance changes
is to implement AgNWs into the dielectric medium, since then
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the dielectric constant of the device can be modulated upon
external pressure due to changing number density of AgNWs.
Application of AgNW fillers in dielectric layer and the fabrica-
tion details as well as the sensor properties will be discussed in
detail in Section 5. Choice of dielectric material is very promi-
nent for the sensor sensitivity and working pressure range
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so further research is highly desirable for developing porous,
highly compressible, and flexible materials.

2.5. Performance of the Sensors

2.5.1. Sensitivity

Sensitivity is one of the most important parameters of a pressure
sensor defining the range of available applications. The sensitivity

of a capacitive sensor is typically calculated with Equation (2) as:

(C/Co)_le_C 2)
AP AP

S=

where S, C, C; and AP indicate the sensitivity, capacitance after
applying pressure, initial capacitance, and pressure change,
respectively. Sensitivity of a pressure sensor stands for the rela-
tive capacitance change upon applied external pressure and as
described in Equation (2), the sensitivity is higher if the capaci-
tance change is higher with the applied external pressure. Typi-
cally, there are five different pressure regimes used in sensor
performance characterization: 1) ultralow pressure (<1 Pa),
2) subtle pressure (1 Pa-1 kPa), 3) low pressure (1-10 kPa), 4)
medium pressure (10-100 kPa) and 5) high pressure (>100 kPa)
range.”) Depending on the application, sensitivity in one or
more regimes might be of relevance, however, achieving high
sensitivity in subtle, low and medium pressure regimes is very
essential for human motion detection and healthcare moni-
toring. For instance, intraocular and intracranial pressure fall
within the subtle pressure regime while heart rate, blood pres-
sure rate, respiration rate, radial artery wave and jugular venous
pulses are in the range of low and medium pressures.!’!

2.5.2. Response Time

Response time is also an important indicator for pressure
sensor performance. Response time specifies the sensor’s
response speed to reach the steady state capacitance value after
loading the external pressure.

2.5.3. Dynamic Durability

Dynamic durability is another significant performance indicator
for the pressure sensors, which shows the sensor’s electrical and
mechanical stability to long-term pressure loading/unloading cycles.
2.5.4. Limit of Detection

Limit of detection (LOD) can be explained as the minimum
pressure that can be detected by the sensor.

3. Synthesis Methods of Silver Nanowires

Various methods of AgNW synthesis have been intro-
duced by many research groups including templat directed
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approaches,”¢1 electrochemical methods,!®” ultraviolet irra-
diation,[®>-%%] photoreduction,®*%”l polyol process,l®*7% solvo-
thermal,”*7? and hydrothermal methods.”*7%! For instance,
synthesis of AgNWs by template-related approaches has
been done with hexagonal mesoporous silica,’”! porous
anodic aluminum oxide (AAO),”® biological species,’? block
copolymers,®l and amphiphilic molecules.® Although the
morphology of the nanowires can be well controlled by the utili-
zation of this method, time consuming processing, the require-
ment of post-treatment to remove the template, and limitation to
large scale production are considerable disadvantages. In addi-
tion, electrochemical method was chosen as another early-stage
process for AgNWs synthesis; however, irregular morphology,
polycrystallinity, low yield, and aspect ratio have reduced the
popularity of this technique.l®? AgNWs can also be synthesized
via UV irradiation method which includes the decomposition
of AgNOj; precursor to silver seeds (Ag') in the presence of a
protective agent, and then formation of long AgNWs.% Effect
of synthesis parameters on AgNW morphology have been inves-
tigated by different groups!®*®°l but this approach is time con-
suming and not inherently industrially scalable. On the other
hand, photoreduction technique, which relies on obtaining silver
nanoparticles from silver nitrate film by a laser-induced photo-
actuation followed by fusion of nanoparticles in the template
via photothermal effect, has been proposed.® In this method,
surface morphology and size of AgNWs can be controlled by the
thickness and pore diameter of the employed template, initial
concentration of the silver nitrate solution, and laser operation
parameters. However, relatively slow speed process and lack of
mass production are noticed as drawbacks of this method./””7]

Since performance of the pressure sensors is highly affected
by the size and morphology of the AgNWs, investigating most
cost-effective synthesis method as well as optimal synthesis con-
ditions are crucial. Polyol method has been recognized as a low-
cost and simple method providing high yield comparing to the
other methods. Hence, due to the disadvantages of other methods
mentioned above and promising prospects of polyol method, it
has been widely used in pressure sensor applications.”®!

