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Nanomaterials-Based Bioinspired Next Generation
Wearable Sensors: A State-of-the-Art Review

Debarun Sengupta and Ajay Giri Prakash Kottapalli*

With a constantly growing percentage of the population having access to
high-quality healthcare facilities, preventable pathogenic illnesses have been
nearly eradicated in the developed parts of the world, which has led to a
significant rise in the average human life expectancy over the last few
decades. In such a highly developed world, age-related illnesses will lead to an
immense burden on healthcare providers. Remote health monitoring enabled
by wearable sensors will play a significant role in the growth and evolution of
Health 3.0 by providing intimate and valuable information to healthcare
providers regarding the progression of disease in patients with critical
life-altering conditions. Especially, in the case of people suffering from
neurodegenerative disorders, inexpensive and user-friendly wearable sensors
can enable physiotherapists monitor real-time physiological parameters to
design patient-specific treatment plans. This review provides a
comprehensive overview of the recent advances and emerging trends at the
convergence of biomimicry and nanomaterial sensors, with a specific focus on
wearable skin-inspired mechanical sensors for applications in IoT-enabled
human physiological parameters monitoring. Skin-inspired wearable
mechanical sensors with relevance to the most common types of sensing
mechanisms including piezoresistive, piezocapacitive, and triboelectric
sensing are discussed along with their current challenges and possible future
opportunities.

1. Introduction

Biomimetic and nature-inspired design philosophies for the
creation of state-of-the-art sensors and sensing systems that
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derive inspiration from the morphology,
sensing mechanisms, and functionality
of natural sensors have been gain-
ing popularity in modern research
for the past few decades. For any mi-
cro/nanoelectromechanical systems
(MEMS/NEMS) development, efficient
design is the key to enhancing the perfor-
mance of the device. For example, while
designing a flow sensor, a key concern is
to have a design that enables a high dy-
namic range without compromising on
the signal-to-noise ratio. There are many
other examples of sensors and sensing
systems that we already use in daily
life, such as accelerometers, gyroscopes,
strain and pressure sensors, etc. where
design might be of utmost importance.
Living creatures have evolved over the
ages through the process of natural
selection to adapt to their surrounding
environment. Taking inspiration from
living beings to solve engineering prob-
lems is often the best design approach
as it saves a substantial amount of time
in design optimization. In the last two
decades a significant amount of re-
search effort has been dedicated towards

developing high-performance bioinspired nanoengineered struc-
tures and materials for next-generation sensors, devices, and
smart wearables (Figure 1).[1–7]

The sensory perceptions in living creatures have evolved over
millions of years to carry out some of the most complex sens-
ing tasks like vision, auditory, touch, olfactory, and gustatory
perception. Among all the sensing abilities, although hearing
seems to be a simple sensing task that mammals perform in-
voluntarily, the inner ear’s mechanism of sensing sound is an
example of a highly sophisticated sensor developed to achieve
the best acoustic sensing performance. The inner ear consists
of various sensors such as acoustic sensors, linear acceleration
sensors, gyroscopes, tactile sensors, and flow sensors. Despite
the high diversity of the parameters that are sensed, the funda-
mental sensing elements in all these sensors are mechanosen-
sory hair cells. Mechanosensory hair cells are not limited to hu-
mans. For instance, fish have an array of hair-like structures on
their lateral line systems, which enable them to sense flow and
current.

There is a myriad of impressive and interesting sensory or-
gans found in various creatures that can potentially inspire
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Figure 1. Synergy: biomimetics and nanoengineering for next-generation wearables. Reproduced with permission.[1] Copyright 2015, American Asso-
ciation for the Advancement of Science. Reproduced with permission.[2] Copyright 2020, Elsevier B.V. Reproduced with permission.[3] Copyright 2022,
Elsevier B.V. Reproduced with permission.[4] Copyright 2007, Taylor & Francis. Reproduced with permission.[5] Copyright 2007, Wiley-VCH GmbH & Co.
Reproduced under the terms of the Creative Commons CC BY license.[6] Copyright 2016, the Authors, published by Springer Nature. Reproduced under
the terms of the Creative Commons CC BY license.[7] Copyright 2022, the Authors, published by Wiley VCH. Reproduced with permission.[8] Copyright
2012, The Company of Biologists Ltd. Reproduced with permission.[9] Copyright 2014, Macmillan Publishers Limited.

engineers. For instance, crocodilians have a combination of
slowly and rapidly adapting dome-shaped pressure receptors col-
lectively referred to as integumentary sensory organs (ISO).[8]

These ISOs impart them with mechanical sensitivity enabling
them to sense water movement and tactile feedback on items
held in the jaw.[8] Spiders have crack-shaped slit organs near their
leg joints to detect minute vibrations, which have inspired re-
searchers to design crack-based microstructure for piezoresistive
sensing.[9,10] In another inspirational example, researchers were
inspired by hierarchical structures that enabled reversible adhe-
sion in the gecko’s feet to engineer a synthetic analogue to the
gecko adhesion system.[11] More recently, a considerable amount
of research effort has been dedicated to understanding the skin

and its underlying mechanoreceptors, which form the backbone
of our somatosensory perception.

The never-ending demand for a better quality of life postindus-
trial revolution has led to exponential growth in the consumer
goods industry focusing on comfort and convenience. With the
growth of semiconductor processing in the last century, personal
high-performance electronics gadgets have become easily acces-
sible to the masses. In particular, with the rise of flexible ma-
terials processing in the last two decades, consumer electronics
are slowly inching toward the realms of science fiction. Today,
a variety of health data entailing heart rate, step count, cadence,
VO2 max, blood oxygen saturation, etc. can be accessed on our
smartphones using standard commercial fitness trackers. Many
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of such devices rely on MEMS-based inertial sensors. Though
wearables have progressed a lot in the last 20 years, the current
state of MEMS and the recent upsurge of research conducted in
flexible electronics-based wearables leaves a lot more possibilities
to be explored. For instance, most of the wearables in the market
are not very reliable and their fragile nature together with associ-
ated complex data processing and IoT integration prohibits their
use in skin-mountable applications involving human physiolog-
ical parameters and human electrophysiological signal monitor-
ing.

The next generation of wearables would require highly de-
sirable features like skin conformality, biocompatibility, degrad-
ability, and self-healability. Furthermore, such sensors need to
be cost-effective, reliable, and robust for consumer use. Fortu-
nately, nature can offer invaluable design cues for the develop-
ment of next-generation wearables. For instance, skin, because
of its ultrasensitivity toward innocuous and noxious stimuli and
self-healability can be our inspiration for developing the next gen-
eration of wearable sensors. The need of the hour is to achieve a
synergy between biomimetics and nanomaterials engineering to
develop functional materials for next-generation wearables.

This article mainly explores the state of the art existing in the
field of skin-inspired sensors encompassing nanomaterials engi-
neering and biomimicry (Figure 1). Section 2 briefly describes the
anatomy of the skin and its underlying mechanoreceptors. Sec-
tion 3 provides a comprehensive review of skin-inspired mechan-
ical sensors. Section 3 is subdivided into subsections where the
history of piezoresistive, capacitive, and piezocapacitive sensing
is introduced. With the concepts of piezoresistive and capacitive
sensing established, this article dives into the inner world of wear-
able mechanical sensors entailing, fibrous structure-based sen-
sors, nanomaterial–polymer composites-based planar sensors,
and 3D porous structure-based sensors. In addition to piezoresis-
tive and piezocapacitive sensing, a dedicated section discussing
and summarizing the origin and recent advances in the field
of triboelectric effect-based self-powered wearable sensors is in-
cluded for the sake of completeness. Finally, the paper concludes
by summarizing the developments in the field of bioinspired
wearable electronics along with future trends and challenges to
overcome.

2. Anatomy of Skin and Its Relevance to Flexible
Electronics

Years of evolution have bestowed human beings with well-
developed somatosensory perception. The somatosensory system
has two distinct functions, namely, exteroceptive/interoceptive
(perception and reaction to external or internal stimuli) and pro-
prioceptive (also referred to as kinaesthesia—perception and con-
trol related to the position of the body). Much of the human so-
matosensory perception is enabled by skin which is the largest
organ of the body. Underlying the skin are mechanoreceptors
or mechanosensitive sensory neurons, which enable the skin to
sense both innocuous and noxious stimuli (Figure 2a).[12] The
mechanoreceptors that are relevant for tactile perception can
be further subcategorized into low-threshold mechanoreceptors
(LTMRs—responsible for detecting innocuous stimuli) and high-
threshold mechanoreceptors (responsible for detecting noxious
stimuli). The fast-conducting myelinated afferent neurons (type

A𝛽—nerve endings of 𝛽-type A fibers are heavily myelinated and
large with a conduction velocity in the range of 16–100 m−1 s),
which conduct signals from the LTMRs present in certain areas
of the body (like glabrous skins of hand or foot sole) to the brain
are grouped as tactile afferents. Proprioceptive afferents respon-
sible for the information on the orientation of joints and mus-
cle states are also fast-conducting myelinated afferent neurons.
Even the simplest of tasks such as grabbing a glass of water or
holding a pen require complex coordination between the tactile
and proprioceptive afferents without which day-to-day tasks be-
come challenging.[14] For instance, when we grasp an object with
our fingers, both the tactile and proprioceptive afferents work in
tandem to relay information to the brain regarding object tex-
ture, required grasping force, and friction.[14] The schematic in
Figure 2b shows the end organs innervating the glabrous skin
of the human hand/foot sole. The four types of mechanorecep-
tors shown in the schematic are responsible for the mediation
of innocuous touch.[13] As seen in Figure 2b, a single A𝛽 fiber
branches into enlarged nerve terminals finally terminating with
a cluster of Merkel cells forming the Merkel cell–neurite complex
at the basal region of the epidermis, which enables us to resolve
complex spatial images of tactile stimuli.[13] The sense of move-
ment across the skin is enabled by Meissner corpuscles and their
characteristics RAI-LTMR responses. Ruffini endings, which lie
in the deep dermis, are associated with SAII-LTMR and are re-
sponsible for the sensation of skin stretch. Finally, the sense of
vibration is enabled by the onion-like organelles called Pacinian
corpuscles encapsulating the ending of A𝛽.[13]

Touch perception is essentially a team effort between cuta-
neous LTMR endings and central nervous system circuits, which
convert a physical stimulus on the skin into neural codes that
are subsequently interpreted by the brain (parietal lobe region).
As such, LTMRs are of particular interest to the flexible sensors
community as they form the fundamental backbone of tactile per-
ception.

Skin which is arguably one of the most important con-
stituents of the somatosensory system can be considered a
highly sophisticated large-area pressure, strain, temperature,
and vibration sensor. Skin performs a multitude of sensing
tasks while being extremely robust, self-healing, and reliable
at the same time. All these excellent properties of skin make
it an ideal candidate for biomimicry and subsequent develop-
ment of next-generation smart e-skins and wearable devices.
The following sections further discuss the existing state-of-
the-art skin-inspired mechanical sensors entailing mechanical,
temperature, and humidity sensors.

3. Skin-Inspired Mechanical Sensors: Most
Common Sensing Mechanisms

One of the primary functions of the skin is to enable the
sense of touch. Different somatosensory neurons innervating
the skin enable the sensation of tactile stimuli. For instance,
light innocuous touch is enabled by A𝛽 afferents, which have
a low threshold.[12] Due to its exceptional ability to discrimi-
nate between innocuous touch and noxious stimuli, the skin
is considered an extraordinary mechanical sensor and has
inspired researchers to develop biomimetic sensors for soft
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Figure 2. Skin and its underlying mechanoreceptors. a) Schematic showing the mechanoreceptors innervating the skin. Reproduced with permission.[12]

Copyright 2007, Nature Publishing Group. b) Schematic showing the mechanoreceptors innervating the glabrous skin commonly found in the human
hand or foot sole. Reproduced with permission.[13] Copyright 2013, Cell Press.

robotics and smart wearables.[15–17] Mechanical sensors typi-
cally convert mechanical stimuli such as strain/deformation,
pressure, and vibration to an interpretable electrical
signal.

