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The recent advances in wearable electronics and intelligent human-machine interface systems have garnered great interests in
electromechanical sensors, which can measure and quantify physical stimuli. Among different types of electromechanical sensors,
piezoresistive sensors have been extensively investigated due to the excellent sensitivity, simple construction, and durability.
Especially, there have been remarkable developments of flexible and stretchable piezoresistive sensors for wearable devices by
investigating novel material/structural strategies to obtain highly sensitive piezoresistive sensors with skin-like flexibility. Here, we
give a comprehensive overview of the recent progress in flexible and stretchable piezoresistive sensors and their applications.
Based on the material composition and structural characteristics, the piezoresistive sensors are categorized into three types—
conductive polymeric composite, porous conductive material, and architected conductive material. Subsequently, we have
summarized their transduction mechanisms, fabrication processes, sensing performances, and applications. Finally, we have
discussed current challenges and future opportunities for piezoresistive sensors.
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With the growing interest of environmental and physiological
information perception, there have been active research on flexible
and stretchable electromechanical pressure/strain sensors due to their
capabilities of transduction of physical stimuli to measurable
electrical signals.'™'> Recently, the rapid development of the
electrical sensing techniques and fabrication technologies have
contributed to the significant progress in the investigation of
advanced functional materials/structures for the electromechanical
sensing applications.

To achieve the conversion between mechanical and electrical
signals, researchers have utilized the generation of charges'*™'® and
the variation of capacitance'’™'? or resistance?®** upon mechanical
loading (e.g. pressure, strain). Therefore, the transduction mechanisms
of the electromechanical sensors can be generally classified into
piezoelectricity/triboelectricity, piezocapacitance, and piezoresistivity.
The piezoelectric pressure sensors are based on the piezoelectric effect
caused by the change of the internal polarization of the inorganic
piezoelectric materials (e.g., lead zirconate titanate (PZT),%® barium
titanate (BTO)** and zinc oxide(ZnO)>), organic piezoelectric poly-
mers (e.g., polyvinylidene fluoride (PVDF)*® and poly(l-lactic acid)
(PLLA)*"), or piezoelectric composites.”® And, for the triboelectric
pressure sensors, they produce electric charges due to the triboelectric
effect, which is a type of contact electrification.'> Benefiting from the
unique charge generation feature, piezoelectric and triboelectric
pressure sensors can ()provide sustainable power for themselves as
self-powered sensors.” But, they are limited in sensing subtle and/or
static mechanical loadings. Capacitive sensors are constructed by a
deformable dielectric material with parallel plates on the top and
bottom surfaces. Under pressure loading, the deformation of the
sandwiched dielectric material leads to the distance change of the
parallel plates, resulting in the capacitance change.'® Capacitive
sensors possess high sensitivity and low hysteresis, and can detect
both static and dynamic loadings. However, the capacitance change is
usually on the order of picofarads (pF) range. The relatively small
capacitive variation impedes the further improvement of the corre-
sponding pressure sensor, and requires careful circuit design to
minimize the effects of parasitic capacitance.® The piezoresistive
sensors are based on the piezoresistive effect, which is the change in
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the electrical resistivity of materials when pressure is applied. Owing
to the simple construction and readout circuits, the piezoresistive
sensors are low cost, durable, and robust with high-resolution to both
static and dynamic pressure/strain.>

Importantly, among these transduction approaches, flexible and
stretchable electromechanical sensors with high sensitivity and fast
response time are essential characteristics for successful monitoring
of real-time physical stimuli. In Fig. 1, we have summarized the
pressure sensitivity and response time of some of the recently
reported Ji‘)iezoresistive,31’3 piezoelectric’® and  capacitive
sensors.*'™ Compared to the plotted piezoelectric and capacitive
sensors, piezoresistive sensors showed outstanding pressure sensi-
tivities with a relatively fast response time. Piezoresistive sensors
can offer linear electromechanical sensing performance over wide
strain ranges, which enables the reliable sensing performance for
practical applications.***’ Owing to their simplicity in device
structures, high sensitivity, and linearity, piezoresistive sensors are
most widely used in commercial micro-electromechanical systems
(MEMS) devices.*® Not surprisingly, flexible and stretchable piezo-
resistive sensors are the promising candidates and indispensable
parts for future generations of wearable intelligent electronics.”**>°
Recently, there have been many exciting progress in the develop-
ment of flexible and stretchable piezoresistive materials for wearable
sensing applications.

In this review paper, we aim to present a comprehensive
overview of the flexible and stretchable piezoresistive sensors.
First, we categorize the recently reported piezoresistive sensors
into three types and summarize their characteristic features and
working mechanisms. Second, we describe the detailed fabrication
processes, electromechanical sensing performances and applications
of each type of piezoresistive sensors. Finally, we conclude this
review paper with the grand challenges and future perspectives of
the piezoresistive sensors for further study.

Types of Advanced Materials/Structures for Piezoresistive
Sensors

Traditionally, piezoresistive sensors are based on rigid and brittle
inorganic materials (such as polycrystalline metals and single crystal
silicon and nitride materials), which have very limited mechanical
flexibility.’'> However, for wearable electronic applications, the
piezoresistive sensors are required to possess high stretchability and
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Figure 1. Comparison of pressure sensitivity and response time among the recently developed piezoresistive,>' ¢ piezoelectric®’° and capacitive*'™ sensors.
Copyright 2014, Nature Publishing Group;®' Copyright 2018, Elsevier;*> Copyright 2015, John Wiley and Sons;** Copyright 2017, John Wiley and Sons;**#'*?
Copyright 2019, Springer;35 Copyright 2017, John Wiley and Sons;* Copyright 2019, Royal Society of Chemistry;37 Copyright 2019, American Chemical
Society;*® Copyright 2019, Elsevier;>® Copyright 2017, American Chemical Society;** Copyright 2015, Royal Society of Chemistry;***> Copyright 2016, John

Wiley and Sons.**

conformability, as well as the capability to detect subtle loadings
; : 1,2,56,8 : . . -
over a wide strain range. To achieve both high piezoresistive
sensitivity and mechanical flexibility, Jeong group® and
Youngblood group® reported that flexible piezoresistive sensors
could be fabricated by utilizing the conductive nanomaterials as the
functional sensing elements coupled with stretchable polymeric

matrices. Besides, as Kim group'® and Rogers group® reported,
porous conducive materials and conductive materials with geome-
tries designed to enhance sensing performance are other promising
approaches to realize a unique combination of high mechanical
compliance and sensitivity. Based on the aforementioned stretchable
material design strategies, great achievements have been reported in
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the investigation of advanced materials/structures for flexible and
stretchable piezoresistive sensors. In this paper, we categorize these
materials/structures into three types based on their structural and
compositional characteristics, as shown in Fig. 2: (1) conductive
polymeric composite—viscoelastic polymer matrix dispersed with
conductive material; (2) porous conductive material—conductive
material with three-dimensional interconnected porous structure;
(3) architected conductive material—conductive material system
with carefully designed geometry. Table I lists several recently
reported flexible and stretchable piezoresistive sensors in terms of
sensitivity, response time, pressure detection limit, and their
applications based on these three categories.

The principle transduction mechanism for the aforementioned
material/structure is the contact area variation of electrical con-
ductors during transient deformations.>’*’> However, each of these
transduction methods has its own features: (1) The sensing
mechanism of the conductive polymeric composites is attributed to
the mobility of conductive fillers within the viscoelastic polymer
matrix; under compressive force, the temporarily contacted con-
ductive fillers would form more conductive pathways, leading to the
change of resistance (Fig. 3a);"* (2) For the porous conductive
materials, the sensing mechanism is due to contact and separation of
the conductive elements within the porous matrix; under compres-
sive deformation, the pores are condensed and the conductive
materials contact each other, resulting in the increase in conductive
contact areas and the resistance change (Fig. 3b);° (3) Additionally,
the architected conductive materials have carefully designed and
fabricated microstructures, which have large contact area changes
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o

upon small external loadings, leading to a high sensitivity
(Fig. 3¢).”%""

In the following sections, the detailed fabrication processes,
performances, and applications of the categorized three types of
piezoresistive sensors are discussed.