3.1. Polyol Method

The polyol method has raised a lot of attention for gener-
ating AgNWs owing to its cost-efficiency, simplicity, and fast
processing.[®®7% The polyol method is based on chemical reduc-
tion of AgNO;, leading to the unidimensional growth of AgNWs
by using poly(vinylpyrrolidone) (PVP) as a capping agent and
ethylene glycol (EG) as a solvent and reducing agent.”” Usu-
ally, polyol synthesis runs at high temperatures due to the high
boiling point of ethylene glycol (1973 °C), which is used to dis-
solve both PVP and AgNO; ¥ Typically, dissolved AgNO; and
PVP are pumped together by a syringe to the three-neck flask,
including preheated ethylene glycol immersed in an oil bath
(160-180 °C) followed by removal of byproduct nanoparticles
from the final solution by centrifuge. The yield and morphology
of the AgNWs synthesized in the polyol process are influenced by
various factors, including AgNO; concentration, PVP concentra-
tion, PVP MW, reaction temperature, stirring speed, AgNO3:PVP
molar ratio, thus making the process highly tailorable.!
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Figure 2. a) Schematic illustration of AgNWs growth mechanism. Reproduced with permission.[!l Copyright 2003, American Chemical Society. b) TEM
image and electron diffraction pattern of AgNWs synthesized with polyol method. Reproduced with permission.l®!! Copyright 2012, American Chemical
Society. c) SEM image of AgNWs synthesized with polyol method. Reproduced with permission.® Copyright 2017, The Electrochemical Society. d) X-ray
diffraction pattern of AgNWs synthesized with polyol method. Reproduced with permission.l!l Copyright 2012, American Chemical Society.

Understanding the growth mechanism of AgNWs is a com-
plex task. Xia et al. proposed that AgNWs developed gradually by
multiple-twinned particles (MTPs), exhibiting 5-fold symmetry
as presented in Figure 2a.®U Crystallization of silver atoms
occurred on highly reactive twin boundaries by the growth of
MTP into silver nanorods and then providing silver nanowires
under twin planes action. PVP, as an important factor in the
growth mechanism, passivates preferentially the {100} facets of
the silver nanoparticles and facilitates the addition of silver ions
to the {111} facets.”] Typically, synthesis of AgNWs 30-60 nm in
diameter and 1-50 um in length has been successfully demon-
strated via polyol synthesis method.®?! Examples of the standard
morphology of the AgNWs are shown in Figure 2b,c, while the
crystallinity of the AgNWs is demonstrated in Figure 2d.

3.2. Solvothermal Method

In comparison, solvothermal synthesis method, which has
similar mechanism and uses the same precursors, has been
investigated as an alternative to polyol synthesis owing to its
simplicity, low-cost, and ease of control.®®l Typically, AgNO;,
PVP, ethylene glycol, and metal salts are mixed and then
transferred to a Teflon lined stainless steel autoclave, followed
by heating in an oven with a specific temperature and time.

Adv. Mater. Interfaces 2022, 9, 2200866 2200866 (5 of 18)

Various research groups investigated the impact of reaction
parameters on the AgNW morphology such as PVP MW, sol-
vent type, reducing agent and salt type.’84-50]

3.3. Hydrothermal Method

Consequently, hydrothermal method was introduced for AGNW
synthesis, which can be recognized as a green process since
water is used instead of ethylene glycol. Similar to solvothermal
method, the reaction is performed in a Teflon lined stainless
steel autoclave and mild reducing agent such as glucose is used
instead of ethylene glycol.’¥! Compared to other methods,
AgNW synthesis with hydrothermal technique is relatively new
and a systematic work investigating the reaction parameters on
the morphology is not yet available.

4, Fabrication Methods for Flexible Electrodes
and Dielectric Layers

4.1. Fabrication of AgNWs Based Electrodes

Coating, embedding, or patterning of AgNWs on a flexible
substrate to form an electrode is a very crucial step for the

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. a) SEM image of AgNW embedded polyurethane electrode. b) Final flexible sensor with AgNW/polyurethane electrode. a,b) Reproduced
with permission.[?%l Copyright 2013, American Institute of Physics. c) schematic electrode fabrication process via transferring of the AgNWs to PDMS
substrate. Reproduced with permission.?2l Copyright 2015, IEEE. d) SEM image of AgNW /Transparent wood electrode and e) ultimate flexible sensor.

d,e) Reproduced with permission.S] Copyright 2021, Elsevier.

fabrication of pressure sensors. In this section, we reviewed the
types of electrodes and related electrode fabrication processes.

Besides that, electrode and dielectric layer are the funda-
mental components of a capacitive pressure sensor. They have
different influence on the performance of the sensors. In addi-
tion, they have different fabrication processes. Therefore, we
believe that it is highly crucial to discuss them in different
sections.

4.1.1. Plain Electrode

The central idea behind plain electrode fabrication is to find
out efficient ways of transferring conductive nanomaterials to
flexible substrates in the form of interconnected network. A
key example of this is the flexible polyurethane/AgNW elec-
trode fabricated by Hu et al. via coating glass with AgNWs and
subsequently annealing them, followed by coating with ure-
thane liquid rubber compounds and curing it, which finally
allowed the transfer of the AgNWs onto the urethane polymer
surface.?’l The electrode microstructure and the final sensor
with PDMS dielectric layer is shown in Figure 3a,b. Chen
et al. Chhetry et al.,* and Xu et al.®® benefited from the same
approach to deposit the AgNWs on flexible PDMS substrate
and the related fabrication process is displayed in Figure 3c. In
addition, another approach for preparation of flexible electrode
was shown via coating and transferring the AgNWs onto the
PDMS substrate via vacuum filtration process.>’]

Recently, Tang et al. demonstrated flexible electrode fabrica-
tion via depositing the AgNWs on transparent wood film by
Meyer rod coating.*! The electrode microstructure and the ulti-
mate flexible sensor is exhibited in Figure 3d,e. It is essential to
note that flexible wood substrate is an exciting new alternative
for the silicon or petroleum-based polymers. In their work, the
wood substrate was obtained from wood veneers via deligni-
fication process, and then impregnating PEGDA, followed by
curing with UV light.