Traditional mechanical sensors have been around since the
time of the Industrial Revolution. Some classic mechanical sen-
sors like the pressure gauge predate the Industrial Revolution.
Torricelli’s famous experiment with the mercury barometer was
the first documented pressure gauge. Since then, pressure sen-
sors have evolved to become highly sensitive and miniaturized.
Similarly, strain gauges have been around for a while since their
initial introduction in 1938. However, with rapid progress in the
field of semiconductor processing and polymer-based flexible
electronics in the last few decades, there has been renewed in-
terest in developing next-generation flexible mechanical sensors,
which is nothing short of a modern renaissance. Recently, flexible
mechanical sensors have been applied for a multitude of human
physiological monitoring applications and soft robotics.[18–21] In
particular, wearable mechanical sensors reported lately can track
a multitude of vital human physiological parameters includ-
ing pulse rate,[19] gait,[22,23] respiration rate,[24] and various joint
movements.[18,25,26]

In general, based on their underlying sensing mechanism,
mechanical sensors can be categorized into piezoelectric,[27–31]

capacitive,[32–35] piezoresistive,[25,26,36–40] and others (such as

triboelectric,[41,42] optical,[43,44] and transistor,[45–47] based). Of all
the major sensing mechanisms, capacitive and piezoresistive
sensing mechanisms remain the most popular and widely used
because of their simple implementation, excellent resolution,
and superior static and dynamic sensing performance.[48] More
recently, triboelectric self-powered sensing has gained traction
fueled by the rise in demand for ultralow/self-powered energy-
efficient wearable devices.[49–53] In the following subsections,
recent developments in skin-inspired resistive and capacitive-
type mechanical sensors along with their underlying sensing
mechanisms are discussed. Toward the end, a dedicated sec-
tion summarizing the progress in the field of triboelectric nano-
generator (TENG)-based wearable sensors for human physi-
ological parameters monitoring is included for the sake of
completeness.

3.1. Piezoresistivity: A Brief Historical Background

Fundamentally, any resistive type of mechanical sensor is based
on the principle of external physical stimuli-induced resistance
change. The resistance of an object is expressed as R = 𝜌

l
A

, here
𝜌 represents the resistivity of the material, l represents the length,
and A the cross-sectional area. Any resistive type of device relies
on either of the following mechanisms.

Adv. Electron. Mater. 2024, 10, 2300436 2300436 (4 of 34) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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• Geometric change: As seen from the resistance expression,
any geometric deformation of a material leading to a change in
its length and cross-sectional area while keeping the resistivity
“𝜌” constant leads to a resistance change.

• Intrinsic piezoresistivity: In many materials the resistivity “𝜌”
changes as a result of external stimulus. For instance, semi-
conductors like silicon (Si), germanium (Ge), carbon nan-
otubes (CNTs), and graphene demonstrate intrinsic piezore-
sistive behavior owing to changes in their electronic band
structure, interatomic spacing or change in barrier height
upon stress.[48]

• Piezoresistivity in nanomaterial–polymer composites: This is
a class of piezoresistivity typically observed in nanomaterial–
polymer composites where the nanomaterial fillers form a
percolation network. Recently, a significant amount of re-
search has been conducted to develop devices harnessing
the piezoresistive effect observed in polymer nanomaterial
composites.[48] The strain/stress-induced resistance change
can be explained by invoking the conductive domain disconti-
nuity mechanism[18,20,54–56] or Simmon’s tunneling resistance
theory.[57,58]

From its initial inception, strain gauges have undergone a se-
ries of modifications with the advent of microfabrication technol-
ogy. With the advent of semiconductor technology, semiconduc-
tor strain gauges started replacing metallic strain gauges owing
to their superior sensing performance with gauge factors often
reaching two orders of magnitudes higher than the conventional
metallic ones.[59]

The effect of dimensional changes in semiconductor strain
gauges is negligible compared to the change in intrinsic ma-
terial resistivity upon the application of stress. The piezore-
sistive effect in silicon and germanium was first reported by
Smith in 1953. The results were expressed in terms of a pres-
sure resistance coefficient and two shear coefficients. One of
the shear coefficients was exceptionally large and could not be
explained by the mobility effect and the volume energy gap
effect.[60] Smith invoked Herring’s “many-valley” model[61] to ex-
plain the large shear constant observed in his experiments.[60]

The population of the valleys changes because of changes
in energies arising from the application of an anisotropic
stress.[62]

The miniaturization drive starting with the development of
integrated circuit technology in the latter half of the 20th
century led to device dimensions reaching nanoscale. Imple-
mentation of traditional sensing mechanisms like piezore-
sistive, optical, and capacitive sensing proved to be chal-
lenging at the nanoscale owing to their physical limitations
such as wavelength limitation of optical sensing and sur-
face area limitation of capacitive sensing. In particular, dif-
fused semiconductor piezoresistors were rendered unsuitable
for sensing applications owing to significantly increased re-
sistance and associated resistance noise at the nanoscale.[63,64]

The discovery of CNTs[65] in 1991 and graphene[66] in 2004,
opened up new possibilities where nanostructured materials
with excellent mechanical and electrical properties could poten-
tially be utilized for piezoresistive sensing applications at the
nanoscale.

In one of the earliest demonstrations of piezoresistivity in
an isolated suspended single-walled carbon nanotube (SWCNT),
Tombler et al. showed that the conductance of a suspended
SWCNT changes by two orders of magnitude when de-
pressed/deflected with an atomic force microscope (AFM) tip
thus straining it in the process.[67] As shown in the schematic
in Figure 3a (top inset), an isolated SWCNT was placed between
two metal electrodes on SiO2/Si substrate with a narrow trench
lying midway between the electrodes on the SiO2 thus suspend-
ing a part of the SWCNT. The middle image of Figure 3a shows
the AFM image of the suspended part of the SWCNT with a sus-
pension length of 605 nm. For the resistance measurement ex-
periments, the AFM probe tip was placed at the center of the sus-
pended section of SWCNT, and the sample stage was moved up-
ward to cause a deflection in the SWCNT followed by a retraction
step to relax. This push–retract cycle was repeated multiple times
and resistance data was logged as a function of time. The conduc-
tance of the SWCNT as a function of strain and bending angles
is shown by the plots in Figure 3b (left). The authors observe that
the change in conductance is relatively slow for small bending
angles (𝜃 ≤ ≈5°). There is a drastic change for angles exceed-
ing 5° as shown in Figure 3b (left inset). To understand and ex-
plain the underlying mechanism behind this strain-induced con-
ductance change phenomenon, the authors conducted an “order-
N-orthogonal tight-binding molecular dynamics simulation” in-
volving an AFM tip deflecting a (5,5) SWCNT at 300 K.[67] The
plot in Figure 3b (right) shows the evolution of conductance with
band energy for progressive deformation (strains 0, 0.7%, 1.8%,
and 3.4%). As observed from the plot, the conductance (units of
G0 = 2e2/h) at the Fermi level was found to decrease from
2 G0 at 0% strain to 1 G0 at 0.7% strain (𝜃 = 7°). For larger
strain/deflection, the change was observed to be more dramatic
(G = 0.01 G0 at 3.4% strain). The authors attributed the dra-
matic change in conductance to the local bond deformation
caused by the AFM tip. The simulations led to the conclusion
that at higher strains, the bonds near the tip change from sp2

to sp3 hybridization state, which is subsequently reflected by
the decreased conductivity. The simulated atomic configurations
shown in Figure 3c represent the SWCNT configurations at
𝜃 = 7° and 15°. As seen in the simulated configuration, for a rela-
tively larger deflection of 15°, the atoms near the tip (not shown)
marked in red are sp3 bonded.

Stampfer et al. built up on the fundamental findings of
Tombler et al. and applied them to develop a nanoelectromechan-
ical system based on an isolated SWCNT.[63] The schematics in
Figure 3d show the concept behind the displacement sensing em-
ploying suspended SWCNT. The suspended CNT of length LNT
is placed between two conductive electrodes marked “S” and “D”.
The nanotube is also physically connected to the object that is be-
ing displaced, which is a cantilever in this case as shown by the
bottom schematic in Figure 3d. The SEM image in Figure 3e (top)
shows the fabricated device with the SWCNT (length ≈ 600 nm
and diameter 1.2 nm) placed beneath a released 200 nm wide
and 1.5 μm long Au cantilever. The SWCNT is displaced by con-
tacting the Au cantilever with an AFM tip at point “P” and ap-
plying a force “F” as shown by the AFM image in Figure 3e
(bottom) thereby deflecting the SWCNT by a distance Z. The
plot in Figure 3f shows the resistance R of the SWCNT as a
function of deflection for three cycles. The remarkable recovery
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Figure 3. CNT-based piezoresistive sensing. a) Schematic representation of the experimental setup for assessing the conductance change of SWCNT
with strain. AFM image of the suspended SWCNT over trench. Schematic representation showing side view of the experiment with AFM tip. b) Plot
showing the conductance change as a function of strain (𝜎) and the inset showing conductance as a function of bending angle 𝜃. c) Showing the
simulated atomic structures of the SWCNT when deflected with an AFM tip for bending angles 𝜃 = 7° and 15°. The atoms marked in red are sp3

bonded.[67] Reproduced with permission.[67] Copyright 2000, Macmillan Magazines Ltd. d) Schematic representation of the experimental setup for the
demonstration of SWCNT-based displacement sensor; the bottom schematic shows the center of the SWCNT being deflected with the gold cantilever
aligned on top. e) SEM image of the real device with SWCNT below the gold cantilever. The bottom AFM image shows the tapping mode image of
the device. e) Plot showing the resistance change versus cantilever displacement “z”. The top inset shows the resistance as a function of strain.[63]

Reproduced with permission.[63] Copyright 2006, American Chemical Society.

characteristics of the resistance change curve suggested that the
SWCNT worked in a linear elastic regime. Unlike in the case
of Tombler’s work,[67] the authors attribute the nonlinear behav-
ior of the resistance change versus displacement characteristic to
changes in the bandgap of CNT. However, the authors did sug-
gest that the effect of local sp2 to sp3 transition at the point where
AFM tip contacts the CNT (Kinking effect in short) could also
possibly influence the measurements and contribute to the ob-
served nonlinear behavior. The upper inset in Figure 3f shows
the resistance plotted as a function of strain in the nanotube.
Gauge factors were extracted for two separate samples and were
reported to be in the range of 2900. The high gauge factor figure
coupled with the nanometer dimensions of the nanotube posed
an alternate attractive proposition to silicon-based strain gauges
with significantly less gauge factors.

The discovery of piezoresistive behavior in carbonaceous ma-
terials like CNT opened up a new paradigm in the field of micro-
fabrication. Furthermore, with the discovery of the wonder ma-

terial graphene,[66] which is essentially the fundamental building
block (or rather sheet) of all sp2 carbon structures, 2D nanome-
chanical systems with nanoscale diaphragm-like structures be-
came a reality. The discovery of graphene raised immense in-
terest in material science research across the globe which led
to several research labs studying its mechanical[70] and electri-
cal properties.[68,71] Lee et al. for the first time measured the
intrinsic breaking strength and elastic modulus of monolayer
graphene employing the nanoindentation method[70] and con-
firmed graphene to be the strongest material to be ever measured.
Geim and Novoselov have commented on the various desirable
characteristics of graphene (crystalline quality, resilience to high
current density, and high carrier mobility), which qualifies it as
the “rapidly rising star on the horizon of material science and
condensed-matter physics.”[72]

Pereira et al. theoretically explored the effect of tensional
strain on the electronic structure of graphene.[71] Piezoresistiv-
ity in monolayer graphene has been exploited by Smith et al.