Conductive Polymeric Composite-Based Piezoresistive Sensors

The polymeric composites filled with conductors can combine
appropriate electrical properties of the conductive fillers with
excellent mechanical compliance of the flexible matrices. Here, we
summarized the recent progress of conductive polymeric composite-
based piezoresistive sensors in terms of the widely used conductive
fillers, including CNTs, graphene, and other conductive materials
(e.g., metallic materials, conductive polymers).

CNT-based conductive polymeric composites.—CNTs are
layered cylindrical molecules of carbon atoms, which exhibit high
electrical conductivity and exceptional mechanical properties.’>””
These properties make them widely used as a conductive filler for
conductive polymeric composite-based piezoresistive sensors. Many
commercially available polymers and elastomers including poly
(dimethylsiloxane) (PDMS),%*8%8!  Ecoflex,’*% polyurethane
(PU),¥*%  epoxy,**7 Poly(vinylidene fluoride) (PVDF),*® and
polymethyl methacrylate (PMMA)’® are used as polymeric matrices.

PDMS is a silicone rubber with low Young’s modulus, intrinsic
extensibility, high transparency, and excellent stability, and can be
easily prepared in a laboratory. These advantages make the PDMS as

P
# B,

Figure 2. The categorization of recently reported advanced material/structure strategies for flexible and stretchable piezoresistive sensors based on their structure
and composition characteristics. Reproduced with permission from Ref. 56, Copyright 2017, John Wiley and Sons. Reproduced with permission from Ref. 57,
Copyright 2018, John Wiley and Sons. Reproduced with permission from Ref. 58, Copyright 2019, American Chemical Society. Reproduced with permission
from Ref. 59, Copyright 2017, John Wiley and Sons. Reproduced with permission from Ref. 60, Copyright 2018, John Wiley and Sons. Reproduced with
permission from Ref. 61, Copyright 2019, American Chemical Society. Reproduced with permission from Ref. 62, Copyright 2018, John Wiley and Sons.
Reproduced with permission from Ref. 63, Copyright 2019, American Chemical Society. Reproduced with permission from Ref. 64, Copyright 2018, Springer.
Reproduced with permission from Ref. 65, Copyright 2019, American Chemical Society.



Table I. Summary of recently reported flexible and stretchable piezoresistive sensors and their sensing performances.

Piezoresistive sensor categories Materials Sensitivity Response time Detection limit Application References
Conductive polymeric composite Graphene/PDMS 44.5 kPa~! — — Human pulse detection 58
Conductive polymeric composite SWNTs/PDMS 1.8 kPa™! <10 ms 0.6 Pa Small muscle movement 66
Conductive polymeric composite Metal particle/PU 2.46 kPa™! 30 ms — Finger motion 67
Porous conductive material MXene/PVA NWs 147 kPa™! 138 ms 9 Pa Human physiology detection 32
Porous conductive material Vanadium nitride-graphene 40 kPa™! 130 ms — Health monitoring 35
Porous conductive material Carbonized melamine 100.3 kPa ™! — 3 Pa Wrist pulse detection 68
Porous conductive material Graphene 10 kPa™! 0.2 ms 0.1 Pa Subtle loading 69
Architected conductive material Polypyrrole 133 kPa ! 50 ms 1 Pa Subtle loading 31
Architected conductive material Au deposited PDMS 50.7 kPa™! 20 ms — Tactile sensing 33
Architected conductive material Au micropillar array 17 kPa ™! — 2 Pa Subtle loading 70
Architected conductive material Structured PDMS/Ag NWs 2.3 kPa™! 100 ms — Small muscle movement 71

19SLE0 LIT 0TOT ‘4121008 [po112y20.302]7 Y[, Jo [punof
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a) Conductive polymeric composite b) Porous conductive material c¢) Architected conductive material
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Figure 3. The schematic images of material/structure strategies and transduction methods for piezoresistive sensors: (a) conductive polymeric composite,

(b) porous conductive material, (c) architected conductive material.

the first option of the polymer matrix for the composite toward
flexible electronics.'”®® Conventionally, the CNTs are randomly
dispersed in the PDMS monomer followed by adding the curing
agent.”® However, the sensitivity of the CNT/PDMS composite is
low and cannot detect the tactile pressure range (<1 kPa). Recently,
lots of studies have been conducted to increase the sensing perfor-
mance of CNT/PDMS composite. For example, Wang et al.”’
constructed self-segregated structures to form dense conductive CNT
networks in PDMS matrix, resulting in the enhanced electrical
conductivity and piezoresistive sensing performance (Fig. 4a); the
self-segregated composite not only showed 7.4 times higher gauge
factor (GF = (AR/R)/e, where AR/R is the fractional resistance
change and ¢ is the applied mechanical strain) compared with that of
conventional samples, but also had higher compression modulus and
strength. Zheng et al.”> used a solution mixing-casting method to mix
PDMS with hybrid CNT and carbon black (CB) conductive fillers;
their works demonstrated that the bridged and overlapped hybrid
CNT-CB nanofiller structure successfully improved the sensitivity and
electrical conductivity of the composite; based on the as-demonstrated
composite, the authors also assembled wearable sensors to detect
human joint motions.

Ultra-soft Ecoflex exhibits stretchability as high as that of human
skin, and it is an environmentally stable 2polymer, which makes it
suitable for electronic skin applications.** The CNT/Ecoflex com-
posite-based sensors possess prominent stretchability. For example,
Mai et al.”® blended CNTs with Ecoflex matrix to fabricate ultra-
stretchable and mechanically resilient self-standing piezoresistive
sensors, which exhibited an elastic modulus as soft as human skin
(Fig. 4b); the as-prepared sensor presented a linear electromecha-
nical response up to 200% strain and high durability, which can also
be easily adhered to human skin as a soft sensor for wearable real-
time monitoring applications. Jiang et al.®? integrated CNTs and
Ecoflex into a stretchable sensor with interactive transmittance-
changing and strain-sensing capabilities; due to the ultra-flexible
mechanical properties of the Ecoflex, the composite film can be
stretched up to 400% strain without breaking, which is suitable for
monitoring daily activities with large displacement.

Moreover, CNT/PU, CNT/epoxy, CNT/PVDF, and CNT/PMMA
composites are also widely used for flexible and stretchable piezo-
resistive sensors. PU, one of the most versatile materials, can be
molded into complex shapes and incorporated into various items.”
Roh et al.** reported an environmentally benign water-based solution
processing to fabricate stretchable, ultrasensitive CNT/PU composite
sensors using single-wall CNTs and conductive elastomeric PU-
PEDOT:PSS. The sensors have an optical transmittance of 62% in
the visible range providing excellent optical transparency (Fig. 4c),
which can be invisibly mounted to human skin for small strain
detection such as human facial laughing and crying expression.
Additionally, epoxy resin has high bond strength, outstanding mechan-
ical strength, and excellent chemical resistance, which make it suitable
for applications.”® Liu et al.** synthesized the CNT/epoxy composite
by symmetric plasma-modified CNTs and epoxy resin (Fig. 4d). Due to
the enhanced interfacial bonding of the functionalized CNTs, the CNT/
epoxy composite showed remarkable mechanical peeling strength
(331.2Nm71) and tensile toughness (134.9] m73), as well as strain
sensitivity with gauge factor of ~4 up to 45% tensile strain. Moreover,
PVDF composite sensors are promising for structural health monitoring
applications from civil infrastructures to airplanes, due to their good
resistance against radiation and chemical erosion.”’ Ke et al®®
introduced a simple melt mixing method to construct strain-susceptible
hybrid conductive networks in the CNT/PVDF composite, leading to
enhanced electrical conductivity and piezoresistive sensitivity.
Furthermore, PMMA has also been actively used in flexible electro-
nics. Khanafer et al.* proposed a novel piezoresistive composite with
aligned CNT-arrays inside the PMMA polymer matrix for stretchable
piezoresistive sensors. The as-prepared transparent composite has high
durability, stretchability, and electromechanical sensitivity.