Adv. Mater. Interfaces 2022, 9, 2200866 2200866 (6 of 18)

4.1.2. Microstructured Electrodes

Compared to flat electrodes described in the previous subsec-
tion, microstructured electrodes can demonstrate enhanced
sensitivity, owing to the localized stress at the tips of the
microstructures.’) For instance, wrinkle-like structures, based
on the buckling instability of multilayer structures with mis-
matching mechanical properties, were introduced to PDMS
substrate by stretching the substrate, followed by UV/Oj; treat-
ment, bar coating of AgNWs and releasing to its initial length
leading to wrinkle formation.” The uniform distribution
of the AgNWs on the microstructured PDMS is shown in
Figure 4a. Consequently, this approach was also applied to fab-
ricate microarray structure electrodes with AgNWs by Shuai
et al.”? On the other hand, Quan et al. developed microstruc-
tured electrode by replicating the surface structure of glass
with matte finish to PDMS, which was further coated with
AgNWs via airbrushing.*¥ Topology of this replicated PDMS
substrate is depicted in Figure 4b. Consequently, pressure sen-
sors were fabricated with these approaches and their related
properties are summarized in Table 1. It is notable that rep-
licating a micro/nanostructured surface with an elastomer
offers wide range of options to prepare electrodes with dif-
ferent surface topographies.

An intriguing form of microstructure pattern replication
draws its inspiration from biological surfaces that come with
diverse surface structures. In a significant example, PDMS
microtowers were prepared by replicating the inverse sur-
face structures of lotus leaf onto PDMS.3 Then, dense and
ultrathin film of AgNWs on the microtowers was deposited
with the help of the capillary flow, as illustrated in Figure 4c,d.
Similarly, in another work, lotus leaves were utilized as tem-
plates for fabricating micropapillary PDMS surface.l®) On the
other hand, the leaf possesses skeleton which has a network
structure consisting of interconnected vein microstructures.
For instance, Elsayes et al. demonstrated the use of leaf skel-
eton of Bodhi tree as electrode via coating of AgNWs on the
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Leaf skeleton

l Ag NW loading

20um

Figure 4. a) AgNW embedded buckle like microstructured electrode. Reproduced with permission.?l Copyright 2015, Royal Society of Chemistry.
b) Topology of PDMS substrate replicated from glass with matte finish. Reproduced with permission.3l Copyright 2017, Elsevier. c) PDMS microtowers
prepared from inverse replica of lotus leaf, d) AgNW coated PDMS microtowers electrode. c,d) Reproduced with permission.[*3l Copyright 2018, Wiley-
VCH. e) AgNW coated Bodhi tree leaf electrode. Reproduced with permission.*l Copyright 2020, Wiley-VCH.

backbone, which provided conductive network across the leaf
skeleton*! and the electrode fabrication process in shown in
Figure 4e. In addition, the same group also demonstrated the
use of rubber tree leaf with the similar approach to prepare
leaf-based electrode.’ The final sensor properties of devices
constructed on these biomimetic electrodes are listed in
Table 1. Biomimetic approach for preparing sensor electrodes
is still in its infancy stage and there are a lot of unexplored
natural surfaces for replication and leaf structures as elec-
trode substrate.

4.1.3. Porous Electrode

Sensitivity improvement of the pressure sensors has been
reported with porous dielectric layers and separate flat elec-
trodes. However, instead of separately producing dielectric and
electrode layers, Cicek et al. demonstrated the fabrication of
pressure sensor via deposition of AgNWs on top and bottom of
a melamine sponge as a thin layer via 3D masking, and leaving
the remaining part of the foam as a dielectric layer.*! The
schematic sensor structure and the uniform deposition of the
AgNWs on the sponge is demonstrated in Figure 5a. Besides,
Peng et al. presented AgNW/PDMS foam electrode via coating
the AgNWs on a sugar template, followed by infiltration of
PDMS and dissolving sugar.’% The porous electrode structure
and uniformly deposited AgNWs is illustrated in Figure 5b. On
the other hand, porous knitted wool fabric that was coated with
AgNWs was fabricated by Gurarslan et al. (Figure 5c).*® Addi-
tionally, breathable porous electrode was fabricated by screen
printing of the AgNWs on the electrospinned PVDF nanofiber
membrane.?%! Figure 5d exhibits the schematic fabrication tech-
nique and SEM image of final porous electrode. The properties
of the sensors with porous electrode are also shown in Table 1.
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The distinct benefit of all these approaches is the simplicity of
the fabrication process due to conductive and dielectric layers
being inherently connected, as well as the opportunity to pre-
pare thoroughly breathable sensors, which are desirable for
wearable applications.