Adv. Electron. Mater. 2024, 10, 2300436 2300436 (6 of 34) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 4. Suspended monolayer graphene-based piezoresistive sensing. a) Schematic representation of the device entailing suspended graphene on
trench etched on SiO2 film on Si substrate. SEM image of the actual device with wire bonding. Photograph of the packaged sensor. b) Plot showing the
amplified voltage signal as a function of pressure for two devices (with and without cavity). c) Bar plot comparing the average change of voltage per unit
pressure for the devices with and without cavity.[68] Reproduced with permission.[68] Copyright 2013, American Chemical Society (further permission
related to the material excerpted should be directed to the ACS). d) Schematic representation of the device for biaxial strain sensing employing suspended
graphene. e) Plots comparing the experimental and simulation results of percentage resistance change versus strain for three devices comprising two
devices for biaxial sensing and one device for uniaxial sensing configuration. Reproduced with permission.[69] Copyright 2006, American Chemical
Society.

to demonstrate an NEMS pressure sensor.[68] The fabricated
device entailed chemical vapor-deposited graphene membranes
suspended on etched trenches in SiO2 film on a Si substrate.
The schematic in Figure 4a shows the graphene membrane sus-
pended over the SiO2 trench with the electrodes for electrical con-
tacts. The SEM image and the photograph in Figure 4a show the
wire-bonded fabricated device and the device after being pack-
aged. The device works based on the pressure differential be-
tween the inside and outside of the cavity, which leads to the
graphene membrane being deflected causing a change in its re-
sistance, which is measured with an external Wheatstone bridge
circuit. To confirm the mechanical bending as the cause behind
resistance change, identical devices without cavities were tested
alongside the suspended graphene devices. The plot in Figure 4b
shows the voltage signal (amplification factor 870) from the two
devices in response to pressure. It is observed that the voltage out-
put correlates strongly with the pressure condition in the case of
the device with cavities thus confirming the piezoresistive effect

in suspended graphene. The bar plot in Figure 4c compares the
average change in voltage per unit pressure for three devices with
and without cavity. The authors conducted a multiphysics-based
simulation to estimate the suspended diaphragm deflection, cal-
culate the strain, and compare it with the resistance change for
the suspended part of the graphene diaphragm to extract the
gauge factor. The gauge factor was found to depend on pressure
range with a maximum gauge factor of 4.33 with an average value
of 2.92.

Smith et al. extended upon their previous work (described
above) and reported experimental and theoretical data on both
uni/biaxial piezoresistive properties in suspended graphene
membranes.[69] The authors explored the effect of uniaxial and
radial strain on piezoresistive properties of graphene employing
different sensor geometries comprising of rectangular trench (as
seen previously in Figure 4a) and circular cavity and subsequently
transport calculations were performed using linearized Boltz-
mann transport equation. The schematic in Figure 4d shows the

Adv. Electron. Mater. 2024, 10, 2300436 2300436 (7 of 34) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 5. Parallel plate capacitive sensor. a) Schematic explaining the working principle of parallel plate capacitive sensor with a single movable electrode.
b) Structure of a silicon-based monolithic capacitive pressure sensor. c) Image of the actual device. d) Plot showing the experimental and calculated
pressure capacitance change response of the sensor. Reproduced with permission.[77] Copyright 1980, IEEE.

device utilized for the investigation of biaxial/radial strain. The
plot in Figure 4e compares the percentage change in resistance of
active/suspended area for three sensor geometries in response to
strain. The experimental results are also compared with the sim-
ulation results for both the cases of uniaxial and biaxial strains.
Based on the findings the authors concluded that strain direc-
tion plays a role in the piezoresistive property of graphene. Fur-
thermore, the gauge factor was found to be independent of the
crystallographic orientation and the doping concentration.

Though Si, Ge, graphene, and CNTs demonstrate intrinsic
piezoresistivity and associated large gauge factors, their phys-
ical form and mechanical properties like stiffness and rigid-
ity render them unusable for applications requiring wearability,
flexibility, and robustness. Fortunately, for the last two decades,
the sensor community has moved beyond the boundaries of in-
trinsic piezoresistivity observed in semiconductors and carbona-
ceous materials like graphene and CNTs. Some of the earli-
est proponents of nanomaterial–polymer composites-based flex-
ible sensors demonstrated, that, by dispersing nanomaterial
fillers in flexible polymeric substrates/bases near the percola-
tion threshold, high piezoresistive gauge factor/sensitivity can
be achieved.[73–75] Later in the article, we discuss the advances
and recent progress in the field of wearable/flexible piezoresistive
sensors employing various 0D, 1D, and 2D nanomaterial fillers.

3.2. Capacitive and Piezocapacitive Sensing

Although resistive sensors have dominated the sensing land-
scape for more than a century, problems associated with temper-
ature drift and high-power budget have always motivated design-
ers and researchers to explore more robust and power-efficient
alternate techniques for strain and pressure sensing applications.
In contrast to resistive type sensors, capacitive (and more recently
piezocapacitive) sensors offer an attractive alternative as they op-
erate on a significantly lesser power budget because of the lack
of flow of direct current. In addition, capacitive sensors demon-
strate high sensitivity, faster response time, and are less prone to
temperature drift and hysteresis.

Traditional parallel plate capacitor entails two conducting elec-
trodes separated by a dielectric medium. If the fringe effects
are neglected, the capacitance of a capacitor can be expressed
as C = 𝜀0𝜀rA

d
where 𝜖0 represents the absolute permittivity of

the vacuum, 𝜖r represents the dielectric constant of the dielectric
medium separating the electrodes of the capacitor, “A” represents
the area of the electrodes, and “d” represents the gap between the
electrodes. The schematic in Figure 5a represents a parallel plate
capacitive sensor with air as the dielectric medium. The top plate
is suspended with a spring/cantilever whereas the bottom plate
is fixed. When a force F is applied to the top plate, the spring

Adv. Electron. Mater. 2024, 10, 2300436 2300436 (8 of 34) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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extends thereby allowing the gap between the electrodes to
change by a small displacement Δd. The change in capacitance
is given by

ΔC = Cf − Ci = 𝜀0 𝜀rA
(1

d
− 1

d − Δd

)
(1)

This change in capacitance can be resolved with matched mea-
surement circuitry. Furthermore, the force sensitivity can be re-
solved by considering the spring equation and relating it to the ca-
pacitance equation. It follows that traditional capacitive-type sen-
sors rely on the displacement of electrodes and can be consid-
ered displacement sensors as opposed to piezo-sensors, which
rely on stress development in the pressure-sensing membrane.
Marx and Bell introduced one of the earliest capacitive pressure
sensors for automotive applications.[76] The design comprised
a moving electrode capacitor with measurement circuitry that
resulted in a voltage output proportional to the input pressure
stimuli.

With the growth of silicon micromachining technology in the
1980s there was a keen interest among microsystem designers to
exploit the existing state-of-the-art for developing on-chip silicon-
based capacitive pressure sensors. In one of the earliest demon-
strations of silicon micromachining based capacitive sensors,
Sander and Knutti reported a microminiature monolithic par-
allel plate capacitive pressure sensor with a pressure sensitivity
20 times more than a piezoresistive strain gauge-based pressure
sensor.[77] The sensor could be batch manufactured through ex-
isting integrated circuit fabrication technology and could operate
at one percent of the power budget of a piezoresistive pressure
sensor. The device comprised a top metalized glass plate and a
silicon diaphragm separated by a gap of 2 μm (refer to schematic
in Figure 5b). On application of pressure, the diaphragm moves
closer to the fixed glass plate and there is an overall change in
capacitance. Figure 5c shows the image of the pressure sensor.
Theoretical and experimental capacitance pressure calibration is
shown by the plot in Figure 5d. To isolate the capacitor from stray
lead capacitances, the authors fabricated a second sensor that in-
corporates on-chip bipolar circuity.

From the discussion on the simple sensing mechanism em-
ployed by traditional parallel plate capacitive sensors, it follows
that the structural property of the dielectric layer has a profound
impact on the sensing performance. Though traditional capaci-
tive pressure sensors rely on the changing distance “d” between
the electrodes, more recently, methods are being investigated
to achieve pressure-induced dielectric constant “𝜖r” change to
achieve enhanced pressure sensitivity. Furthermore, it is desir-
able that the dielectric layer has low compressive modulus, which
will further contribute toward enhancing the pressure sensitiv-
ity. In the past, elastomeric materials with microstructured air
voids have been employed to enhance the sensing performance
of capacitive sensors.[78–80] In contrast to traditional capacitive
sensors which are essentially displacement-based sensors, piezo-
capacitive sensors rely on stress buildup on the membrane ma-
terial, which leads to dielectric constant change thereby lead-
ing to capacitance change in addition to the regular electrode
displacement.[81]

In one of the earlier works, Metzger and Fleisch demonstrated
an indirect method of utilizing polyolefin foam for developing ca-

pacitive pressure sensor arrays for inexpensive object detection
applications.[80] The work featured polyolefin foams (thickness
of 250 μm and dielectric constant of 1.7) with surface-mounted
pressure sensor arrays arranged in 12 × 8 matrix form within an
area footprint of 30 × 20 cm2. The image in Figure 6a shows a
cross-section of the foam with large anisotropically shaped voids
throughout the thickness. The sensor was tested for force sen-
sitivity by loading a 1 cm2 sensor area with various fixed weight
loads and the load versus capacitance change is plotted as shown
in Figure 6b. The authors report a load resolution of 10 g cm−2.
The plot in Figure 6c shows capacitance change for 10 g cm−2

load (per unit area).
In a pioneering work, Mannsfeld et al. from Bao’s group

demonstrated a microstructured polydimethylsiloxane (PDMS)-
based large area flexible capacitive sensor array with fast
response.[78] The microstructured PDMS film was fabricated by
a soft lithography approach entailing the pouring of PDMS pre-
polymer to a silicon wafer mould (with inverted pyramidal cavi-
ties), subsequent curing, followed by deposition of indium tita-
nium oxide polyethylene terephthalate (ITO–PET) electrodes to
form the sensor (shown schematically in Figure 6d). Three differ-
ent sensors involving unstructured PDMS film, line-structured
film, and film with micropyramids were compared. The pyramid
structure film showed the highest sensitivity of ≈0.55 kPa−1 fol-
lowed by the linear structured film sensor (0.1 kPa−1). The un-
structured film showed the least sensitivity figure of 0.02 kPa−1.
The plot in Figure 6e compares the pressure–capacitance change
response of the unstructured film with the two microstructured
films. The authors attribute the high sensitivity figures to the mi-
crostructures, which enable the films to reversibly store and re-
lease energy and thereby reduce the negative effects associated
with the viscoelastic behavior of the PDMS bulk polymer.[78]

4. Wearable Mechanical Sensors

4.1. Fibrous Structure-Based Sensors

1D structures such as CNTs[63] and CNFs[82] often demonstrate
intrinsic piezoresistivity coupled with the advantages of flexibil-
ity, conformability, and durability making them suitable for flexi-
ble sensor applications. Furthermore, depending on the method
of fabrication or synthesis, it is relatively easier to achieve large-
area conformal and highly flexible nanofibrous membranes.
More recently, nanofibrous membranes have been exploited ex-
tensively for developing flexible and stretchable piezoresistive
and piezocapacitive sensors.

In the past, several methods including electrospinning, melt
electrowriting, solution blowing, hot drawing, self-assembly, etc.
have been explored to fabricate fibrous structures.[83–87] Amongst
all the aforementioned methods, electrospinning stands out ow-
ing to its inexpensive nature, versatility in processing a large
variety of polymers, ability to control fiber morphology by
parameter optimization, and capability to fabricate large-area
membranes.[83,88,89] Also, the 1D nanostructure of the electro-
spun nanofibers allows for high porosity, excellent surface area-
to-volume ratio, and superior mechanical performance.[88]

Wang’s group reported a zinc oxide nanowire
(ZnO)/polystyrene nanofiber (PSNF) based piezoresistive
strain sensor with PDMS as the substrate material.[90] The
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 2199160x, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202300436 by U
niversiteitsbibliotheek, W

iley O
nline L

ibrary on [15/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advelectronicmat.de


www.advancedsciencenews.com www.advelectronicmat.de

Figure 6. Air void structures and micropatterned polymers for capacitive sensing. a) SEM image of polyolefin foam for capacitive sensor mount.
b) Plot showing load (per unit area) versus capacitance change in the sensor. c) Plot showing the sensor response to periodic load (per unit area)
≈10 g cm−2.[80] Reproduced with permission.[80] Copyright 2008, American Institute of Physics. d) Schematic representation of the process steps in-
volved in soft lithography of the micropatterned PDMS film. e) Plot comparing the pressure versus normalized capacitance change response of the
unstructured PDMS to the two microstructured PDMS film-based sensors. Reproduced with permission.[78] Copyright 2010, Macmillan Publishers Ltd.

sensor featured electrospun polystyrene nanofibers deposited
on PDMS film with hydrothermally grown ZnO nanowires
along the nanofibers’ axes (shown schematically in Figure 7a).
The SEM image in Figure 7b shows the morphology of the
ZnO/PSNF hybrid structure and the inset shows the structure of
ZnO nanowires on a single polystyrene fiber. The nanofibrous
structure of the sensor allowed for a relatively higher working
strain range (≈50%) where the curved nanofibers in the nanofi-
brous web could release a part of strain by straightening under
tension.[90] The sensor demonstrated a linear strain–resistance
change response as observed from the plot in Figure 7c and the
gauge factor was reported to be ≈116.