Graphene-based polymeric composites.—Graphene is a two-
dimensional (2D) material consisting of a monolayer of carbon
atoms arranged in a hexagonal lattice. Owing to its extraordinary
mechanical, electrical, and thermal properties, graphene has been
intensively investigated and considered as a promising candidate for
advancing flexible electronic devices.”®'°' As a well-studied
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Figure 4. CNT-based polymeric composites for advanced flexible and stretchable piezoresistive sensors. (a) The schematic of the fabrication method for
preparing self-segregated CNT/PDMS composite and the cyclic piezoresistive response of the self-segregated composite (red symbol and line) compared to
conventional samples (black symbol and line).”" Copyright 2017, Royal Society of Chemistry. (b) Photographs of the fully bent and twisted CNT-Ecoflex
composite samples showing the ultra-high flexibility of the composite; Free-standing MWCNT-Ecoflex composite sensor placed on human neck for detection of
speaking letters.”> Copyright 2019, Elsevier. (c) Schematic illustration of stretchable CNTs/PU composite strain sensor attached to human skin for pressure
sensing (laughing and crying); Transmittance spectra of this strain sensor to demonstrate the transparent feature.** Copyright 2015, American Chemical Society.
(d) The plasma functionalized CNTs created a strong chemical bond with epoxy and this CNT/epoxy polymeric composite piezoresistive sensor presented ultra-

high mechanical peeling strength and toughness.”* Copyright 2019, Elsevier.

flexible electromechanical sensor, graphene-based polymeric com-
posites incm})orate graphene into elastomeric matrices such as
PDMS,'%'%* Silly Putty,'” PVDF,'%'% Ecoflex,'**!'* PLA,""
polysiloxane,''? and other viscoelastic elastomers. Generally, gra-
phene/polymer composite sensors possess higher sensitivity due to
the high carrier mobility and large surface area of the 2D graphene
fillers.!'® To further enhance the sensitivity of the graphene/polymer
composite sensors, Yang et al.''* added Ag nanoparticles to
graphene-PDMS mixture by drop-casting, which are used to fill
the gaps between randomly dispersed graphene sheets as “bridges”
(Fig. 5a). The Ag nanoparticle-bridged graphene/PDMS composite
simultaneously achieved high sensitivity with a strain gauge factor
up to 475 and a broad sensing strain range of ~14.5%. Owing to
these outstanding piezoresistive performance, this piezoresistive
composite sensor can be used to detect both subtle and intensive
human activities including small-scale and large-scale motions.
Besides, to address the overlapping issue of the 2D graphene sheet
in composite materials, Wu et al. 15 and Luo et al."'® utilized the
structured 3D graphene foam fillers with tunable electrical

conductivity and elasticity as an effective reinforcing agent to
enhance the piezoresistive sensitivity and linear sensing range of
the graphene/PDMS composite sensors, compared to conventional
graphene/PDMS composites (Fig. 5b). Moreover, Huang et al.''’
developed a homogeneous graphene-PDMS mixture with appro-
priate rheological property of the slurry for 3D printing (Fig. 5c).
The as-printed 3D graphene/PDMS composite displayed good
mechanical properties, high sensitivity (gauge factor up to 448 at
30% strain), and fast electromechanical response time. This work
has shown the enormous potential of graphene/PDMS composite for
practical application in advancing flexible electronics.

Inspired by the fact that the sensing mechanism of the graphene/
polymer composite is breaking and reforming the conductive
network of mobile graphene fillers, Boland et al.'® proposed that
a lightly cross-linked polymer matrix with high viscous properties
would enhance the mobility of the graphene fillers, resulting in
super-high sensitivity. Based on this hypothesis, they embedded
graphene in highly viscoelastic Silly Putty matrix (Fig. 6a). Due to
the high mobility of the graphene nanosheets in the high viscosity
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114

Copyright 2018, American Chemical Society. (b) The fabrication method of the hollow structured graphene/PDMS composite for piezoresistive sensor and the
application in human pulse monitoring."'® Copyright 2017, John Wiley and Sons. (c) Schematic of preparing a graphene-PDMS mixture for 3D printing and the
real image of the as-printed graphene/PDMS composite with different parameters for piezoresistive sensing applications.''” Copyright 2019, Elsevier.

Putty polymer matrix (Fig. 6b), this graphene/Putty composite
displayed outstanding electromechanical features, such as dramatic
change in resistivity with mechanical strain and temporal relaxation
of electric resistance. The measured piezoresistive sensing gauge
factor of this graphene/Putty composite is more than 500 (Fig. 6¢)
with ability to detect subtle pressures including static weight-loading
and dynamic footsteps of a small spider (Fig. 6d). For the wearable
electronic sensor applications, this composite is capable of mon-
itoring finger joint motion and human breath (Fig. 6e).

Besides the example above, graphene/PVDF and graphene/Ecoflex
composites are other promising candidates for flexible piezoresistive
sensors. Costa et al.'" fabricated PVDF polymeric composite with
carbonaceous graphene oxide (GO) and reduced graphene oxide
(rGO) by solution casting method. Although the sensitivity of as-
prepared graphene/PVDF composite (strain gauge factor ~11) is not
particularly good compared to other works, the composite exhibited
excellent linear correlation between the applied mechanical loading
and the electrical resistance change, which is an essential feature for
the measurement accuracy of the flexible electromechanical sensors.
Moreover, to take full advantage of ultra-stretchability of the Ecoflex
elastomer, Wang et al.''® adopted vacuum-assisted filtration method
to integrate graphene and Ecoflex with meandered zinc wires. The as-
fabricated composite sensor possessed piezoresistive sensitivity with a
detection range up to 150% tensile strain without any damage. Due to

the flexibility of this graphene/Ecoflex composite sensor, it could be
easily attached to a human joint for large motion sensing.
Furthermore, for some biomedical electronic applications, pres-
sure sensors are directly implanted into biological organs. In this
regard, these sensors are required to be biocompatible and biode-
gradable to avoid invasive removal surgery. So, Scaffaro et al.!'!
fabricated graphene-based amphiphilic composite sensor using
biodegradable polymer matrix, poly (lactic acid) (PLA)-Poly (ethy-
lene-glycol) (PEG). To mimic the therapeutic property of natural
skin, Zhao et al.''* reported a self-healable fgraphene/polysiloxane
composite sensor (sensitivity of 0.765 kPa™ ') based on the solid-
liquid-solid transformation of the dynamic Diels-Alder bonds.

Other conductive material-based composites.—In addition to the
conductive CNTs and graphene fillers, metallic materials (e.g., metal
particles®”'"®"? and metal nanowires*>'?°"'>*) and other elastic
conductive components'>*'*® are also incorporated into flexible
elastomers for advancmg flexible and stretchable sensors. For
instance, Lee et al.%” reported a bioinspired highly sensitive piezo-
resistive composite sensor consisted of PU elastomer and sea-urchin
shaped metal nanoparticle, as shown in Fig. 7a. Owing to the high
aspect-ratio and high density of the structured long spikes, this
composite sensor exhibited much higher sensitivity and faster
response time than conventional spherical metal-filled composite
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Figure 6. Graphene-based polymeric composite with highly viscoelastic Silly Putty matrix toward subtle pressure sensing applications. (a) Photograph of highly
viscoelastic pure Silly Putty and graphene/Putty composite, and the SEM image of the surface of the graphene/Putty composite; (b) The rheological properties of
the graphene/Putty composite; (c) The piezoresistive sensitivity (Gauge factor) of the graphene/Putty composite vs volume fraction of graphene fillers;
(d) Graphene/Putty composite sensor used to detect subtle pressure including static weight-loading and dynamic footsteps of a small spider; (¢) Demonstrations
of graphene/Putty composite sensors for wearable electronic sensing applications.'®> Copyright 2016, American Association for the Advancement of Science.