4.1.4. Fiber-Based Electrode

Electronic textiles (e-textiles) are very promising in flexible and
wearable sensors owing to their lightweight, flexibility and com-
fort and achieving electrical properties at the fiber level is highly
desirable for the next generation e-textiles. Therefore, inte-
grating the conductive AgNWs in the yarns offers a facile and
low-cost approach to prepare pressure sensors that are inher-
ently integratable to textiles and can thus significantly improve
the user comfort. For instance, polyurethane fiber twined
by polyester yarn was dip-coated uniformly with the AgNWs
to form conductive yarns?’! (Figure 6a,b). These yarns were
assembled onto different dielectric materials in an orthogonal
face-to-face configuration to form sensing pixels (Figure 6c).
PDMS, Dragon skin, and Ecoflex were used as dielectric mate-
rials and the best sensor properties were obtained with Ecoflex,
owing to its lower elastic modulus. The sensor structure was
fabricated by placing the AgNW-coated yarns on the PDMS sub-
strate in parallel and then pouring a liquid PDMS and curing
to stack the yarns in the PDMS structure. Next, dielectric mate-
rial was poured between two electrodes and allowed to cure
to form the sensor structure. Consequently, in another work,
fiber electrodes were fabricated via integrating the AgNWs in
the bacterial cellulose via wet-spinning.®”! Then, the dielec-
tric PDMS layer was applied via dip-coating, which provided
uniform PDMS layer (Figure 6d). The wet-spinning of bacte-
rial cellulose/AgNW solution resulted in hierarchically porous
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Ag NWs Ink
Screen Prlntmg
Nanofiber Membrane

Figure 5. a) Porous AgNW/melamine sponge electrode. Reproduced with permission.l*l Copyright 2021, Wiley-VCH. b) Porous PDMS/AgNW elec-
trode fabricated from sugar template. Reproduced with permission.% Copyright 2020, American Chemical Society. c) AgNW coated porous wool
fabric. Reproduced with permission.l8l Copyright 2019, SAGE. d) Schematic demonstration of fabrication method and SEM image of porous electrode.
Reproduced with permission.[8l Copyright 2017, Wiley-VCH.

structure with uniform distribution of AgNWs (Figure 6e). In  4.1.5. Patterned Electrode Arrays

addition, the sensing pixels were formed via assembling the

fibers perpendicularly on a textile-based substrate (Figure 6f).  Numerous approaches have been developed to prepare flexible
This outstanding hierarchical structure provided high radial  capacitive pressure sensor arrays, which require the patterning
compressibility, which in turn led to a large capacitive change  of AgNWs. Since the substrates should be flexible polymer
with pressure. materials, the patterning techniques should not include harsh

() (b) (©

A X A
YN 2 Txp\}‘n ‘v?v%- ’\.‘f*
\ . 5 1

Figure 6. a) AgNW coated SCY, b) demonstration of uniform coating of AgNWs on SCY, c) photograph of the pressure sensor array with AgNW coated
SCY. a—c) Reproduced with permission.[?’l Copyright 2017, Royal Society of Chemistry. d) PDMS coated AgNW/bacterial cellulose fiber, e) demonstra-
tion of the hierarchical microstructure of AgNW//bacterial cellulose fiber and f) sensing pixels. d—f) Reproduced with permission.l®°l Copyright 2020,
American Chemical Society.
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conditions, such as the inorganic counterpart processing. For
instance, screen printing method was utilized to prepare 7 x 7
array with a feature size of 2 mm and PDMS as the dielectric
layer, as shown in Figure 7a.°%) Consequently, Kim et al. fab-
ricated 15 x 15 array sensor via parylene-C stencil patterning
method, which provided line width of 500 um.® Besides, Jeong
et al. employed lift-off micropatterning for the construction of
16 x 16 sensor array, as illustrated in Figure 7b.°?l Additionally,
Han et al. achieved 100 um line patterns on a 5 mm x 5 mm
sensor area with a technique that relies on the irradiation of
light through a mask to AgNW coated PET substrate and then
etching the NWs that were not exposed to light (Figure 7c).”’]
Similar approach was also used by different research groups for
the fabrication of sensor arrays.->*% On the other hand, spray
coating of Mxene/AgNW ink through a mask was performed to
obtain conductive electrodes on PDMS substrate, as shown in
Figure 7d. Table 1 summarizes the sensor properties, however,
it is worthy to note that, in the patterned electrode fabrication
approaches, the researchers did not investigate the sensor per-
formances in detail, but they only demonstrated capacitive pres-
sure sensor as a proof of concept. In general, these sensor arrays
can provide more information about the pressure change and
distribution than a single sensor in the same area. Therefore,
there are still many issues to be explored with the patterned
electrode sensors, such as investigation of the sensor properties,
utilization and optimization of different patterning techniques
and using microstructured or porous dielectric layers.