Cai et al. were one of the earliest to investigate intrinsic
piezoresistivity in isolated electrospun carbon nanofibers utiliz-
ing an MEMS platform.[82] By studying the microstructures of the
fibers, the authors developed a 1D model involving electron tun-
neling between sp2 and sp3 hybridized carbon domains to explain
the piezoresistive phenomenon. Furthermore, the role of graphi-
tization and elastic mismatch between the differently hybridized
carbon domains on the piezoresistive performance of CNFs

was investigated. Though isolated CNFs were shown to demon-
strate piezoresistive behavior with a gauge factor in the range of
≈1.96–2.55, their structure and stiffness placed constraints on
their applications in the fabrication of flexible and wearable sen-
sors. By contrast, carbon nanofiber bundles or webs offer the
added convenience of large surface area, flexibility, and superior
strain-bearing capability owing to curvy nanofibers in the web,
which help release a part of the strain when subjected to external
stress. Ding et al. were among the first to employ a web of elec-
trospun CNFs for achieving flexible strain sensors.[91] Their sen-
sor featured a freestanding CNF mat sandwiched between two
layers of polyurethane as the substrate as shown schematically
in Figure 7d. Owing to the randomly oriented nanofibers in the
web and the highly elastic thermoplastic polyurethane, the strain
sensor demonstrated a high strain bearing ability with a break
strain of 480% (stress 20 MPa). The sensor reported a break-in
phenomenon for the first few cycles where the baseline resis-
tance changed till the first 10 cycles of uniaxial strain loading. The
authors attributed the break-in phenomenon to the irreversible
breaking of the CNFs into smaller sections. The plot in Figure 7e

Adv. Electron. Mater. 2024, 10, 2300436 2300436 (10 of 34) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 7. Nanofibrous structures based piezoresistive wearable sensors. a,b) Schematic representation and SEM image of ZnO NW coated polystyrene
nanofiber. c) Plot showing strain versus normalized resistance change response of the sensor.[90] Reproduced with permission.[90] Copyright 2011,
Wiley-VCH GmbH & Co. d) Schematic representation of the process flow in the fabrication of PU-CNF strain sensor. e) Plot showing five distinct cycles
of strain versus normalized resistance change response of the CNF-based sensor.[91] Reproduced with permission.[91] Copyright 2016, Royal Society of
Chemistry. f) SEM image of AgNPs-CNTs decorated TPU nanofiber. g) Plot comparing the strain versus normalized resistance change responses of the
CNT decorated and CNT AgNPs decorated TPU nanofiber-based sensors. h) Plots showing the resistance change response of the sensor to phonation
sensing experiments.[92] Reproduced with permission.[92] Copyright 2019, Wiley-VCH GmbH & Co. i) Left SEM image of the Au/PU–PDMS nanomesh.
Center photograph showing the transferred sensor on fingertip. Right image showing the distinguishable sweat pores on the sensor. j) Showing the
facial microexpression-related strain mapping employing the sensor.[93] Reproduced with permission.[93] Copyright 2020, AAAS. k) Plots showing the
strain versus normalized resistance change and force versus normalized resistance response of the CNF-PDMS strain and force sensors.[37,39] l) Plots
showing the response of the CNF-PDMS strain sensors-based smart glove system to a series of individual finger flicks.[39] Reproduced under the terms
of the Creative Commons CC BY license.[37,39] Copyright 2020, 2021, the Authors, published by Springer Nature. m) Showing the conceptual schematic
of the neuromorphic smart glove with the tactile and proprioceptive sensors. Plot (red) showing the voltage signal from an individual tactile sensor in
response to tapping. Plot (blue) shows the voltage signal converted into spiking activity LIF neuron model. Plot (orange) shows the membrane potential
of the neuron model.[94] Reproduced with permission.[94] Copyright 2022, the Authors, Published by ACS.
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shows the strain versus relative resistance change response of the
sensor for five distinct stretch–release cycles. The largest gauge
factor was reported as ≈72 for the fifth cycle of stretch–release.
The work also demonstrated the applicability of the sensor in hu-
man motion monitoring tasks by conducting a series of experi-
ments involving finger, wrist, and elbow joint movements.

Though thermoplastic polyurethane was used as a substrate
material in the work by Ding et al. described previously, the
excellent mechanical properties of thermoplastic polyurethane
(TPU) make them a suitable candidate for electrospinning to
form highly stretchable and strong nanofiber webs. Wang et al.
reported a fiber-based TPU/MWCNT composite piezoresistive
sensor developed by employing the wet-spun method.[95] As TPU
is an insulating material, various methods involving incorporat-
ing nanomaterial fillers like graphene and CNTs in the nanofi-
brous yarns to fabricate piezoresistive sensors have been pro-
posed in the past.[96,97] Huang et al. reported electrospun TPU
nanofibers decorated with CNT and silver nanoparticles (AgNPs)
for human physiological parameter monitoring applications.[92]

The work entailed electrospun TPU nanofibers as the structural
backbone with subsequent dip coating in CNT dispersion fol-
lowed by Ag precursor absorption and reduction to form CNT-
bridged AgNPs on the nanofibers. The SEM image in Figure 7f
shows the surface morphology of a single AgNPs decorated TPU
nanofiber with CNTs forming bridging structures between the
nanoparticles. The effect of AgNPs on the sensitivity of the strain
sensor was assessed by cross-comparing the strain sensing per-
formances of the TPU/CNTs and TPU/CNTs/AgNPs composites
as shown by the plot in Figure 7g. The TPU/CNTs/AgNPs-based
sensor showed a significantly higher gauge factor of 7066 (strain
550%) in comparison to TPU/CNTs (gauge factor ≈ 200). The
practical application of the sensors in human physiological pa-
rameters monitoring was demonstrated by conducting a series of
experiments involving various joint movement detection, phona-
tion, and gait monitoring.[92] The plot in Figure 7h shows the
distinct phonation map of a subject pronouncing three different
words five times each. The ability of the sensor to distinguish be-
tween various knee movement patterns while walking, jogging,
and running was demonstrated by affixing the sensor to the knee
region and acquiring the normalized resistance change signals
for the various movement patterns.

Skin interfaceable devices must fulfill various criteria of soft-
ness, flexibility, stretchability, thickness of less than 2 μm, and
most importantly the ability to achieve conformability of the nat-
urally porous and curvilinear surface of the skin.[47,93] As ob-
served in the previously described works, most of the sensors
featuring porous nanofiber membranes are significantly thick
and must be supported by additional polymeric substrates to
make them robust.[90,91] Wang et al. addressed the thickness con-
straints with nanofibrous membrane-based sensors which can
naturally track human skin strain without causing any mechan-
ical disturbance.[93] The device comprised an electrospun PU
nanofiber (diameter 198 ± 52 nm) membrane coated with PDMS
elastomer for extra reinforcement. The membrane was coated
with 100 nm gold deposition on both sides to complete the device.
The device demonstrated excellent robustness and long-term sta-
bility with a 3% baseline resistance change for a series of 5000
stretch/release cycles at 60% strain. The SEM image in Figure 7i
(leftmost) shows the microstructure of the Au-coated PU–PDMS

nanomesh. To transfer the device to the skin, the authors em-
ployed a polyvinyl alcohol (PVA) film as a sacrificial layer. The
PVA allows for easy transfer of the nanomesh on the skin ow-
ing to its water solubility. The middle photograph in Figure 7i
shows the transferred nanomesh sensor on a fingertip and the
image on the right shows the distinct sweat pore features of hu-
man skin. The skin conformability and easy skin transfer allowed
for convenient attachment of the nanomesh sensor on facial skin
for facial strain mapping during speech as shown in Figure 7j.
The sensor was capable of distinguishing between various facial
microexpressions.[93]

Though carbon nanofibers can be considered an attrac-
tive alternative to other nanofibrous structure-based piezore-
sistive sensors owing to their intrinsic piezoresistive property,
high pyrolization temperatures required to synthesize carbon
nanofibers can potentially restrict their applications for develop-
ing affordable wearable sensors. In a series of works, Sengupta
et al. demonstrated the application of relatively low temperature
(950 °C in contrast to 1200 °C reported by Ding et al.[91])
carbonized CNF-based stretchable and wearable sensor for
tactile sensing, gesture tracking, steady state, and oscilla-
tory flow sensing and skin-inspired neuromorphic sensing
applications.[37,39,94,98] In contrast to the work of Ding et al.,[91]

Sengupta et al. utilized relatively low temperature (950 °C in com-
parison to commercial CNFs carbonized at 1300–2000 °C) py-
rolyzed CNF bundles sandwiched between two layers of PDMS
elastomeric layers to fabricate piezoresistive strain sensors.[39]

The CNF-PDMS strain sensor demonstrated a linear resistance
change response in the 0−50% tensile strain range with a gauge
factor of 11.14 as shown by the top plot in Figure 7k. A touch
emulation experiment was conducted on the CNF-PDMS tactile
sensor and the sensor demonstrated a linear resistance change
response in the normal tactile force range 0–20 N with a sensitiv-
ity value of 1.82 kN−1 as shown by the bottom plot in Figure 7k.[37]

The figure insets in the plots in Figure 7k show the structure of
the CNF-PDMS strain and tactile sensors, respectively. The sen-
sor was also capable of responding to oscillatory tactile stimuli
in the frequency range of ≈10–610 Hz, which is similar to the
sensing range of human glabrous skin.[37] The applicability of
the CNF-PDMS sensor in human physiological parameters mon-
itoring was demonstrated by conducting a series of experiments
involving joint movement detection, breathing patterns, and gait
monitoring. The proprioceptive ability of the sensors was demon-
strated by developing a gesture-tracking smart glove entailing five
CNF-PDMS strain sensors secured on a nitrile glove. The plot in
Figure 7l shows the response of the system to a sequence of in-
dividual finger flicking repeated thrice in a periodic fashion. Fur-
thermore, the gesture-tracking smart glove system was demon-
strated to identify 14 unique finger gestures.

To develop true skin-like sensors that mimic the morphology
and function of human skin and recreate neural firing, a holis-
tic synergy between flexible sensors and interface neuromorphic
circuits is required. For robots to have the ability to seamlessly in-
teract with human beings, they must be endowed with skin-like
sensors working in tandem with neuromorphic circuits capable
of providing both cutaneous tactile information and haptic pro-
prioception. In follow-up work, Sengupta et al. coupled their pre-
viously described CNF-PDMS tactile and strain sensors[37] with
neuromorphic spiking neural networks to achieve skin-inspired
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sensing and proprioception.[94] The work conceptually proposed
a smart glove system entailing CNF-PDMS-based piezoresistive
pressure and strain sensors coupled with Wheatstone bridge cir-
cuits for tactile sensing and proprioceptive perception. The volt-
age signals from the Wheatstone bridge circuits were converted
to current signals and fed subsequently to models inspired by
biological neurons (leaky integrate-and-fire simulated artificial
neurons), which further encoded the signals into spikes. The
schematic diagram in Figure 7m (top) shows the conceptual ar-
chitecture of the gesture-sensing neuromorphic smart glove. The
plots in Figure 7m show the voltage signal (plot in red) from the
tactile sensor in response to the periodic tapping pattern and its
subsequent conversion to spiking activity (plot in blue) along with
the membrane potential of the neuron (plot in orange).

As discussed previously, in contrast to piezoresistive sensing
mechanism-based wearable sensors, capacitive and piezocapac-
itive wearable sensors demonstrate incredibly low power bud-
get, high sensitivity, faster response time, and are less prone
to temperature drift and hysteresis. As such, they offer an at-
tractive alternative to resistive type sensors for human physio-
logical parameter monitoring. The use of polymeric dielectric
materials with micro air voids has been explored recently by
a significant number of research groups to increase pressure
sensitivity.[79,78,80] More recently, there has been a growing in-
terest among researchers in exploiting the air void structures of
nanofibrous membranes for the fabrication of skin conformal
and wearable piezocapacitive sensors.[19,81,99–101] As discussed
previously the effective dielectric constant of air void structures
increases under the application of pressure leading to enhanced
sensitivity. In one of the earliest works, Kim et al. demon-
strated the utilization of electrospun polyvinylidene fluoride-
co-tetrafluoroethylene (PVDF-TrFE) nanofibrous membranes for
the fabrication of ultrasensitive piezocapacitive sensors.[81] The
sensor demonstrated a high sensitivity figure of 2.81 KPa−1 (pres-
sure < 0.12 KPa) with a fast response time of 42 ms.