ones. Its outstanding piezoresistive performance enables the pro-
mising potential applications in wearable sensors. And, Gray'?’
reported polymer nanocomposites by embedding various nanoparti-
cles including Ni, Ag, and CNT into a polymer matrix. With
nanoparticles embedded in PDMS, the composites reached good
flexibility and Young’s Modulus of 6.2 MPa with 55 wt% of Ni and
exhibited some degree of piezoresistivity. Compared to rigid 0D
metallic particles, 1D metal nanowires possess better mechanical
flexibility and electrical conductivity, Ho et al.'** utilized a simple
solution-processable method to embed Ag nanowires and Au
nanowires within flexible PDMS polymer (Fig. 7b). Due to the
percolating Ag and Au nanowire networks, the composite showed
very high sensitivity with a strain gauge factor of 236.6, which was
applied in detecting human facial muscle movement activities.
Besides, Wang et al.'?® reported multi-functional e-skin with
three-sublayer structure with interpenetrating networks of Ag
nanowires and the azobenzene buried between silk fibroin (SF)
film and PDMS film. The e-skin exhibited high flexibility with
elongation at break of 65% and the elastic modulus of 0.87 MPa. It
also showed light-sensitivity and low resistivity of 1.3 €)/sq.
Moreover, from the inherent flexibility and nontoxicity, the con-
ductive elastic components (such as conductive polymers'**'*> and
conductive natural elastic materials'2®) have also been considered as
other promising alternative conductive fillers for stretchable compo-
site sensors. For instance, Wang et al.'?® decorated the natural elastic
sunflower pollen microcapsules with CNTs for its electrical con-
ductivity. Then, the conductive microcapsules were mixed with
PDMS matrix to form piezoresistive composite sensors (Fig. 7¢); the
reported composite sensor achieved appropriate piezoresistive per-
formance with a very low detection limit of 1.6 Pa and could
accurately discriminate different spatiotemporal tactile stimuli. In
addition, doped microcrystalline silicon also illustrated piezoresis-
tive properties.'?’ Garcia-Castro et al."*° developed microsensors for
pulse measurement by utilizing microcrystalline silicon fabricated
on Kapton (polyimide film) via plasma enhanced vapor deposition.
The microsensors exhibited high sensitivity with GF of approxi-
mately 100.

Conductive Foam-Based Sensors

Another approach to realize the conductive pathway variation is
to make porous conductive materials. Numerous conductive foams
have been proposed to make piezoresistive sensors for wearable
applications.”*'™'** Owing to the 3D interconnected structures, the
conductive foam-based piezoresistive sensors possess many advan-
tageous features, including large surface area, light weight, high
flexibility. In this section, we divide these porous piezoresistive
materials into four categories—monolithic conductive foams, con-
ductive composite foams, conductive material-coated foams, and
porous fibers based on their composition characteristics.

Monolithic conductive foams.—Monolithic porous conductive
material is a 3D porous material made of a single conductive
material such as CNT,'*~'3¢ graphene,'*"*? and other carbonized
conductive materials.®®'*! Both CNT and graphene are carbon-
based conductive materials, which can be self-organized into 3D
interconnected pores in varied sizes, amounts, and morphologies.
Compared with the bulk carbon materials, monolithic CNTs or
graphene foams have significantly increased surface area and
reduced weight due to the interconnected 3D porous structures.
This gives a broader possibility in tuning the electrical and
mechanical properties of the foams, leading to extensive interests
for advancing llghtwelght electromc applications, es3pecia11y for
electromechanical sensors.'** For instance, Wang et al.'* developed
an ultra-lightweight (density ~4 mgcm™) carbon foam based on
joint-welded CNTs with mobile nanotube components and fixed
nodes (Fig. 8a). The as-prepared monolithic CNTs displayed a
promising piezoresistive response performance and excellent elastic
recoverability under both mechanical compressive and tensile
deformation. The piezoresistive response of the as-fabricated sponge
was very stable under 1000 cycles loading of 25% tensile strain and
95% compressive strain. Apart from monolithic CNT foam, Ma et
al.'* developed a high-temperature chemical vapor deposition
(CVD) method to fabricate 3D graphene foam for strain sensors
using copper as the sacrificial template (Fig. 8b). The integrated
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process of the transparent flexible hybrid Ag nanowire-Au nanowire/PDMS composite sensor, which could be “invisible” when attached to a human skin for

small muscle movement detection.'*
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sensor consisting of conductive elastic microcapsule fillers and PDMS matrix, and its application in mapping the local pressure distribution of a human hand

loading."?® Copyright 2017, Elsevier.

highly conductive inner graphene sheet guaranteed the piezoresistive
sensitivity of this foam structure and the electromechanical perfor-
mance remained stable after one hundred cyclic loadings. The
sensitivity up to 11.47 Pa~' and ultra-low density down to
~1.19 mgcm ™ enabled its potential application in imperceptible
wearable electronic devices. However, due to the bundling phenom-
enon of CNTs and graphene sheets inside the e porous structure, the
carbon foam branches are rigid and brittle."** Under mechanical
loadings, these branches undergo plastic deformation resulting in
weak structural recoverability. The drawback restricts the practical
usage of monolithic carbon foam in flexible electronics. To over-
come this limitation and achieve good elasticity, the monolithic
carbon foams were 1m£) gnated with elastic polymer as 3D-carbon/
polymer composite. 143,144 Another alternative approach is
to use nanowires or fibers as the collaborative support materials
for the 3D carbon foam structure.'*> For example, Huang et al. 146
vertically grew environmentally stable polyaniline nanowires on
the graphene sheets to form 3D porous structure (Fig. 8c). Due to
the interconnections of the 1D nanowires and 2D sheets, the
as-demonstrated collaborative monolithic graphene foam exhibited
both high mechanical resiliency and good piezoresistive sensitivity
(~0.77 kPa™ ).

The monolithic carbonized foam uses a foam material as a template
followed by a carbonization step to make it electrically conductive.'*”
Benefitting from the diverse mechanical properties of the selected
template foams, the corresponding carbonized monolithic foam can be
designed with desired features. For instance, Liu et al.®® demonstrated
a flexible and elastic sensor by carbonizing environment-friendly
melamine foams (Fig. 8d). Due to the prominent elastic properties of
this organic polymer and electric conductivity of the carbon, the as-
prepared carbonized melamine foam displayed ultrahigh piezoresistive
sensitivity (~100 kPa™') with outstanding reproducible sensing
performance up to 11,000 cycles. Additionally, Hu group demon-
strated that low cost and abundant natural wood could be processed
into a high-performance structural material.'*® They converted wood
into a highly compressible conductive sponge by carbonization
method."*" The as-fabricated foam exhibited compressibility up to
80%, high fatigue resistance of 10,000 mechanical loading cycles at
50% compressive strain, and good piezoresistive sensitivity suitable
for potential application in human motion detection.

Conductive composite foams.—Different from the monolithic
conductive foam, conductive composite foam refers to the 3D
porous structure prepared by the composite material combining
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polymeric components and conductive fillers. Generally, conductive
composite foams can be fabricated via “casting-etching” and
“freeze-drying” methods.'*%1%

The “casting-etching” process utilizes sacrificial materials as the
temporary framework to assist the formation of 3D porous structures.
Conventionally, easily accessible and environment-friendly sugar and
starch are the most widely used sacrificial materials for this fabrication
process. For instance, Wu et al.'>! utilized the carbon nanofiber
(CNF)-coated sugar particles as the templates for the CNF/PDMS
composite foam. After a warm water etching process to remove the
sugar particles, the CNFs were partially embedded in the PDMS pore
surface. Under compressive loading, the pores were condensed that led
to the formation of the conduction pathways by the connected CNF
networks, resulting in resistance change. The 3D microstructure
provided the CNF/PDMS composite with good electromechanical
sensitivity (gauge factor ~6.5), linear response, and durability up to
70% strain. Additionally, ZnO'>* or Ni scaffold'>® and aqueous
emulsion'* are also used as sacrificial templates for the conductive
foam composites. However, the enhanced sensitivity of these compo-
site foams was limited by their “large” microscale pores. Under a
specific porosity, the surface area of pores can be dramatically
increased by reducing the pore size, leading to the huge increase of
the conductive pathwasys when the pores are condensed. Based on this
hypothesis, Li et al.'>> proposed that the sensitivity of the composite
foams could be further enhanced by the nanoscale pores. They
developed an elastic CNT/PDMS composite foam with nanoscale
pores for tactile pressure sensing by casting-etching method using
ZnO sacrificial nanoparticles (Fig. 9a). They found that the fully
embedded CNTs were partially exposed to the porous surface,
contributing to the conductive pathway variation when the composite
was deformed. The as-fabricated nanoporous composite foam showed
ultrahigh piezoresistive sensing performance with a strain gauge factor
up to 300 and was able to detect subtle pressure down to 1 Pa with

Copyright

~70 ms fast response time. The paper has also demonstrated its
practical applications in detecting both static water droplet loading and
dynamic footsteps of a small cockroach movement.