(b)

16 X 16 pressure

i

Top electrode (AgNW
Bottom electrode (AgNW)
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4.2. Fabrication of AgNW-Based Dielectric Composites

Typically, easily compressible, and rapidly responding dielec-
tric layer upon external force has a significant influence on the
thickness change, which in turn leads to the capacitance change
in capacitive pressure sensors. On the other hand, change of
the dielectric constant with pressure is another approach to
acquire capacitance change. For instance, Shi et al.* fabricated
a dielectric layer by embedding AgNWs in microstructured
PDMS layer, which was then sandwiched between two iden-
tical ITO/PET electrodes to form a pressure sensor, as shown
in Figure 8a,b. Consequently, Zhao et al. prepared AgNW/
TPU core-shell nanofiber dielectric layer via electrospinning.*!
Then, this dielectric layer was stacked between two gold/PDMS
electrodes in order to assemble a pressure sensor (Figure 8c,d).
Analogously, breathable flexible pressure sensor was demon-
strated by integrating the electrospinned AgNW/TPU dielectric
layer, the microstructure of which is shown is Figure 8e, and
two CNT/TPU electrodes.’®! In another approach, porous PVA/
AgNW dielectric layer was fabricated via foaming and repeated
freezing and thawing.”) Macro and microstructure of the
AgNW loaded highly porous PVA foam dielectric material is
displayed in Figure 8f,g. Manipulating the porosity and dielec-
tric constant of the dielectric layer has a great influence on the
sensitivity,”) therefore, elastic and flexible foams, sponges or
aerogels with tunable porosity and AgNW loading offer a wide
potential in the flexible pressure sensors.

re sensor array ; o

ittom interconnect

Figure 7. a) Macro image of 7 X 7 array prepared via screen printing. Reproduced with permission.l¥ Copyright 2014, The Royal Society of Chemistry.
b) 16x16 sensor array constructed with lift-off micropatterning approach. Reproduced with permission.®2l Copyright 2016, The Royal Society of Chem-
istry. c) SEM images of the AgNW lines prepared by selective light irradiation. Reproduced with permission.l”l Copyright 2017, The Royal Society of
Chemistry. d) AgNW/Mxene composite electrodes on PDMS substrate prepared with spraying through mask. Reproduced with permission.?l Copyright
2021, American Chemical Society.
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Figure 8. a) SEM image of microstructured AgNW/PDMS dielectric layer, b) structure of the flexible pressure sensor with AgNW/PDMS dielectric layer.
a,b) Reproduced with permission.*l Copyright 2018, Springer. c) Schematic illustration of the preparation of AgNW/TPU dielectric layer, d) architecture
of the flexible pressure sensor with AgNW/TPU dielectric layer and SEM image of the AgNW/TPU fibers. c,d) Reproduced with permission.*!l Copy-
right 2020, American Chemical Society. €) SEM image of AgNW/TPU composite nanofiber dielectric layer. Reproduced with permission.P®l Copyright
2020, MDPI. f) Digital image of the fabricated porous AgNW/PVA nanocomposite dielectric layer. g) SEM image porous Ag NW/PVA nanocomposite
dielectric layer. f,g) Reproduced with permission.’”} Copyright 2021, Wiley-VCH.

4.3. Computational Analysis of Sensor Designs

When it comes to computational methods, finite-elemental
analysis (FEA) has typically been employed to reveal the effect
of the microstructured substrate or dielectric layer on the
sensing mechanism by comparing with the flat substrate or
dielectric layer. For instance, Wan et al. examined the effect of
microstructured substrate via replicating PDMS microtowers
from lotus leaf and coated them with AgNWs (Figure 4c,d).l>’]
The pressure sensor was fabricated by sandwiching colorless
polyimide (PI) film between AgNW coated flat PDMS and
AgNW coated microtower PDMS layers. The deformation of
the sensor against external pressure was simulated with FEA,
as demonstrated in Figure 9a. External pressure resulted in
stress concentrated at the contact points of the microtower
array and dielectric layer. In comparison with the flat PDMS,
microstructured film displayed larger local stresses and more
thickness change. In addition, influence of microtower density

Adv. Mater. Interfaces 2022, 9, 2200866 2200866 (10 of 18)

was also simulated, which showed that less dense structure
provided more thickness change. It is worthy to note that simu-
lation results were all consistent with the experimental outputs.

On the other hand, effect of porosity on stress distribution
on the sensor was elucidated by Cicek et al. via comparing the
porous melamine sponge and nonporous flat PET layers by
FEA analysis.*)) The simulation demonstrated that while stress
was localized at the edges of the sensor body for flat PET, the
stress was homogeneously distributed within the entire body
for porous melamine, as shown in Figure 9b. In addition, the
stress experienced with flat PET was smaller than the porous
melamine, owing to the compressibility of the sponge. There-
fore, sponge like materials well suits to those sensors with high
sensitivity in subtle pressure regime.