One of the critical requirements for wearable sensors targeted
for human physiological parameter monitoring is user com-
fort. Along with flexibility, skin conformality, and stretchability,
breathability is another important feature that is highly desir-
able for skin-like sensors. However, most of the sensors in the
literature are based on airtight films which are not breathable
and hence might cause discomfort and skin inflammation in
long-term use.[99,103] Owing to their highly porous structures,
nanofiber membranes offer an attractive proposition for the de-
velopment of skin-conformal, stretchable, and wearable sensors
for human physiological parameter monitoring. Yang et al. re-
ported a breathable skin-printed piezocapacitive sensor featur-
ing a TPU nanofibrous membrane dielectric layer sandwiched
between two layers of PVDF AgNW membranes as shown by
the schematic in Figure 8a.[99] The SEM images in Figure 8b
show the surface morphologies of the PVDF nanofiber mem-
brane electrode with screen-printed interlaced AgNWs on the
surface (left image) and the nanofibrous TPU dielectric layer
(right image). The PVDF nanofiber membranes ensure good hy-
drophobicity with a contact angle of 110.25°. The porous na-
ture of the electrodes and the dielectric layers allows for easy
passage of air molecules rendering the sensor breathable with
a Gurley value of 17.3 s/100 mL. Three different sensors with
TPU nanofibrous membranes (TPUNM) electrospun for 6, 4.5,

and 3 h (demarcated TPUNM1, TPUNM2, and TPUNM3, respec-
tively) were cross-compared for pressure sensitivity. The plot in
Figure 8c, shows the pressure versus relative capacitance change
response of the three pressure sensors. The thinnest pressure
sensor (TPUNM3) showed the highest sensitivity of 4.2 KPa−1

for low-pressure (0–400 Pa) and 0.071 KPa−1 for high-pressure
(4–30 KPa) regimes, respectively. The authors attribute the higher
sensitivity among the thinner sensor to lower density, resulting
in higher relative distance change during pressure application.
Accelerated lifetime assessment test for 10 000 cycles at 1.43 HZ
frequency under 15 kPa pressure demonstrated the robustness
and reliability of the sensor. The authors conducted human phys-
iological parameters monitoring experiments involving respira-
tory and heart rate monitoring to demonstrate the applicability of
the sensors. The sensor was attached to the left side of the chest
(Figure 8d left) and the data from the sensor was acquired at rest
and postexercise. The plot (right) of Figure 8d compares the sen-
sor response for rest and postworkout heart rate regime demon-
strating the ability of such sensors for comfortable and reliable
human physiological parameters in real-time.

One of the critical drawbacks of polymeric membrane-based
piezocapacitive sensors is the low dielectric constant of the di-
electric layers. In the past, several researchers have explored the
idea of nanomaterial filler dispersion inside polymeric dielec-
tric materials to increase their dielectric permittivity.[104–107] In
the case of conductive nanomaterial filler–polymer composites,
the dielectric constant “𝜖” of the nanomaterial–polymer compos-
ites follows the relation: 𝜖 ∝ 𝜖p |f – fc|

−s, where 𝜖p represents
the dielectric constant of the insulating polymer matrix, s repre-
sents an exponent with value ≈1, f represents the fractional vol-
ume of the nanofiller in the polymer matrix, and fc represents
the critical fractional volume at percolation threshold.[104] Several
mechanisms have been proposed to explain the phenomenon
of dielectric constant enhancement in nanomaterial filler-loaded
dielectrics[105,107,108].

• Microscopic dipole formation in conductive nanomaterial–
polymer composites has been explored by various researchers
in the past to explain the observed dielectric constant en-
hancement phenomenon.[109,110] In this case, the applica-
tion of an external electric field to the nanomaterial–polymer
composite leads to charge accumulation at the interface be-
tween the nanomaterial fillers and the polymer matrix subse-
quently leading to interfacial polarization (Maxwell–Wagner–
Sillars polarization). For a piezocapacitive sensor employing a
nanomaterial–polymer composite-based dielectric layer, under
the application of external pressure, the existing field strength
between the two electrodes increases, which leads to the inten-
sification of interfacial polarization thereby leading to further
enhancement in dielectric permittivity.[111]

• For nanomaterial filler near the percolation threshold in
a nanomaterial–polymer composite, the microcapacitor net-
work formation theory has been invoked by several researchers
to explain the giant enhancement of dielectric constant near
the percolation threshold.[19,104,108,112] When the nanofillers’
volume fraction approaches the percolation threshold (be-
low the critical volume fraction), several microcapacitors are
formed by neighboring conductive nanofillers separated by
very thin layers of the polymer insulator. Each of these
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Figure 8. Nanofibrous structures based piezocapacitive wearable sensors. a) Schematic representation of the TPUNM-based breathable sensor with
PVDF–AgNW electrodes. b) SEM image of interlaced AgNWs on PVDF nanofibers. SEM image of TPU nanofibrous membrane. c) Plot showing pressure
versus relative capacitance change response of the three sensors. d) Photograph of the breathable sensor attached to the chest for heart rate monitoring.
Plot showing sensor signals in repose to normal and postworkout heart rate.[99] Reproduced with permission.[99] Copyright 2018, Wiley-VCH GmbH & Co.
e) Plot comparing the relative capacitance change responses of the various wt% CNT loaded PVDF-based piezocapacitive sensors. Plot in inset showing
the structure and photograph of the sensor.[111] Reproduced with permission.[111] Copyright 2019, Elsevier B.V. f) Schematics showing the structure of PI
nanofibers based piezocapacitive pressure sensor and the multisensor array. g) Plot showing dynamic pressure versus normalized capacitance change
response of the electrospun polyimide nanofibrous membrane-based piezocapacitive sensor. h) Plot showing the response of the sensor under pressure
from different small objects loading.[100] Reproduced with permission.[100] Copyright 2020, Elsevier B.V. i) Schematic representation of the process flow
involved in the fabrication of the MXene–PVDF-TrFE nanofiber-based flexible piezocapacitive sensor. j) Plot comparing the relative capacitance change
responses of the various wt% MXene loaded PVDF-TrFE nanofibrous membrane-based piezocapacitive sensors. k) Plot (right) showing real-time radial
artery pulse wave monitoring. Plot (left) showing sensor response to left ventral muscle movement.[19] Reproduced with permission.[19] Copyright 2020,
American Chemical Society. l) Schematic representation of the process steps involved in the fabrication of graphene–PVAc nanofibrous membrane-based
piezocapacitive sensor; Photograph of the 0.25 wt% graphene–PVAc nanofiber-based sensor. m) Plot showing the pressure versus relative capacitance
change response of the 0.25 wt% graphene–PVAc nanofiber-based sensor. n) Plot showing the sensor responses from the heel regions of a healthy
subject while walking with a normal gait. Plot showing the sensor responses from the bilateral hamstring, scapula, and gluteal muscle region of a test
subject while being seated upright.[102] Reproduced under the terms of the Creative Commons CC BY 4.0 license.[102] Copyright 2023, the Authors,
published by ACS.

individual microcapacitors demonstrates a very high capaci-
tance figure and subsequently contributes to the overall en-
hancement of the dielectric constant of the composite.[104,108]

Yang et al. harnessed the interfacial polarization phenomenon
by employing CNT-loaded PVDF nanofibers for fabricating
highly sensitive piezocapacitive pressure sensors.[33] The pres-

sure sensor featured an electrospun CNT-PVDF nanofibrous
membrane sandwiched between two layers of ITO–PET films.
The addition of CNTs in the polymer not only raises the di-
electric constant but also helps lower the compressive modulus
thus enhancing the overall sensitivity of the resulting pressure
sensors.[19,111] Pressure sensitivity assessment experiments con-
ducted on the sensors revealed a sensitivity figure of 0.99 kPa−1
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with a fast response time of 29 ms. The plot in Figure 8e cross-
compares the four different pressure sensors with 0.03, 0.05, 0.1,
and 0.2 wt% CNTs loading in PVDF. The sensor with 0.05 wt%
CNT dispersion and 20.1 μm membrane thickness were found to
have the optimal sensing performance.

One of the critical drawbacks with most of the piezocapacitive
sensors is their low dynamic range. Zhu et al. employed electro-
spun polyimide nanofibrous membranes as the dielectric layer
for the fabrication of a highly sensitive piezocapacitive pressure
sensor with a wide dynamic range.[100] The sensor demonstrated
a high sensitivity of 2.204 kPa−1 at 3.5–4.1 Pa and a wide dynamic
range (0–1.388 MPa). Furthermore, the sensor demonstrated an
excellent lower detection threshold of 3.5 Pa. The plot in Figure 8g
shows the dynamic pressure versus relative capacitive change re-
sponse of the sensor for six distinct dynamic pressure loading
(1.67, 3.33, 5.56, 7.22, 44.44, and 277.78 kPa). The lower detection
threshold of the sensor was demonstrated by loading the sensor
with various lightweight objects like wooden twigs, dried flower
buds, etc. (plot in Figure 8h). The lower detection threshold was
found to be 3.5 Pa. Furthermore, the sensor demonstrated a good
linear characteristic with a sensitivity of 2.204 kPa−1 in the pres-
sure range of 3.5–4.1 Pa and 0.721 kPa−1 in the pressure range of
4.1–13.9 Pa.

Though 1D materials like CNTs[111] have been used for en-
hancing the dielectric performance of polymeric materials, their
low surface area combined with the propensity to form agglom-
erates degrades their mechanical performance and hence nega-
tively affects their prospects for capacitive sensing. By contrast,
2D materials like graphene (and more recently MXene) offer
larger surface area, which leads to better dispersion and adhe-
sion inside the embedding polymer matrix. MXene (Ti3C2Tx),
which is a newly discovered class of 2D material comprising
metal carbonitrides and carbides have drawn the interest of the
materials research community owing to their excellent mechan-
ical properties, high specific capacitance, and thermal stability.
Recently, Sharma et al. reported an MXene (Ti3C2Tx)/PVDF-TrFE
nanofibrous membrane-based piezocapacitive sensor for human
physiological monitoring applications.[19] The sensor featured
an MXene/PVDF-TrFE nanofibrous dielectric membrane sand-
wiched between two layers of poly-(3,4-ethylenedioxythiophene)
polystyrene sulfonate PDMS electrodes. Comparison of PVDF-
TrFE nanofibrous membranes with various wt% (2, 5, 7, 10, and
13%) MXene filler dispersion demonstrated a dielectric constant
enhancement in the range of 10–40. A similar trend was observed
in the case of the dielectric loss tangent. The pristine PVDF-
TrFE-based sensor was compared with various wt% MXene dis-
persed PVDF-TrFE based sensors. The plot in Figure 8j shows
the pressure versus relative capacitance change response of the
sensors with various nanofibrous membranes. The sensor with
5% MXene dispersion showed the maximum sensitivity figures
of 0.51 kPa−1 for the low-pressure regime (0–1 kPa), 0.01 kPa−1

for medium pressure regime (10–150 kPa), and 0.006 kPa−1 for
high-pressure regime (150–400 kPa). Furthermore, the sensor
demonstrated an excellent lower detection threshold of 1.5 Pa
and reliable sensing performance of 10 000 cycles of dynamic
pressure loading at 167 kPa. To demonstrate the applicability of
the sensor in reliable human physiological monitoring a series of
tests involving heart rate detection, respiration monitoring, fin-
ger tremor detection, muscle movement, and phonation analy-

ses were conducted. The plot in Figure 8k (left) shows the pulse
rate (relative capacitance change response of the sensor) acquired
from the ventral side of the wrist’s dermal area in response to the
normal pulse rate. The zoomed-in plot (not shown here) was used
to discern between the characteristics of peaks D-wave, T-wave,
and P-wave of a pulse waveform. The sensitivity of the sensor al-
lowed for easy discrimination between the characteristics peaks,
which could potentially be useful for identifying arterial stiffness
and abnormalities in the heartbeat rhythm. The plot in Figure 8k
(right) shows the responses of the sensor to left ventral arm mus-
cle movement.