The “Freeze-drying” is a thermally induced phase separation
technique, which is also widely used to fabricate porous structures.
For example, Huang et al.'>® reported a lightweight
(density < 0.123 gcm™) and flexible CNT/PU composite foam
with aligned porous structures using directional freeze-drying
method, as shown in Fig. 9b. The CNTs were first well dispersed
in a solvent, then the PU particles were completely dissolved in this
suspension followed by unidirectional freezing process to form
aligned structure. After sublimation and drying processes, the CNT/
PU foam was achieved. Owing to the aligned structural pores, the as-
fabricated sample exhibited 30.9% higher compression strength than
unaligned porous CNT/PU composites, as well as excellent piezo-
resistive sensitivity and reproducibility. Specifically, this composite
sensor displayed an outstanding linear characteristic in the compres-
sive strain range of 0%-77%. Liu et al.*' also demonstrated a
conductive graphene/PU composite foam with interconnected
porous structure by freeze-drying. Compared with the conventional
CNT/PU composite foam, the 2D graphene sheet fillers would
effectively increase the pore wall thickness to form a robust porous
structure with prominent mechanical recoverability and stable piezo-
resistive performance up to 90% compressive strain. Besides,
cellulose foams made of interconnected plates networks can also
be fabricated via the freeze-drying method. Owing to the spatial
configuration of solids and voids, the cellulose foams not only
possess ultra-lightweight and excellent mechanical elasticity, but
also have good electrical conductivity and ultra-fast piezoresistive
response.®'%*1%° Importantly, the cellular microstructures can be
tailored by varying the concentration of the conductive suspension
and freezing temperature, leading to the easy adjustable piezo-
resistive sensitivity, as shown in Fig. 9¢."”’
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Other nanomaterial assembly techniques were also demonstrated
for making composite foams. For instance, He et al.'*® demonstrated
an “incipient network conformal growth” method to fabricate a self-
temperature-compensated composite foam for piezoresistive sensing
applications. As shown in Fig. 9d, they first used silver nanowires to
form an incipient network in H,O-ethanol solvent followed by wet
chemical coating of pyrrole monomer. After that, the 3D porous
networks were constructed by supercritical CO, drying process. This
Ag nanowire/polypyrrole composite foam sensor displayed a tem-
perature-independent coefficient with good piezoresistive sensitivity
of 0.33 kPa™', ultrafast response time (~1 ms), and promising
sensing stability.

Conductive material-coated foams.—Conductive material-
coated foams refer to materials that have pore surface of the readily
available template decorated with conductive materials by coating

techniques (such as solution dip-coating,'®! sputtering,'®* and wet-
chemical deposition'®?). It is a straightforward way to make flexible
foams with good electrical conductivity for various electronic
applications.

Due to the fast and scalable features, solution dip-coating method
has been frequently used to fabricate conductive material-coated
foams. For instance, Yao et al.”> reported a graphene-coated PU
foam for piezoresistive sensing applications via the solution dip-
coating method, as shown in Fig. 10a. They first dispersed graphene
nanosheets in a solution, then dipped the polymer foam template in
the prepared suspension. After centrifugation and drying processes,
the graphene-coated PU foam was obtained. When a pressure was
applied to this foam, the coated conductive graphene networks
would make contact with each other, leading to the change of the
electrical resistance. Similarly, Asaro et al.'®* reported an ultra-
lightweight (density ~ 0.13 gem™) carbon black (CB)-coated
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PDMS foam with promising piezoresistive sensitivity, reproduci-
bility, and mechanical durability. Wu et al.'®® and Tewari et al.'®®
also demonstrated a carbon nanofiber-coated PDMS foam and a
CNT-coated PU foam for piezoresistive sensing applications,
respectively. Apart from carbon materials, hydrophilic MXene,'®’
conductive PEDOT:PSS polymer,'®® metal particle/nanowires,'¢%-'7°
or hybrid conductive materials'®*!”" are also considered as pro-
mising alternative coating materials for non-conductive polymer
foam templates. In addition, to achieve reliable adhesion between the
conductive coating materials and the foam template, Guo et al.'’?
pretreated the non-conductive polymer foam by O, plasma to
increase the hydrophilicity of the pore surface for supramolecular
coating assembly.

Besides the commonly used dip-coating method, sputtering and
wet-chemical deposition are also considered as efficient ways to
decorate the foam surface with conductive materials. For example,
Wu et al.'®* directly coated metallic gold (Au) to a commercial PU
foam by sputtering. To mimic the crack shapes on spider’s feet, they
created many crack channels on the coated Au lamina to improve the
piezoresistive performance of an Au-PU foam (Fig. 10b). The as-
fabricated sensors displayed good sensitivity (up to 96 Pa™'),
ultralow pressure detection limit (0.568 Pa), and ultrafast response
time (9 ms), as well as excellent recoverability. Owing to these

desirable electro-mechanical features, it could be utilized as
wearable electronics for human health monitoring. Furthermore,
Liang et al.'” reported a wet-chemical deposition method to coat
conductive metals to a PDMS foam, as shown in Fig. 10c. They first
modified the PDMS foam surface with the poly[2-(methacryloyloxy)
ethyl-trimethylammoniumchloride] (PMETAC) polymers by a ra-
dical polymerization step to increase its surface wettability, then the
PMETAC-modified PDMS foam was used as the template for
the electroless metal deposition process to form metal-coated
foam. Due to the reliable adhesion of this wet-chemical deposition
method, the as-fabricated conductive foam exhibited stable electrical
conductivity and piezoresistive response under repeated cyclic
deformation (up to 500 cycles).

Porous fibers.—Porous fibers refer to the piezoresistive materials
consisting of conductive fibers with fibrous structure. Three-dimen-
sional compliant fibrous structures could offer flexible or stretchable
behaviors out of rigid conductive materials for sensing applications.
Compared with two-dimensional structures that have drawback of
relatively less deformation in thickness direction, three-dimensional
fibrous structures can offer more prominent flexibility, longer
durability, and higher sensitivity, owing to more significant com-
pressive deformation along thickness direction.”” Under external
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loading, the small compressive deformation causes microstructures
to contact each other, resulting in more conductive pathways and
more piezoresistive responses. In this case, many porous fibers have
been developed for piezoresistive sensing appli(:ations,174 such as
yarn-like carbon ﬁbers,”s’176 carbonaceous composite nanofibers,'”’
and other electrospun conductive fibers.

For instance, Ryu et al.'”® reported an extremely elastic yarn-like
carbon nanotube fiber (CNTF) piezoresistive sensor using dry-spun
CNTs, as shown in Fig. 11a. Due to the internal fibrous structures of
the self-assembled carbon nanotubes, the connection area of the
CNTFs would be varied under mechanical loading, leading to the
piezoresistive effect. As they grew the yarn-like CNTFs on the ultra-
flexible Ecoflex under uniform stress distribution when the yarn was
stretched, the as-demonstrated piezoresistive sensor could be
stretched over 900% strain with satisfactory sensitivity for human
motion detection. In addition, ;'arn-like graphene fibers were also
demonstrated by Cheng et al.'’® for sensing tensile, bending, and
torsion loadings.

Besides yarn-like carbon fibers, carbonaceous composite fibers are
also very attractive for piezoresistive sensing applications. Wang
et al."® reported a piezoresistive strain sensor fabricated from poly
(styrene-butadiene-styrene) and few-layer graphene composite fiber.
They used styrene-butadiene-styrene (SBS) as a matrix for conductive
few-layer graphene (FLG), synthesizing graphene composite fiber.
Due to remarkable electrical and mechanical performance of FLG and
significant flexibility of SBS matrix, the SBS/FLG composite fiber
sensor has several superior performances simultaneously such as high
durability, remarkable sensitivity with gauge factor of 2546 at a strain

of 100% and gauge factor of 160 at a strain of 50%, and significant
stretchability with a failure strain range more than 110%. In addition,
Si et al."® reported a honeycomb structured carbonaceous composite
nanofiber by carbonizing the SiO, nanofiber with added konjac
glucomannan powder for piezoresistive sensors (Fig. 11b).
Benefiting from the high elasticity (compression strain up to 80%)
and robust sensitivity (~1.02 kP, the sensor could be used to detect
human muscle movements.