Additionally, impact of microstructures in the dielectric layer
was analyzed with FEA to analyze the changes in the stress and
deformation under different external pressures (Figure 9c).
Increased external pressure resulted in stress generation within
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Figure 9. a) FEA simulation depicting the local stress distribution and the deformation of sparse, dense PDMS microtowers array, and flat PDMS at
pressures of 0.5, 2, and 10 kPa. Reproduced with permission.3l Copyright 2018, WILEY-VCH. b) FEA simulation results of von Mises stress distribu-
tion within porous melamine and flat PET substrate (bottom) under compressive loads of 800 Pa. Reproduced with permission.1* Copyright 2021,
WILEY-VCH. c) FEA simulation demonstrating stress distributions of the microstructured and flat dielectric sensors. Reproduced with permission.>’l

Copyright 2021, Royal Society of Chemistry.

sensor body. In addition, the microstructured and flat dielectric
layers displayed different stress distributions, which was attrib-
uted to the hierarchical microstructures in the dielectric layer.
Zhao et al.*! and Chhetry et al.*? carried out similar FEA
analyzes for 3-D AgNW-TPU nanofiber dielectric layer and
microstructured solid polymer electrolyte dielectric layer,
respectively. These studies also generated similar conclusions
that microstructured dielectric layers provided larger deforma-
tions with the external forces compared to the flat layers and
the stresses typically concentrated on the tip of the microstruc-
tures. To summarize, FEA provides very crucial information
regarding the material’s behavior under external stress, there-
fore, utilizing FEA while designing microstructured or porous

substrate and dielectric layers may have great impact on fabri-
cation of highly sensitive pressure sensors.

5. Performance of the Sensors

5.1. Sensitivity

The sensitivities of the sensors prepared with AgNW based
electrodes and dielectric layers on different pressure regimes
are summarized in Tables 1 and 2, respectively. Sensitivity (in
the subtle pressure regime) of various capacitive pressure sen-
sors prepared with AgNW based electrodes and dielectric

Table 2. Properties of the sensors prepared with AgNW based dielectric layer.

Host material Electrode AgNW length Sensitivity Detection limit Response time Loading/ Refs.
structure [wm] [kPa] [Pa] [ms] unloading cycle
Subtle pressure  Low pressure Medium pressure
(1 Pa-1 kPa) (1-10 kPa) (10-100 kPa)
Microstructured ITO/PET 150 0.831 0.063 - 1.4 30 10 000 [40]
PDMS (1kPa)
TPU nanofiber Au/PDMS - 1.21 0.15 - 0.9 100 10 000 [41]
Porous PVA PVA/CNT 30 1.8862 0.1271 - - 25 10 000 [97]

Adv. Mater. Interfaces 2022, 9, 2200866 2200866 (11 0f18)
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Figure 10. Properties of the pressure sensors prepared with AgNW based elec-
trode and dielectric layer a) sensitivity, b) response time and c) limit of detection.

layers is depicted in Figure 10a. The sensitivity values are typi-
cally centralized in 1-10 kPa™ range, which are higher than for
the structures without AgNWs.') The highest sensitivity
(131.5 kPa™!) was achieved by sandwiching of a microstructured

Adv. Mater. Interfaces 2022, 9, 2200866 2200866 (12 of 18)

INTERFACES

www.advmatinterfaces.de

Iontronic film (dielectric layer) between two identical AgNW/
PDMS plain electrodes.*? The dielectric layer was prepared by
mixing 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide and poly(vinylidene fluoride-co-hexafluoropropylene) and
spin coating on an abrasive paper, which was then followed
by annealing and detaching from the paper surface. The solid
polymer electrolyte indicated very high interfacial capacitance
by the advantage of its mobile ions and with the external pres-
sure, the dielectric layer presented a unique ionic-electronic
contact at electrode interface, which in turn enhanced the inter-
facial capacitance. Besides, the lower sensitivity values (<1 kPa™)
could be attributed to either nonporous/unstructured nature
of PDMSI?? and Ecoflex!?’] dielectric film or relatively inelastic
character of dried rose petalst*®l and cellulose tapel®¥ dielectric
layer.

As noted in Table 1, the sensitivity of the sensors in the low-
pressure regime are approximately ten times lower than the
sensitivity values in the subtle regime. However, depending on
the application, this may not be the desired property. Therefore,
designing sensor structures that are highly sensitive in more
than one pressure regime is of great interest.

5.2. Response Time

As demonstrated in Figure 10D, the response times of the sen-
sors are typically less than 100 ms, which is in good agreement
with the general capacitive pressure sensor values.'”! The fast
response of the sensors could be explained by the elastomeric
nature of the substrate or dielectric layer. On the other hand,
response time is also dependent on the amount of the applied
pressure, however, it was ignored by the researchers and to our
knowledge, there is no systematic study available addressing
this issue. In addition, Figure 10b clearly displays the relation-
ship between the sensitivity and response time of the sensor.
Typically, we can say that the sensors with highest sensitivi-
ties in subtle pressure regime possess shorter response times.
Besides, the high response time of the sensors presented by
Chen and Guo (200 ms),? Liu et al. (500 ms),> and Quan et
al. (1000 ms)*} could be attributed to the robust and/or thick
substrate and dielectric layers.