Recently, Yu et al. reported a thin (≈36 μm) all-fabric piezo-
capacitive pressure sensor featuring a micropatterned TPU
nanofiber dielectric layer sandwiched between two layers of
AgNW-based electrodes.[101] The structure of the sensor leads to a
very high sensitivity of ≈8.31 kPa−1 for pressure <1 kPa with an
excellent lower detection threshold of 0.5 Pa. Furthermore, the
sensor demonstrated a wide sensing range (0.5 Pa–80 kPa) and
robustness was demonstrated through cyclic loading tests involv-
ing 10 000 cycles of pressure loading at 1 kPa.

With the rapid growth in affordable consumer electronics in
the last few decades coupled with the current trend of incremen-
tal yearly updates by manufacturers, outdated gadgets and de-
vices are being disposed of every year by tech-savvy consumers
leading to a pile-up of toxic electronic wastes. To circumvent the
detrimental impact of non-recyclable electronics on the environ-
ment and public health, there is a pressing need for the research
and development of transient electronics, which is going to play a
major role in the field of wearable electronics for the foreseeable
future. Recently, Sengupta et al. reported graphene–polyvinyl ac-
etate (PVAc) nanofiber-based degradable piezocapacitive sensors
for human physiological parameters monitoring.[102,113] Similar
to the work of Sharma et al.,[19] this work fundamentally inves-
tigated the effect of 2D nanomaterial filler (graphene) addition
on the dielectric constant of PVAc polymer. The sensor reported
in the work featured a nanofibrous membrane sandwiched be-
tween two layers of circular silver-plated nylon fabric electrodes
and optically clear adhesive plate seals for complete encapsula-
tion as shown schematically in Figure 8l. The 0.25 wt% graphene-
loaded PVAc nanofiber-based sensor showed the highest sensitiv-
ity figures of 0.014 kPa−1 for the low-pressure regime (2.7–44 kPa)
and 0.006 kPa−1 for the high-pressure regime (56–319 kPa). The
plot in Figure 8m shows the pressure versus relative capaci-
tance change response of the aforementioned sensor. The sensor
assembly was subjected to a series of cyclic compressive load-
ing and the hysteresis values were found to be ≈4.31%, 4.93%,
3.62%, 3.62%, and 2.85% for ≈5%, 10%, 20%, 30%, and 40%
compressive strains, respectively. Furthermore, to demonstrate
the robustness and reliability of the sensor, a series of acceler-
ated lifetime assessment tests entailing a total of 3000 cycles
of tactile force loadings (at 2.7, 10, and 20 N) were presented.
The applicability of the sensor for human physiological parame-
ter monitoring was demonstrated by a series of experiments in-
volving muscle movement detection, finger tremor, and respira-
tory rate monitoring. In particular, the suitability of the sensor
for IoT-enabled activity monitoring was underscored by demon-
strating a sensorized shoe insole capable of gait detection. The
plot in Figure 8n (top) shows the responses acquired from the
heel regions of two sensorized insoles while a person walked in a
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straight line. Secondary data such as cadence and walking speed
were shown to be derived from the primary gait data. Finally, an
ergonomic smart chair comprising of an office chair affixed with
six pressure sensors on the bilateral scapula, hamstrings, and
gluteal muscle regions was demonstrated. The plot in Figure 8n
(bottom) shows the change in responses of the sensors while a
standing subject sat down upright before rising again.

4.2. Nanofiller–Polymer Composite-Based Planar Sensors

4.2.1. 1D Nanomaterials–Polymer Composite-Based Planar Sensors

Other than intrinsically conductive polymers like poly(pyrrole)s
(PPY), poly(3,4-ethylenedioxythiophene), polyanilines, etc., most
polymers are insulators. Elastomeric materials like PDMS, PI,
and PU are electrically nonconductive. However, elastomers and
thermoplastics have been exploited by the sensors community
for the past few decades due to their excellent mechanical prop-
erties, responsiveness to torsion, and elasticity. Nonconducting
polymers can be made conductive to charge carriers by dispers-
ing conductive nanomaterial fillers. In the past, a variety of nano-
materials like metallic nanoparticles, AgNWs, SW/MWCNTs,
graphene, and more recently MXene has been dispersed in poly-
mer matrix to form conducting composites.[38,55,114–117]

For conductive nanomaterial fillers dispersed in a polymer
matrix, near the percolation threshold, the charge carriers (elec-
trons) can travel through overlapping nanomaterials percola-
tion network.[48] Particularly in the case of conductive nano-
material elastomer composites, stretching/stress causes discon-
nection between the adjacent conductive fillers, which can be
attributed to material slippage caused by stiffness mismatch
between the filler and polymer matrix. Furthermore, any ex-
ternal stress/pressure causes a change in the overlap area be-
tween two adjacent conductive fillers leading to a change in con-
duction path/resistance. Additionally, this piezoresistive behav-
ior in the elastic regime can also be explained by Simmon’s
tunneling theory.[57] Recently, the conductive domain discon-
nection mechanism has been exploited extensively to develop
flexible, stretchable, and wearable piezoresistive strain/pressure
sensors.[48] For instance, though CNTs demonstrate intrinsic
piezoresistivity, in the case of CNT–elastomer composites, un-
der any external stress/pressure the conductive domain discon-
nection mechanism dominates more than the intrinsic piezore-
sistivity of CNTs.[118] Employing the concept of conductive do-
main disconnection mechanism or nanoscale crack junctions,
several flexible sensors have achieved exceptionally high sensi-
tivity/piezoresistive gauge factors.[9]

In one of the earlier works, Wichmann et al. cross-compared
the piezoresistive effect in carbon black (0D material) and CNTs
(1D material) epoxy composite for sensing in elastic and inelas-
tic regimes.[119] A matrix system of Araldite LY556 epoxy, Aradur
917 anhydride hardener, and D070 accelerator was dispersed sep-
arately with 0.5 wt% of CB and 0.1, 0.3 wt% of MWCNTs, re-
spectively. Electrical field versus conductivity analysis tests re-
vealed a quasi-ohmic behavior at low field strength and a weak
deviation (from ohmic behavior) for higher field strength, which
was attributed to non-ohmic behavior found in such compos-
ites near percolation threshold.[119] From the electromechanical

and piezoresistive behavior assessment experiments, the authors
concluded that the piezoresistive behavior was dependent both
on the type of filler and the content. A linear strain versus re-
sistance change response was observed for the CNTs-based com-
posites in the elastic regime whereas the CB-based composites
demonstrated an exponential behavior. While both the fillers be-
have similarly for lower strain regimes, particle geometry might
play a significant role for higher strain regimes which can be at-
tributed to the effects of inelastic matrix deformation, which in-
fluence the conductive network. The authors concluded that the
CNTs-based composites provided superior sensing characteris-
tics in terms of linearity.[119]

Though the dispersion of nanomaterial fillers in a polymer ma-
trix improves electrical conductance, not much focus is placed
on the alignment of the nanomaterials inside a polymer ma-
trix. In the past, Lanticse et al. reported that at lower concen-
trations of CNT fillers in a polymer matrix, preferential align-
ment of the nanotubes led to significantly higher conductivity
(up to 106 times) in the direction of alignment compared to that
of the composite with randomly oriented ones.[122] Oliva-Avile´s
et al. reported alignment of MWCNTs (varying weight percent-
ages of 0.1, 0.3, 0.5, and 0.75 wt%) in polysulfone (a thermo-
plastic polymer) matrix employing alternating field with field
strength lying in the range of 6.0–7.3 kV m−1.[123] Strain versus
normalized resistance change response assessments of the differ-
ent samples demonstrated linear resistance change response in
the field-aligned samples for the elastic regime (strain < 1.5%).
The 0.5 wt% MWCNT-loaded field aligned sample showed the
highest gauge factor of 2.78. The authors explained the gauge
factor enhancement in the field-aligned samples drawing conclu-
sions from Theodosio and Saravanos’ work involving multiscale
modeling.[124] Theodosio and Saravanos predicted a strong corre-
lation between the piezoresistive sensitivity and the CNTs align-
ment with the largest sensitivity observed along the axis of CNTs
alignment.[124] Rizvi et al. explored the piezoresistive behavior of
CNT PDMS and CNT polyethylene (PE) composites near the per-
colation threshold.[125] Different wt% of MWCNTs (1, 2, 3, 4, and
6 wt%) were dispersed in PDMS and PE and composites were
prepared by direct mixing and melt compounding for PDMS and
PE, respectively. Dielectric spectroscopy assessments revealed
MWCNTs percolation threshold of 3% (volume fraction ≈ 0.0154)
and 2.2% (volume fraction ≈ 0.0103) for PDMS and PE, re-
spectively. The conductivity of MWCNTs–PDMS composites was
found to be higher than its PE counterpart. However, the authors
observed that PE composites demonstrated higher piezoresistive
sensitivity in comparison to PDMS-based composites. Further-
more, PDMS-based composites demonstrated higher sensitivity
with increasing filler content whereas the PE-based composites
demonstrated lower sensitivity with increasing filler volume. The
author attributed this discrepancy in sensitivity to nanofiller dis-
persion in the polymer matrices. The MWCNTs formed aggre-
gates in PDMS matrices whereas the PE-based composites were
found to be mostly free of large aggregates which reduces the
interparticle distance between the MWCNT fillers.[125]

Though CNTs as 1D materials have dominated 1D
nanomaterial–polymer composite-based flexible sensors, AgNW
offers an attractive alternative to CNTs owing to their excellent
conductivity and mechanical properties. AgNWs have found
applications in transparent electrodes, thin film technology, and
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solar cells. Amjadi et al. reported AgNWs PDMS composite-
based stretchable and flexible sensors for wearable electronics
applications.[18] The sensor featured an AgNWs percolation
network film sandwiched between two layers of PDMS. The
encapsulation step with PDMS causes the PDMS prepolymer to
infiltrate the porous structure of the AgNWs percolation network
leading to a 3D network of AgNWs embedded in the PDMS
elastomer matrix as shown by the SEM image in Figure 9a (left).
The SEM image in Figure 9a (right) shows the cross-sectional
view of the AgNWs–PDMS sandwich structure. The high stiff-
ness mismatch between AgNWs and PDMS leads to nanowire
sliding leading to overall resistive path change, which is reflected
in the observed strain-induced resistance change behavior. The
sandwich composite structure enables the AgNWs to track back
their original path when released from a strained position thus
leading to excellent recoverability and low hysteresis.[18] The plot
in Figure 9b (left) shows the I–V characteristics of the sensor
for 0%, 20%, 40%, and 60% strains. The sensors demonstrated
an ohmic behavior as observed from the plot. As explained
previously, in the case of conductive nanomaterial–polymer
composites disconnection of nanomaterial fillers for higher
strain levels causes increased resistance. The plot in Figure 9b
(right) shows the strain versus relative resistance change re-
sponse of sensors with different concentrations of AgNWs. It
was concluded that the gauge factor and initial resistance of
the sensor could be “tuned” by controlling the concentration
of AgNWs dispersion during the deposition step. The sensors
demonstrated a tunable piezoresistive behavior with gauge
factor lying in the range of 2–14 with strains up to 70%. The
authors concluded that the sensors with high initial resistance
are suitable for low-strain applications requiring high sensitivity
whereas the sensors with low initial resistances are better suited
to applications demanding high strain levels with an acceptable
sensitivity.[18] The authors demonstrated the application of the
sensor in a smart glove for finger movement monitoring.

Though most of the nanomaterial–polymer composite-based
piezoresistive sensors are able to respond to normal and uniax-
ial stress, multidirectional and shear force sensing are two crit-
ical requirements for true skin-inspired sensors. There are sev-
eral examples of hierarchical structures in nature which include
Gecko’s feet, the lizard’s tail, etc. For instance, epidermal–dermal
ridge structures in human skin (Figure 9c top-left) are known
to enhance tactile perception. The ridge structures facilitate bet-
ter adhesion between the dermal and epidermal layers and are
also responsible for the magnification and transduction of tac-
tile stimuli from the skin surface to mechanoreceptors lying in
the dermal region. Taking inspiration from dermal–epidermal
interlocked structures of human skin, Park et al. developed an
MWCNT–PDMS composite-based piezoresistive sensor featur-
ing two layers of interlocking hexagonal microdomes on PDMS
surface (Figure 9c top-right).[120] The interlocking structures en-
abled directional sensitivity and demonstrated different sensory
output patterns for normal loading, stretching, bending, and
shear force.