Furthermore, fibrous structured piezoresistive sensors can be
constructed by self-assembly of other conductive electrospun fibers.
For instance, Zhao et al.'®® developed a sandwich-structured
piezoresistive pressure sensor with electrospun nanofiber mats,
which has a large surface area and significant porosity. As
supporting, sensing, and packaging layers, several layers of
PLA-SF-COL mat and PPy-coated mat were packed, constructing
piezoresistive pressure sensor with sandwich structure (Fig. 11c). In
addition, Kweon et al.'"®" reported a pressure sensor based on
electrospun conductive nanofibers with three-dimensional structure.
They fabricated multi-array piezoresistive pressure sensors using
three-dimensional electrospun conductive nanofibers to construct
wearable devices.

Architected Conductive Materials

To achieve higher sensitivity, geometry effects of architecture
design have been incorporated into sensor development in addition
to material development. With designed structures that could
amplify mechanical loading effects, the resulting resistance change
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in the material system can be enlarged and lead to a better
sensitivity. The design of the structures may either be nature-
inspired, periodic arrays, or hierarchical combination of architecture
and additives, as summarized in the following subsections.'+!5¢

Nature-inspired architectures.—Living organisms have devel-
oped delicate biological systems to sense the mechanical signals in
nature. For example, mammalian have cochlear hairs that could be
easily distorted upon small vibration to sense sound.'®’ Inspired by
the design, Suh group”'®® developed a sensor system with two
arrays of Pt-coated polymer nanofibers on PDMS substrates
(Fig. 12a). When a small pressure is applied, the upper and lower
layer of nanofibers contact and pair with each other by van der
Waals force. The distorted geometry could then be converted into
resistance change, which can be detected by external circuits. The
sensor is reported to be able to detect a normal pressure down to
~5 Pa with less than 50 ms delay time. Furthermore, as shown in
Fig. 12a, shear and torsion loadings could trigger different deforma-
tion modes, hence the sensor could also detect other mechanical
loads.

a) Interlocked nanofibers
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As another example, the interlocked epidermal-dermal layers
beneath our finger-tip skins provide the recognition of contact
force.'”> Inspired by the architecture, Park et al.'®® fabricated
interlocked microdome arrays of PDMS-CNT composite as shown
in Fig. 12b. Upon external pressure, the concentrated stress at dome-
dome contact point enlarges the contact area as well as the tunneling
currents, which provides a high sensitivity of ~15.1 kPa™' and a fast
response time of 40 ms. Similar to the ear structure, by arranging the
microdome hexagonally, the sensor also has capability of differ-
entiating shear and bending.'® Additionally, by applying the same
architecture to ferroelectric materials, this piezoresistive pressure
sensor could be coupled with a temperature sensing function, which
is even closer to the capabilities of our skin.'®* Other researchers
have also been interested in this architecture. Wang et al.'”> used
TizCy/natural microcapsule bio-composite films to exhibit excellent
elastic modulus (0.73 MPa) as well as high pressure sensitivity
(24.63 kPa™ ).

Other than human skins, the chameleon and cephalopod skins
have extra color-changing abilities. Inspired by their abilities, Bao
group combined the pressure sensing and color-changing functions
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together on an electronic skin (e-skin) system.'”® As shown in
Fig. 12c, the CNT-coated pyramid layer acts as a pressure sensor,
which conveys the signal to electrochromic polymer to visually
express the current pressure level, from dark red for no pressure to
pale blue for strong pressure (~200 kPa).

However, fabricating the nanofibers and microstructures could be
complex and costly. Thus, living creatures and their products were
directly used as the molds to simplify the process. As shown in
Fig. 12d, Wang et al.'®' replicated silk’s microstructure on PDMS
and CNT thin films. The sensing device exhibited good sensitivity
(1.80 kPa™ ') and ultrafast response time (<10 ms) for sensing very
low pressure down to 0.6 Pa. Applying a similar cost-effective
molding method, Wei et al.'® replicated rose petals with PDMS thin
films and Cu-Ag nanowires. Rose petals have micropapillae on their
surfaces, whose structures are similar to human epidermis and
the feature size is also close to Cu-Ag nanowires. The e-skin not
only showed good sensitivity (1.35 kPa™') and fast response time
(~30 ms), but also showed superhydrophobic behavior, which is
found in the original rose petals as well. Just like the petals, the
superhydrophobicity can make the surface repel water and clean
itself easily.

Within the kingdom Plantae, one of the most representative
touch-sensing plants is Mimosa, which can close its leaves upon
external stimulus. To mimic this behavior, Su et al.>* used PDMS to
mold the replica of Mimosa leaves and coat it with Ti and Au layers
to make it conductive, as shown in Fig. 12e. Due to the existence of
these protuberant microdomains, the sensor system has ultrahigh
sensitivity of 50.17 kPa~' and fast response time of 20 ms. More
importantly, due to the nature of molding process, the fabrication of
this sensor (as well as the previous molded system) is very cost-
effective without the need of expensive equipment.

Periodic architectures.—Other than bio-inspired designs, pyr-
amidal micro arrays have been employed in capacitive sensors due to
the high sensitivity brought by the sharp tip.'®'” This idea could be
easily translated to piezoresistive sensors. Zhu et al.'”® fabricated a
sensor consisting of reduced graphene oxide (rGO)/PDMS micro
pyramid arrays and flat indium tin oxide (ITO)-coated PET films as
Fig. 13a. This sensor is exceptionally good at <100 Pa pressure
range sensing, with a good sensitivity of ~5.5 kPa~' and an ultra-
fast response time of 0.2 ms. In the same year of 2014, Choong
et al."”® used conductive PEDOT:PSS and an aqueous polyurethane
dispersion (PUD) elastomer blend to fabricate a pressure sensor
based on micro-pyramid arrays. This sensor could maintain high
performance (~10.3 kPa™" sensitivity) at up to 40% elongation.

Since then, more materials and designs have been explored.
Khalili et al.”®* prepared interlocked micropyramidal structures
using CNT-PDMS composite. Similar to the previously mentioned
interlocked nanofiber structures, the interlocking grants the sensor to
detect loadings from multiple directions. In addition, Tian et al.>®
used graphene oxide (GO) and laser-scribed graphene (LSG) as
materials to reach both good sensitivity (0.96 kPa~!) and wide
sensing range (0~50 kPa). Li group’*® paired Au-coated PDMS
pyramid arrays with p-type organic semiconductor dinaphtho[2,3-
b:2’,3’-f]thieno[3, 2-b]thiophene (DNTT) to realize an ultrahigh
sensitivity of 514 kPa~'. The same group has also used PDMS/
polypyrrole (PPy) arrays over Au electrode coupled PET film, which
is reported to exhibit near 2000 kPa™' sensitivity when using a sharp
geometry.”” Using this mechanism, the highest sensitivity was
reported by Huang et al., > which claimed to have 8655.6 kPa™'
with CNT/PDMS composite pyramid arrays and ITO/PET film. To
reach this sensitivity, a low-conductivity tip/high-conductivity body
structure was employed by controlling the CNT distribution
(Fig. 13b).

Besides pyramidal geometry, other architectures including pillars
and domes have been studied. As shown in Fig. 13¢, Shao et al.”®
used photolithography to fabricate Au covered micropillar arrays
and could tune the sensitivity from 0.03 kPa~' to 17 kPa™' by
varying gaps between the pillars. Lee et al.?®' made cylindrical

structures with PEDOT:PSS coated electrospun polyether block
amide (PEBA) film, as illustrated in Fig. 13d. Without complex
micro-fabrication technology, the -electrospinning technique of
making the main sensing element is very fast and cost-effective.
The sensitivity is also tunable by varying the fiber diameter, from
5.34 kPa™' for 30 pm to 1.85 kPa~' for 70 pm. For the spherical
geometry, Zhong et al.>*? deposited PPy coated poly(vinyl alcohol-
co-ethylene) (PVA-co-PE) nanofibers and elastic polyolefin elas-
tomer (POE) nanofibers onto PDMS substrate (Fig. 13e). When
pressure is applied, the dome-shaped 3D fiber network makes
contact with another layer of micro dome arrays resulting in the
change of the resistivity with a sensitivity of 1.24 kPa™"'.