5.3. Dynamic Durability

As summarized in Tables 1 and 2, number of cycles were varied
in the range of 10-100000 with different applied pressures. It
is notable that the researchers typically utilized single pres-
sure and loading/unloading frequency. However, fatigue or
irreversible deformation of the sensor can depend on both the
amount of applied pressure and loading/unloading frequency.
Varying these parameters and then investigation of their impact
on the sensor performance degradation has commonly been
disregarded in the literature. On the other hand, bendability
is an important performance criterion in sensor performance
and long-term dynamic durability. Even though, fabrication of
flexible or wearable sensor was claimed in the literature, bend-
ability test of the entire sensor system has often been ignored
or limited to few bending angles.
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5.4. Limit of Detection

As shown in Figure 10c, the LOD of the AgNW based sensors
are typically in the range of 1-3 Pa, which demonstrates the
easy compressibility of the fabricated sensors. The relationship
between the sensitivity and LOD is apparent and the sensors
with higher sensitivity have lower LOD values. However, the high
LOD values shown by Joo et al.l?3! (15 Pa) and Liu et al.> (20 Pa)
can be explained by the relatively lower elastic nature of the die-
lectric films like PMMA and natural bamboo leaves, respectively.

6. Emerging Applications

Sensor technology has gained much attention due to the fast
improvement of value-added smart materials, e-textiles, intelligent
home and internet of things (IoT) technology.’® Various applica-
tions derived from pressure sensors can be divided into three
main categories of human-machine interface, electronic skin,
and healthcare monitoring/human motion detection, presented
in this section.”! There are still several challenges and obstacles to
be solved for increasing the future prospects of these applications.

6.1. Human—Machine Interface

Communication between humans and machines is assisted
by integrated devices and software. In other words, a flexible
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pressure sensor can play a pivotal role in translating mechan-
ical movements of humans to electrical signals for the
machine’s control.’”! For instance, Guan et al. developed fiber-
based highly sensitive sensors (shown in Figure 6f) for deter-
mining weak signals from human body and highly accurate
pulse waves. Owing to the recognition of spatial movement of
an object resulting from proximity sensitivity, a touchless piano
(the playing of which doesn’t require pressing the keys) is illus-
trated in Figure 11a.%9) Meanwhile, chocker sensor attached
to a necklace that could detect human speech was also dem-
onstrated in the same work. On the other hand, Zhao et al.
utilized pressure sensor with AgNW/TPU nanofiber dielectric
layer embedded between identical Au/PDMS layers (shown in
Figure 8d) to realize human-machine interfaces.!l They fab-
ricated a complex piano glove with 10 independent sensors
including ten basic notes for playing the piano as shown in
Figure 11b. The sensors were connected to the circuit board and
the change in capacitance signal was transmitted to the mobile
phone application via the Bluetooth module. Furthermore, Shi
et al. used the sensor shown in Figure 8b in a wearable touch
keyboard to realize the human-—computer interaction.) As
illustrated in Figure 1lc, the wearable keyboard system relies
on the capacitance change of the sensors and transmission of
the related signal to the microprocessor and then to the wire-
less data transmitter. Moreover, Chen et al. enabled the control
of shooting video game with the help of sensors mounted on
human fingers that are connected to a data acquisition (DAQ)
circuit board.'%

Figure 11. a) Touchless piano played with a human finger. Reproduced with permission.!% Copyright 2020, American Chemical Society. b) Image of
the data glove with 10 independent sensors and demonstration of playing the piano in the mobile app. Reproduced with permission.l*l Copyright
2020, American Chemical Society. c) Flexible sensor functioning as wearable keyboard and real-time inputting word “flextronics”. Reproduced with
permission.l*% Copyright 2018, Springer Nature. d) Sensor mounted on a robotic hand. Reproduced with permission.*l Copyright 2020, Wiley-VCH.
e) Force monitoring with the pressure sensor placed onto a human fingertip. Reproduced with permission.’® Copyright 2020, American Chemical
Society.
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r

Figure 12. a) Pressure sensor attached to the mask for respiration monitoring, b) sensor attached to the chest for heart rate monitoring.
a,b) Reproduced with permission.[?®l Copyright 2017, WILEY-VCH. c) Sensor mounted on the radial artery for real-time monitoring of the wrist
pulse. Reproduced with permission.l*s Copyright 2018, American Chemical Society. d) Palm bending with different angles. Reproduced with per-
mission.[?’] Copyright 2017, Royal Society of Chemistry. e) Sensor placed on human neck to detect the vocal cords vibration. Reproduced with
permission.’l Copyright 2017, American Chemical Society. f) Sensor detecting muscle movement during eyelid opening and closing. Reproduced
with permission.*2l Copyright 2018, American Chemical Society. g) Sensor mounted on human arm to detect arm bending. Reproduced with permis-

sion.%% Copyright 2021, 1OP Publishing.