Ha et al. built up on their previous work on the piezoresis-
tive interlocking domes and developed a hybrid piezoelectric and
piezoresistive ultrasensitive and fast response sensor featuring
interlocking PDMS micropillars decorated with ZnO nanowire
arrays.[121] The schematic in Figure 9d (top) shows the sensor fea-

turing two interlocking layers of PDMS with ZnO NW decorated
micropillars. Under the application of external pressure, the con-
tact areas between the interlocked NWs change thereby leading
to the change in resistance. The SEM image in Figure 9e shows
the interlocking geometry of the ZnO NW arrays on the top and
bottom micropillars. The sensitivity of the sensor could be tuned
by controlling the pitch size of the ZnO NW arrays. The plot in
Figure 9e compares the pressure versus normalized resistance
change responses of the planar NW arrays (without hierarchical
structures) with the hierarchical NW arrays with varying pitch
sizes. Resistance values decreased rapidly with increasing nor-
mal pressure up to 2 kPa followed by a slower decrease post 2 kPa
regime. The sensor with a 20 μm pitch size showed a pressure
sensitivity of −6.8 kPa−1 which is 3.7 times more sensitive than
the planar sensor for pressures less than 0.3 kPa. Furthermore,
the sensor overcame the viscoelastic behavior related slow re-
sponse time observed in most polymer-based sensors due to the
rigid crystalline ZnO NWs, which do not demonstrate viscoelas-
tic deformation. The sensors demonstrated fast response times
of 5 and 0.2 ms for the ones with hierarchical structures and pla-
nar ones, respectively. The dynamic pressure sensing capability
of the skin enabled by the Pacinian corpuscles was mimicked by
the sensor using piezoelectric sensing mode. The hexagonal ZnO
NW arrays show spontaneous polarization along the C-axis crys-
tal direction. For piezoelectric sensing mode, the top layer of ZnO
NW arrays was coated with a 300 nm thick layer of Ni, which
enables the formation of a Schottky barrier between the metal-
coated ZnO NWs and the bare semiconducting NW arrays.[121]

Like in the case of piezoresistive sensing mode, the hierarchi-
cal structures show an enhanced power output of 5.9 mW m−2,
which is 11 times higher than the planar counterpart. The sen-
sors were able to detect dynamic pressure stimuli up to 250 Hz.

Kang et al. derived inspiration from the crack-shaped slit or-
gans (near leg joints) found in spiders which help them detect the
minutest of vibrations (shown schematically in Figure 9g).[9] The
authors reported a highly sensitive biomimetic sensor featuring
a 20 nm thick platinum layer on top of a viscoelastic polyurethane
acrylate (PUA) sponge with slits/cracks generated in a controlled
fashion by mechanically bending the Pt-deposited sponges at var-
ious radii of curvatures (1, 2, and 3 mm). Figure 9h shows an op-
tical photograph of the cracked Pt on PUA with a lateral dimen-
sion of 5 mm × 10 mm. The zoomed-in SEM image in Figure 9h
(middle) shows the cracks formed in the transverse direction in
response to 1 mm bending curvature. Figure 9i shows the finite
element method simulation of stretching-induced widening of a
50 nm deep crack. The strain resistance change response char-
acteristic was obtained by bending the sensor at a radius of cur-
vature of 1 mm (≈2% strain) and unloading back to 0% strain
at a sweeping speed of 1 mm min−1. The mechanism of strain
sensing was explained by a jump of resistance from a finite value
when the crack edges touch/overlap to almost zero conductance
when the edges lose contact.[9] The sensor demonstrated an im-
pressive gauge factor value of ≈2000 in the strain range of 0–2%.
The sensor was applied for several human physiological moni-
toring experiments involving phonation analysis and pulse rate
monitoring.

Most of the nanomaterial–polymer composites discussed
so far relied on thermoplastic or elastomeric polymer sub-
strates, which pose serious challenges for recyclability and
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Figure 9. 1D materials–polymer composite based bioinspired flexible sensors. a) SEM image of interlaced AgNWs percolation network embedded in
PDMS matrix. SEM image of the cross-section of AgNW layer sandwiched between two layers of PDMS. b) IV characteristics of the AgNW PDMS sensor
for different strains. Strain versus relative resistance change response of the sensor.[18] Reproduced with permission.[18] Copyright 2014, American
Chemical Society. c) Epidermal–dermal ridge-inspired interlocked microstructures-based piezoresistive sensor.[120] Reproduced with permission.[120]

Copyright 2014, American Chemical Society. d) Schematic representation of interlocking hierarchical ZnO NW array-based piezoresistive sensor. e) SEM
image of ZnO NW array on PDMS micropillars. f) Plot comparing normal pressure versus normalized resistance change response of the sensors with
different pitch sizes.[121] Reproduced with permission.[121] Copyright 2015, Wiley-VCH GmbH & Co. g) Schematic showing sensory slit organs found in
spider’s leg joints, zoomed-in schematic showing anatomy of the slit organ, and schematic showing crack-based sensor. h) Image of the spider sensory
crack-inspired sensor. Enlarged image of the cracks on the sensor surface. SEM image of the boxed region shown in the enlarged optical image. i) SEM
images and corresponding finite element method simulation plots of the nano crack junctions at 0 and 0.5% strains, respectively.[9] Reproduced with
permission.[9] Copyright 2014, Macmillan Publishers Limited.
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biodegradability. As the manufacturing processes and consumer
goods industry accelerate toward a circular economy, alternative
biodegradable and greener substrate options must be explored
on an urgent basis. Due to its versatility, cost-effectiveness, and
biodegradability, paper is fast emerging as an interesting choice
as a passive substrate material. Li et al. reported a superhydropho-
bic self-cleaning paper-based strain sensor for human motion
monitoring applications.[114] The sensing element featured a
printing paper dip-coated with carbon black (CB)/CNT/methyl
cellulose (MC) suspension. The hybrid nature of the disper-
sion entailing CB and CNT with MC dispersant helps in im-
proving dispersibility and subsequently reducing the percolation
threshold.[114] The two critical problems with paper-based sen-
sors, namely, hygroexpansion and subsequent degradation post
water absorption were addressed by coating the sensing element
with hydrophobic fumed silica (Hf-SiO2), which improves the
water contact angle to 154° leading to superhydrophobic prop-
erties. The stiffness and thermal expansion coefficient mismatch
caused several microcracks on the surface of the CB/CNT coat-
ing. The crack propagation under external strain causes an over-
all change in resistance as seen previously in the case of the spi-
der slit organ-inspired sensor reported by Kang et al.[9] The com-
pressive and tensile gauge factors were determined as 2.6 and
7.5, respectively, in the strain range of 0–0.7% strain. The sen-
sor demonstrated a lower detection threshold of 0.1%. A myr-
iad of human physiological parameters monitoring experiments
involving pulse rate detection and joint movement monitoring
were conducted to demonstrate the applicability of the sensor.

4.2.2. Graphene–Polymer Composite-Based Planar Sensors

Since its discovery in 2004, graphene has been one of the most
sought-after and highly researched materials. Highly desirable
characteristics of graphene such as crystalline quality, resilience
to high current density, and high carrier mobility) qualifies it as
the wonder material of the 21st century.[72] Though monolayer
graphene has been shown to demonstrate intrinsic piezoresis-
tive properties, its stiffness coupled with the constraints related
to handling and limited strain handling ability make monolayer
graphene sheets unsuitable for stretchable and flexible electron-
ics applications demanding strain levels often exceeding 100%.
Like in the case of 0D and 1D materials (such as carbon black,
CNTs, AgNWs, etc.) which must be embedded in polymeric sub-
strates to render them usable for practical real-life applications
involving human physiological parameters monitoring or soft
robotics, graphene also needs to be embedded in suitable elas-
tomer or thermoplastic material for their practical real-life ap-
plications. Since the demonstration of intrinsic piezoresistivity
in graphene in the late 2000s,[71] several research pertaining to
using the percolation network of graphene in polymer matrices
have been reported for wearable and soft electronics.[55,126–131]

Weak interlayer adhesion of graphene sheets allows for their
easy isolation, which can be exploited to deposit atomically thin
films using inexpensive deposition techniques such as spray de-
position. In their pioneering work, Hempel et al. reported a 2D
graphene percolation network thin film-based strain gauge for
the first time.[55] The strain gauge entailed an ultrathin layer
of spray-coated graphene dispersion (in 1-methylpyrrolidone) on

top of a flexible plastic substrate (PET film) with a thickness of
≈160 μm (fabrication schematically shown in Figure 10a). The
initial starting resistance could be tuned by controlling the de-
position volume and the authors noted an inverse power law de-
pendence between the starting resistance and spray solution vol-
ume, which agreed with the existing understanding of percola-
tion systems.[55,132] To understand the effect of starting resistance
on sensitivity, several sensors with different starting resistances
were assessed for strain versus normalized resistance behavior
and gauge factors were extracted from the slopes of the plots.
The plot (right) in Figure 10a shows the log–log plot of initial re-
sistance versus the extracted gauge factors, which points toward
a power law dependence between the starting resistance and
the corresponding gauge factor.[55] As discussed previously, the
conductive domain disconnection mechanism observed in con-
ductive percolation networks was invoked to explain the strain-
induced resistance change mechanism. The authors conducted a
percolation network simulation involving a distribution of over-
lapping graphene nanoflakes to understand the strain-induced
overlap area change leading to the overall change in resistance.
The resistance of the percolation network was calculated by us-
ing Kirchhoff equations for a large network of resistors compris-
ing flake resistance and interflake contact resistance. The color
plot in Figure 10b shows the voltage drops across the simulated
percolation network for different strains at a fixed current. The
authors concluded that gauge factors could be effectively tuned
by controlling the initial deposition parameters (spray volume in
this case) and thus allow for a healthy compromise between sen-
sitivity and noise to produce accurate low-noise sensors.[55]

Yan et al. demonstrated an innovative method of fabricating a
stretchable graphene–nanocellulose nanopaper for human mo-
tion monitoring applications.[126] The work featured the syn-
thesis of flexible nanopapers from nanocellulose and crumpled
graphene (weight ratio 1:1) and subsequent infiltration with
PDMS elastomer leading to stretchable nanopapers. Figure 10c
shows a schematic representation of the process steps involved
in the fabrication of the stretchable graphene nanopapers. The
flexible graphene nanopaper without PDMS infiltration (light
blue symbols in Figure 10d left) can only be stretched up to 6%
and breaks upon further straining. The nanoporous structure
of the nanopaper facilitates its successful embedment in PDMS
elastomer, which allows it to bear strains up to 100% without
mechanical failure.[126] For comparison, AgNW- and CNT-based
sensors were also fabricated and assessed for strain-sensing per-
formances. As observed from the plot in Figure 10d (left), the
stretchable graphene nanopaper shows significantly larger strain
versus normalized resistance change behavior in comparison to
CNT- and AgNW-based sensors. The plot in Figure 10d (right)
shows the gauge factor of the four types of sensors (flexible
nanopaper, stretchable nanopaper, AgNW, and CNT) as a func-
tion of strain. The gauge factor of the stretchable graphene pa-
per lies in the range of 1.6–7.1 (strain range ≈10–100%). Five
identical stretchable sensors were assembled on a feather glove
to demonstrate the application of the sensors for practical human
motion monitoring. Each of the five fingers was bent (strain ≈

35–45%) at a frequency of 1 Hz and the sensor responses were
registered as shown by the plot in Figure 10e.