For rational comparison between architectures, Peng et al. 208
used ITO coated PDMS to replicate multiple 3D-printed micro-
structure arrays: pyramid, semi-sphere and semi-cylinder with same
feature sizes and gaps. The experiments showed that semi-cylinder
microstructure had the best performance among the three candidates.
However, to be noted here is the 3D-printed mold has very limited
resolution and accuracy (~1 mm level), which could be a setback of
this study. To address this issue, Park et al.”® compared microdome,
micropyramid, and micropillar arrays with a much higher fabrication
precision, as shown in Fig. 13f. The results suggested that micro-
dome structures have the best sensitivity for normal, tensile, and
bending loads, while micropillar is best for detecting shear loads.
And after all, interlocked microstructures are better than the
combination of single array and planar films.

Beyond those additive architectures, the subtractive hollow-pillar
structure could also work as a strain amplifier to increase sensitivity.
Bao group used PDMS and CNT films with hollow-pillars to
perform multi-directional sensing, as shown in Fig. 13g."* The
result suggests both “positive” and “negative” micropillar arrays
could work well in detecting multiple forms of mechanical loads.

Hierarchical architectures.—Based on the previously mentioned
structures, a hierarchical combination of different architectures and
additives could be a good way of designing novel high-performance
piezoresistive sensors.

One of the most straightforward methods is attaching additional
nanowires over microstructures. As Fig. 14a shows, Ha et al.>®
grew ZnO nanowires over PDMS micropillars, then coated them
with Pt/Ni films (as ZnO nanowire arrays have very high resistance).
The hierarchical structures were designed to be interlocked with
each other so that both the contact and bending of ZnO nanowires
could help providing a good sensitivity (6.8 kPa~') and ultrafast
response time (<5 ms). As a lower cost alternative, Ma et al.”!
coated Ag nanowires over PDMS semi-cylinder arrays and the
sensor exhibited 2.3 kPa~' sensitivity. However, to get even better
performance in directional sensing, directional depositing of nano-
wires is still needed. Most recently, Zhu et al.%> grew vertically-
aligned Au nanowires over PDMS micro pyramid arrays. The
hierarchical sensor showed up to 23 kPa™' sensitivity and a large
area multi-axial pressure mapping was also demonstrated.

Besides adding nanowires, introducing pores to microstructures
has been studied recently. As shown in Fig. 14b, Yang et al.>'”
fabricated porous PDMS micro pyramid arrays using stacked
sacrificial PS beads. With the sensitivity contributed by both
pyramid and pore structures, the sensor’s performance reached
449 kPa~' in < 50 Pa pressure regime. Other than the previously
mentioned microstructures, Wei et al.>'* used a herringbone
structure made by CNT/thermoplastic polyurethane (TPU) foam to
form the piezoresistive element. In addition, Wang et al.>'> devel-
oped a TPU/Ag conductive ink for direct ink writing-based
3D printing of flexible sensors, which have a good sensitivity
(5.54 kPa™ ") across a wide measurement range (10 Pa to 800 kPa).

Next, another category of hierarchical structures is wrinkles. In
2012, Xu et al.>'" used prestrained PDMS substrate to create wavy
ribbons of Au/Pd coated CNT (Fig. 14c). The results showed the
potential of making stretchable conductors with the out-of-plane
buckling or swelling effects. Then, Wei et al.>'® coated stretched PU
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fibers with Ag nanowires to form fibers with wrinkled microstruc-
tures, which is sensitive to both normal pressure (0.12 kPa!) and
bending deformations (0.012 Rad™"). Instead of mechanical pre-
strains, Gao et al.?'? utilized polymer swelling to form surface
wrinkles over micro pillar arrays, which enlarged system conduc-
tivity change by three times, as shown in Fig. 14d. To form
multiscale wrinkles over 3D surfaces, Mu et al.”'* applied blown
film extrusion (a common method to make plastic films) to expand
polyacrylic ester (PEA) films, then coated them with rGO solution to
get both short and long period wrinkles, as illustrated in Fig. 14e.
This film is transparent and could be stretched up to 400%, which is

very versatile for piezoresistive applications. In addition, Bae
et al.>!” used selective etching and thermal oxidation of Cu, and
CVD growth of graphene to obtain a hierarchically patterned
structure. After replicating it with PDMS, a micro dome array
with rough surfaces was formed and showed a good sensitivity
(8.5 kPa™") over a wide pressure range (up to 12 kPa). Recently, Yu
et al®'® used ultra-violet/ozone microengineering technique to
fabricate wrinkled PDMS substrate with CNT arrays over its surface.
This cost-effective method could be conducted at room temperature
in an ambient environment, and the sensor offered a sensitivity of
0.1 kPa~ in the range of 7 Pa to 50 kPa. Furthermore, Yang et al.>'
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made three-scale wrinkling of PPy films: the first two scales were
formed during PPy film growth over compliant PDMS substrate and
the third scale was generated by heating. The as-fabricated sensor
showed a high sensitivity of 19.32 kPa~" and a low detection limit of
1 Pa. Overall, the coupling of different scales of structures, pores and
additives suggests a promising way for combining the advantage of
each sensor design and improving their performances.

Finally, textiles are also considered as fibrous materials with
hierarchical structures, derived from several levels of integration.
Fibers, as the basic unit with a significant ratio of length to diameter,
are interlaced to construct thread, which is the first integration. Then,
in the second level of integration, threads turned into yarns via being
twisted. In the third level of integration, yarns form textiles through
various techniques including knitting and weaving.”*® In terms of
higher hierarchical level, lots of different materials or composites are
fabricated onto textile structures to achieve various kinds of
functionalitg.zz] Conductive materials such as carbon nanotube
(CNT),*>?*3 graphene,”* graphene/polymer nanocomposites, and
other conductive polymeric composite materials®>>~>>’ are incorpo-
rated on textile structure for piezoresistive sensors.

As one of the most popular conductive materials, carbonized
materials such as carbon nanotube (CNT) could be patterned on a
textile structure as a piezoresistive sensor. For instance, Liu et al.*
demonstrated an all textile-based pressure sensor composed of an
interdigitated textile electrode at bottom and bridge of CNT fabric on
top (Fig. 15a). The resulting pressure sensor has a large area sensor

arrays and showed a high sensitivity of 14.4 kPa™', mechanical

stability with 1000 cycles, low detection limit of 2 Pa, fast response
time of ~24 ms, and low power consumption of less than 6 pW.
Thus, according to these merits, the textile sensor could be utilized
in wearable devices for monitoring human motions such as hand
gestures and physiological signals as real-time pulse waves. In
addition, Deignan et al.>*® reported the textile-based piezoresistive
sensors constructed with carbon loaded conductive yarns for the
application of diagnosis of spine diseases and arthritis, in the
Modified Schober’s test, which is a standard clinical test for
measuring the flexion of the spine.

Besides CNT, graphene is another conductive material popular in
piezoresistive sensing. Yang et al.”** demonstrated a close-fitting
and wearable strain sensor by utilizing graphene textile which is free
from polymer encapsulation (Fig. 15b). Due to the outstanding
performance of graphene oxide, graphene textile strain sensors
demonstrated significant gauge factors as the resistance decreased
distinctively while a strain increased. The graphene textile strain
sensor exhibited great potential for wearable devices due to its
sensitivity with maximum gauge factor of ~26 with an 8% strain
range at y direction and of ~1.7 with a 15% strain range at x
direction, long-term stability, and remarkable comfort due to close-
fitting with the human body.