6.2. Electronic Skin

Different sensing functionalities of human skin can be simu-
lated by various flexible electronic skin constructions.”l The
pressure sensor is an essential element of electronic skin,
requiring flexibility, conformability and small sensing pixels.2®!
Besides pressure sensing, different functionalities, such as self-
healing ability, multi-stimuli differentiation and temperature
sensing can also be integrated into E-skins.'®l To actualize the
pressure sensing E-skin, Elsayes et al. mounted the leaf elec-
trode-based sensor (Figure 4e) at the fingertip of a 3D-printed
robotic hand, as exhibited in Figure 11d, and it was dem-
onstrated that the sensor was able to detect human finger’s

Adv. Mater. Interfaces 2022, 9, 2200866 2200866 (14 of 18)

touching the robotic hand.*! In addition, Peng et al. placed the
fabricated pressure sensor on the tip of a human finger that
could detect and determine the applied force for the applica-
tion of human-machine interface (Figure 11e).”® Moreover, Ho
et al. demonstrated the utilization of a crack-enhanced pres-
sure sensor for 2D color mapping of simultaneous external
load sensing as well as detecting human motions, such as slow
muscle movement.!%?]

By and large, skin-like pressure sensors have attracted sig-
nificant attention because of their ultraflexibility, which can
be widely used in wearable applications. However, air per-
meability is one of the remaining important challenges of
skin-like pressure sensors. To overcome this issue, Yang et al.

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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developed cost-effective, lightweight and breathable pressure
sensors from nanofiber membranes as a promising candi-
date for electronic skin applications. The mentioned pressure
sensor consists of AgNW coated PVDF nanofiber membrane
as electrode and TPU nanofiber membrane as dielectric
material.[2®]

6.3. Healthcare Monitoring and Human Motion Detection

Flexible pressure sensors attached to the human body can
detect physiological parameters and they provide an opportu-
nity for continuous healthcare monitoring and human motion
detection.B! For instance, AgNW based pressure sensor was
successfully implemented to monitor the human respiration
and heart rate as illustrated in Figure 12a,b.2¢! Additionally,
Figure 12c¢ demonstrates the utilization of pressure sensor
mounted on radial artery for real-time monitoring of the wrist
pulse.?l On the other hand, human motion detection, such
as finger bending/?! voice recognition,’¥ eye blinking,*
and arm bending!'®! was successfully demonstrated with the
flexible pressure sensors, as displayed in Figure 12d-g. Fur-
thermore, similar human motion detection was also detected
with the AgNW based pressure sensors fabricated by Yao and
Zhul® Cicek et al.,*! Li et al.,* Nie et al.,P% Liu et al.,[>
and Che et al.” However, there is an uncertainty about long
terms stability of the pressure sensors at daily working con-
ditions, which needs more research and exploration in the
future.24

7. Conclusions and Outlook

Herein, we have summarized recent progress of AgNW based
flexible capacitive pressure sensors and their usage in emerging
technologies. The fabrication methods of AgNW based elec-
trode and dielectric layers were classified and we highlight that
AgNWs are not only a good electrode material but also a good
filler material in the dielectric layer, which can be explained by
their outstanding flexibility, electrical conductivity, and high
dielectric constant. We then compared the sensor performances
including sensitivity, response time, dynamic durability, and
limit of detection. Proper selection of substrate and dielectric
material and adding microstructures or porosity to them can
have strong impact on the sensor performance. Considering
the application perspective, these sensors show promising
results in emerging technologies including human-machine
interface, electronic skin, healthcare monitoring and human
motion detection.

However, realization of sensors with low detection limit and
high sensitivity in the ultralow pressure (<1 Pa) is still a sig-
nificant challenge, specifically in healthcare monitoring appli-
cations. Even though there have been achievements in sensor
performance in subtle pressure (1 Pa-1 kPa) regime, to our
knowledge highly sensitive sensors in both subtle and low-
pressure regime relevant to human motion detection or health-
care monitoring have not been reported yet. Therefore, new
material design with optimized porosity and microstructures
are highly desired. In addition, the effect of nanowire length on
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the sensor performance has not been investigated in detail yet.
The mechanical and electrical integrity of the sensors under
dynamic bending still needs further investigation. Yet, the fab-
ricated sensors’ dimensions are small and until now, the fabri-
cation processes are commonly optimized only using methods
typical for low to medium technology-readiness level. Large
scale production approaches thus remain as a challenge for the
commercialization of the sensors. We believe that established
printing techniques combined with AgNW inks are very prom-
ising for the commercialization of the sensors. Another bottle-
neck is the use of rigid wiring systems for the data acquisition
from the sensors rendering long-term pressure monitoring in
skin mountable devices still a grand challenge. Regarding the
emerging applications, combination of the sensors with artifi-
cial intelligence and internet of things is only emerging in the
literature. In addition to pressure, sensors that can detect other
signals such as temperature, strain, and biological fluids need
for further research effort to enable both early detection and
monitoring of diseases for advanced healthcare monitoring
applications.
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