Moreover, metal materials including Ag nanoparticles and metal
nanowires could also be patterned on textile substrates to fabricate
piezoresistive sensors. For instance, Gao et al.®> demonstrated
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piezoresistive pressure sensors based on paper tissue coated with
silver nanowires (AgNWs) via a facile, low cost, and environment-
friendly approach (Fig. 15¢). With good sensitivity of 1.5 kPa ~' and
low cost, the all paper-based piezoresistive (APBP) pressure sensor
could be utilized as soft electronic skin to monitor physiological
signals. In addition, Zhang et al.?*> reported a textile-supported
piezoresistive pressure sensor applied to human vital sign mon-
itoring. They used pre-cut cohesive thermoplastic to assist the
patterning and assembly process of the piezoresistive pressure
sensor, enabling the sensor highly sensitivity, good responding
speed (400 ms under a pressure of 1.0 kPa) and remarkable
durability of over 500 cycles of pressure loading.

For conductive polymeric composite materials, Lee et al.?*®
fabricated ultrasensitive textile pressure sensors by coating styrene-
butadien-styrene (SBS) polymer on the surface of Kevlar fiber with
Ag nanoparticles converted into SBS. Via stacking the conductive
fibers with PDMS dielectric layers perpendicular to each other,

textile pressure sensors were fabricated with excellent stability for
more than 1000 cycles, good sensitivity of 0.21 kPa™', and fast
response time of tens of millisecond range (~40 ms).

Summary and Perspectives

Due to the extensive studies in the past decade, remarkable
progress has been made for the design and fabrication of high
performance piezoresistive sensors possessing desired high sensitivity
and stretchability. In this paper, we have comprehensively reviewed
the recent progress in flexible and stretchable piezoresistive sensors
and their applications. The primary approaches applied to construct
piezoresistive sensors with a combination of mechanical conform-
ability and electrical sensitivity are highlighted first. Then, based on
their material composition and structural characteristics, we categor-
ized these newly emerged material/structure strategies into three
types: conductive polymeric composite, porous conductive material,
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and architected conductive material. The detailed fabrication methods
and electromechanical performances and applications of each type of
piezoresistive sensors are discussed subsequently. There have been
many reports that demonstrated flexible and stretchable piezoresistive
sensors with high sensitivity, low detection limit, fast response time,
and excellent stretchability, which enable these sensors to be an
indispensable part of future wearable electronics for intelligent
human-machine interfaces. In addition, soft sensors can be beneficial
for environment with large pressure such as underwater because they
can withstand high pressures due to the incompressible nature of the
matrix material.

In terms of the fabrication method, one of the mostly used
approaches is forming composites by adding commercially available
nanofillers to the flexible matrix materials. This is generally a low
cost method to make flexible piezoresistive sensors. Based on
different selections of nanofillers, matrix materials, and their mass
ratios, the properties of the resulting sensor could be tuned, and
additional requirements such as biocompatibility could be achieved.
However, the nanofillers are typically randomly orientated and
distributed, if no other method is taken. This could limit the
performance and functionality (for example, multi-directional sen-
sing) of the fabricated sensor. Furthermore, by adding sacrificial
fillers and an etching step, porosity could be introduced within the
material system. The added microstructure could help increasing
both the flexibility and sensitivity, while more complex methods are
required to control the specific size distribution of the microstruc-
tures, as discussed below.

To improve the fabrication precision and add designed architec-
tures, micro/nanofabrication is generally needed, which is another
technology widely utilized in architected piezoresistive sensors
fabrication processes. With great precision, micro/nanofabrication
technology, such as photo/electron lithography, could fabricate
devices with micro/nanoscale structures, providing the possibility
to fabricate integrated piezoresistive sensors with high density.
Besides, micro/nanofabrication technology could give significant
structural complexity and hierarchy in fabricating functional piezo-
resistive sensors. Thus, compared with other approaches, micro/
nanofabrication technology offers piezoresistive sensors better
performance with higher degree of functionality and small sizes.
However, micro/nanofabrication technology typically has higher
cost and requires more steps. Those limitations constrain the
efficiency of the fabrication process.

Moreover, additive manufacturing (AM) methods could give new
opportunities in fabricating multi-functional piezoresistive sensors
covering a broader range of pressure and stimuli from their
capability to generate features made of multi-materials at multiple
length scales. For example, by using direct ink writing and/or ink-jet
printing method, the active electrical sensing components can be
directly printed on substrates to integrate electronics with desired
layouts and structures.>>’>*° Though the AM technology will not
change the material’s intrinsic sensitivity, the added porosity or
architecture could help improving sensors’ performance. Compared
to other approaches, AM is highly automated, and the process
requires minimal training. Also, AM could provide more versatilities
in designing sensor structures, and different AM methods can
accommodate various sizes and precision requirements. However,
currently there are limited functional materials that are compatible
with 3D printing. So, more studies are needed to overcome the
current challenges and expand fabrication options and sensing
capabilities.

There are also many challenges remaining in the implementation
of flexible and stretchable piezoresistive sensors for practical
wearable sensing applications, as shown in Fig. 16. The primary
drawback of the piezoresistive sensors is that they need a power
source. The piezoresistive sensors require an external power source
to drive the resistance signal detection process. Therefore, there is a
grand challenge in the integration of the piezoresistive sensors with
power generation and storage devices. As discussed above, though
the piezoelectric and triboelectric materials/structures have many
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Figure 16. Current challenges and future opportunities for the piezoresistive
Sensors.

limitations for pressure sensing applications (such as detecting subtle
and/or static mechanical loadings), they possess unique charge
generation feature which can be used to provide sustainable power
for the sensor systems. For achieving this goal, further investigations
are needed to incorporate a piezoelectric/triboelectric energy gen-
erating unit with a piezoresistive sensing unit for highly sensitive
and self-powered sensor systems.

Importantly, most of the recently reported wearable piezoresis-
tive sensors rely on electrically conductive elements coupled with
stretchable polymeric materials. However, the mechanical response
of these viscoelastic polymeric materials is temperature-dependent,
and the conductivity of the electrical elements would be changed
with the variation of the ambient temperature as well. This
characteristic makes the sensing performance of the piezoresistive
sensors temperature dependent, which is a challenge for the practical
applications of these sensors under various temperature conditions.
Thus, the temperature compensation feature of the piezoresistive
sensors should be further investigated, especially for locations where
the temperature changes over the sensing cycles.

With the rapid development of electronic technologies, sensor
systems are expected to mimic the comprehensive properties of human
skin by converting external stimuli into electrical signals. Due to the
high sensitivity, ultra-low detection limit and fast response time, the
flexible and stretchable piezoresistive sensors are promising candi-
dates for electronic-skin (e-skin) applications. Although the existing
piezoresistive sensors are capable of detecting touch, pressure, and
strain, multiple sensors are needed to distinguish different physical
stimuli (especially for touch and pressure)>***' for the comfortable
interactions with biological organs.>*>** Beyond these issues, to
detect human physiological information within a body, the implanted
piezoresistive sensors need to accurately sense the physical stimuli and
wirelessly transmit the electrical signals to receivers. Thus, the
piezoresistive sensors should be packaged with the wireless data
recorder and transmission units. Therefore, the development of
implantable piezoresistive sensors and the corresponding packaging
techniques would be needed for e-skin applications.

Moreover, self-healing and biodegradability are the other equally
important characteristics of e-skin applications, which can auto-
matically repair when mechanical damages occur and avoid the
secondary damage from surgical extraction. As discussed above, the
self-healing and biodegradable properties have been achieved usin
the functionalized elastomer matrices or substrate.”’''!!1%23%
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However, the challenge still remains is to realize excellent electro-
mechanical performances and the skin-like features simultaneously.

Furthermore, another grand challenge is establishing multi-
physics analytical and numerical models for understanding and
predicting the correlation between the material compositions/struc-
tures and the electromechanical performances of the piezoresistive
sensors. Despite the fact that the sensing mechanisms of each type of
piezoresistive sensors are well-known, the existing models have
limited success in describing and quantifying the piezoresistive
response of these sensors. Machine learning-based approaches such
as deep learning, a breakthrough technology for data analysis, can be
used to process the detected electrical signals from the piezoresistive
sensors via deep neural networks for the exact touch/pressure
recognitions.”*> In the future, it might be possible that the highly
sophisticated sensing capabilities of the human skin can be imitated
by simple materials. However, the deep neural networks of deep
learning need extensive training and test data, which are currently
very limited. With the rapid progress in the availability of big data,
the deep learning-aided sensor systems would be possible in the near
future, which can bring new opportunities for the next generation of
smart and intelligent wearable sensors.
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