To develop a highly stretchable and sensitive sensor capable of
bearing giant strains (𝜖 > 800%) Boland et al. proposed a facile
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Figure 10. Graphene–polymer composite-based flexible sensors for human physiological parameters monitoring. a) Schematic representation of the
spray deposition approach to fabricate the graphene percolation network thin film-based strain gauge. Plot showing the dependence of extracted gauge
factor on initial resistance. b) Simulation showing the voltage drop across the graphene 2D percolation network for different levels of strains.[55] Re-
produced with permission.[55] Copyright 2012, American Chemical Society. c) Schematic representation of process steps involved in the fabrication of
stretchable graphene nanopaper. d) Plots showing the strain versus relative resistance change and strain versus extracted gauge factors for the different
sensors, respectively. e) Plot showing the responses of the sensors to periodic finger movement at 1 Hz frequency.[126] Reproduced with permission.[126]

Copyright 2013, Wiley-VCH GmbH & Co. f) Photographs showing the elastic bands, subsequent soaking in toluene and final graphene rubber compos-
ite after soaking (in NMP:water:graphene mixture) and drying. g) Plot comparing strain versus normalized resistance change response of 15 min and
8 h-soaked samples. The dashed line showing the strain-normalized resistance change response of a strain sensor relying solely on geometrical change.
h) Response of the sensor to slow breathing.[127] Reproduced with permission.[127] Copyright 2014, American Chemical Society. i) Schematic represen-
tation of the process steps in the fabrication of GWFs-PDMS-tape sensor. j) Representing various positions where the GWFs-PDMS-tape sensor could
be used for physiological parameters monitoring. k) Responses acquired from the sensors during facial expression changes, ocular muscle movement,
fist kinesthetics, phonation, and respiratory rate monitoring, respectively.[128] Reproduced with permission.[128] Copyright 2014, Wiley-VCH GmbH &
Co.
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method of developing a graphene–natural rubber composite-
based strain sensor capable of fast sensing, working well at vi-
brational frequencies exceeding 160 Hz.[127] The work featured
a novel two-step process entailing the swelling of store-bought
rubber bands in toluene solution followed by submerging of the
swollen bands in graphene dispersion in N-methyl-pyrrolidone
(NMP) for varying duration in the range ≈15 min–48 h. The
photographs in Figure 10f show the rubber bands at different
stages during the fabrication process. The volume fraction of
graphene (in rubber) was calculated for the different soak times
with a volume fraction of 0.55% achieved after 48 h of submer-
gence. The composite bands were tested for mechanical failure
and the bands were found to bear strains in the range of 500–
1100%. The plot in Figure 10g compares the strain versus nor-
malized resistance change response of the two different bands
(soak times of 15 min and 8 h). The plot also compares the
sensor response with a hypothetical strain gauge with strain-
independent conductivity relying solely on geometry-induced re-
sistance to change with a gauge factor of 2 (dashed line). The
authors reported that the gauge factor of the strain sensors de-
creased with increasing volume fraction with a maximum gauge
factor of 35 observed in the case of graphene–rubber band com-
posite with 0.2% volume fraction of graphene, which was closer
to the bulk percolation threshold of 0.12%.[127] The composite
strain sensors were utilized for kinesthetic sensing, phonation
analysis, and other physiological parameters (namely, pulse and
respiratory rate) detection to demonstrate their applicability in
real-life human motion monitoring. The plot in Figure 10h shows
the resistance change response of the sensor to a slow breathing
pattern.

As one of the chief motivations behind materials innovation
for flexible electronics lies in their potential applications in hu-
man physiological parameters monitoring, work focusing on ap-
plications of such sensors for a myriad of vital physiological
parameters is desirable. Wang et al. reported an inexpensive
graphene woven fabrics (GWFs) based wearable sensor tailored
for physiological parameter monitoring.[128] The process steps for
fabrication of the GWFs entailed atmospheric pressure chem-
ical vapor deposition grown graphene on copper meshes and
subsequent etching of the meshes in FeCl3/HCl solution fol-
lowed by transfer of the graphene meshes on pretreated PDMS-
Medical tape substrate (schematically represented in Figure 10i).
The strain-induced resistance mechanism was explained by the
formation of several cracks in the GWFs network upon applica-
tion of any stress leading to overall resistance change.[128] The
authors reported gauge factors of ≈103 in the strain range of 2–
6% and 106 for strains exceeding 7%. The sensors were sensi-
tive enough to detect low strains under 0.2% with a gauge factor
of 35. The schematic in Figure 10j shows the potential applica-
tions of the sensors for physiological parameter monitoring. A
series of comprehensive tests to demonstrate the performance of
the sensors in human physiological parameters monitoring were
conducted. Tests involving fist kinesthetics, phonation detection,
facial movement during microexpressions, ocular muscle move-
ment during blinking, and respiratory and pulse rate monitoring
were demonstrated. The plots in Figure 10h shows the acquired
responses of the sensors from facial expression changes, ocular
muscle movement, fist kinesthetics, phonation, and respiratory
rate monitoring, respectively.

Niu et al. reported a graphene–PDMS planar sensor based on a
two-step mechanical mixing process.[129] Four different concen-
trations (2, 3.5, 5, and 8 wt%) of graphene in PDMS were fab-
ricated and assessed for strain and pressure sensitivities. Strain
versus normalized resistance change characteristics revealed the
5 wt% (graphene in PDMS) sensor to be the most sensitive, which
could be explained in light of the existing percolation network
theory. Similar behavior was observed in the case of force sensi-
tivity.

Thermoplastic elastomers combine the desirable mechanical
properties of rubber-like materials with the facile processability
and chemical stability of high-performance thermoplastics.[133]

Though most of the work reported in literature makes use of
materials like PDMS/ecoflex, TPU, and PI, styrene–butadiene–
styrene, and its more biocompatible copolymer polystyrene–
ethylene–butylene–styrene) (SEBS) are a class of high deforma-
tion thermoplastic elastomers and can potentially serve as attrac-
tive alternatives due their highly desirable properties like chem-
ical and thermal stability, facile processability, and UV radia-
tion resistance.[130] Costa et al. reported SEBS graphene nanos-
tructure composites for fabricating high-performance piezore-
sistive sensors for wearables applications.[130] Different kinds of
graphene fillers such as graphene oxide (GO), reduced graphene
oxide (rGO), and graphene nanoplatelets were utilized for devel-
oping graphene–reinforced SEBS composites. Low percolation
thresholds of 2% were observed in the case of the GO and rGO-
based composites with a maximum strain-bearing capability of
800% uniaxial strain. Piezoresistive gauge factors in the range of
15−120 (𝜖 < 10%) were observed for rGO/GO–SEBS composites.
Four identical rGO/SEBS-based strain sensors were secured on a
hand glove and demonstrated for finger kinesthetics underscor-
ing the applicability of the sensors for wearables applications.

4.2.3. Nanofiller–Hydrogel Composites-Based Planar Sensors

For the past few decades, flexible electronics research has been
heavily centered on thermoplastics and elastomers such as
PDMS, TPU, etc., which can be attributed to their ease of process-
ability and inexpensive nature. Typically, these materials in bulk
form exhibit relatively high elastic modulus (typically in the range
of 500 kPa–1 GPa) in comparison to human skin (Young’s modu-
lus in the range of 4.5–8 kPa)[134] and soft tissues (modulus up to
≈1 MPa).[135] This apparent mechanical mismatch can cause poor
conformability, tissue trauma, and foreign body reaction in addi-
tion to the obvious problems of bio-incompatibility.[136] To com-
bat the bottlenecks associated with common engineering poly-
meric materials, biodegradable hydrogels are fast emerging as
promising alternatives owing to their bioinspired 3D structure,
moisturizing ability, high surface area, and tunable conductivity
(in the case of ionic hydrogels).[136]

Though at first glance, hydrogel might almost seem like a
wonder polymer existing to solve most of the problems faced in
the flexible electronics community, there are critical issues such
as low sensitivity, poor adhesion, fragile nature, prone to dehy-
dration and subsequent mechanical degradation which prohibit
their use for mainstream wearable electronics. Furthermore,
such hydrogel matrices must have stable electroconductive net-
works to be useful for piezoresistive sensing in human motion
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monitoring applications. Fortunately, most of the existing issues
related to poor electrical and mechanical performance can be ad-
dressed by the incorporation of functional nanomaterial fillers in
hydrogel matrices. As seen previously, the issue of poor electrical
conductivity can possibly be mitigated by the addition of conduc-
tive nanofillers. However, poor dispersion characteristics of the
common metallic nanoparticles and carbon-based nanomaterials
in the aqueous suspension of the hydrogels and subsequent ag-
glomeration adversely affect the formation of the gel network.[137]

The issue of poor dispersion has been tackled by employing
nanocellulose as a scaffold to disperse the nanomaterial fillers in
the hydrogel network effectively thereby achieving homogeneity
and mechanical reinforcement.[141,142] Bio-based nanostructured
additives have gained prominence in the research field pertaining
to hydrogel formulations targeted for food packaging, biomedi-
cal, and human motion monitoring applications.[137,143,144]

In a recent work, Fraser et al. reported a polypyrrole/bacterial
nanocellulose composite and sodium alginate incorporated PVA-
based biocomposite hydrogels-based piezoresistive strain sen-
sors for human motion monitoring applications.[137] The work re-
ported the synthesis of freeze/thaw method-based PVA hydrogels
loaded with varying concentrations of sodium alginate (0, 0.2, and
1.0% w/v) and nanocellulose (0, 0.1, and 1.0% w/v). Figure 11a
schematically represents the process steps involved in the syn-
thesis of the PVA biocomposite hydrogels via the freeze/thaw
method. A series of mechanical characterization experiments
were conducted to determine the optimal number of freeze/thaw
cycles, sodium alginate, and nanocellulose concentrations lead-
ing to an optimized hydrogel with an elastic modulus of 2.4 MPa,
stretchability of 384%, and a high yield strength of 6 MPa. In
order to improve the electroconductivity of the optimized hy-
drogel, polypyrrole/bacterial nanocellulose composite (prepared
by in situ oxidative polymerization) was incorporated in the hy-
drogel matrix by blending with the PVA sodium alginate poly-
mer melt before gelation. The synthesized conductive hydrogel
demonstrated excellent toughness with remarkable resistance to
fracture (under compression, stretching, and knotting) as shown
by the photographs in Figure 11b. The authors also assumed the
mechanical reinforcement contribution of polypyrrole–bacterial
nanocellulose composite toward the hydrogel thereby render-
ing it with additional toughness. The conductive hydrogel was
assessed for strain versus relative resistance change response
at a uniaxial strain rate of 2.5 mm s−1 (in the strain range
≈0–200%). The plot in Figure 11c (left) shows the relative resis-
tance change versus strain behavior of the sensor. The authors
invoked the conductive domain discontinuity mechanism in the
polypyrrole–bacterial nanocellulose composite network, geomet-
rical resistance change, and the intrinsic piezoresistivity of the
polypyrrole to explain the observed piezoresistive behavior. The
plot in Figure 11c (right) shows the gauge factor of the hydrogel as
a function of strain. The hydrogel demonstrated a modest max-
imum gauge factor of 0.96 at 23% strain. A simple sensor was
fabricated by attaching a pair of copper electrodes on the extreme
longitudinal ends of the conductive hydrogel and subsequent en-
capsulation by sandwiching between two layers of commercial
elastomeric tapes. To demonstrate its applicability in sensing hu-
man motion parameters, a series of experiments involving finger,
wrist, and elbow proprioception and insole gait monitoring were
conducted. The results from the tests underscored the usability

of the sensors in wearable electronics applications and also es-
tablished the feasibility and relevance of “green” synthesis pro-
tocols toward developing cost-effective and environmentally sus-
tainable wearable sensing solutions.[137]

Ionic conductive hydrogels (ICH) with their internal ion trans-
port channels have emerged to be excellent candidates for skin-
inspired wearable sensors owing to their ability to the com-
bine softness of human tissues with the conductivity of com-
mon electronic conductors. Recently, Yao et al. reported phenyl-
boronic acid-ionic liquid (PBA-IL) monomer and its subsequent
application in preparing ionic conductive hydrogels.[145] The
work proposed a simple one-step approach wherein cellulose
nanofibrils are introduced into a PBA-IL/acrylamide (AM) cross-
linked network to synthesize a polyacrylamide/PBA-IL/CNF
semi-interpenetrating polymer network with superior mechan-
ical properties and self-healability.[145] The piezoresistive sensing
performance of the ICH was assessed by subjecting it to tensile
strain versus relative resistance change response assessments.
The strain versus relative resistance change response of the ICH
demonstrated two linear regimes with gauge factors of 3.41 in the
strain range 0–300% and 8.36 in the strain range (300–1000%).
The ICH-based sensor was subjected to a series of human motion
monitoring experiments involving finger and wrist bending, el-
bow and knee flexion, phonation detection, and pulse detection
to underscore its suitability for wearable electronics.

Recently, MXene, which is a class of 2D transition metal
carbides/nitrides/carbonitrides, has gained popularity for
its large specific surface area, and superior electrical and
mechanical performances. The interest in MXene–hydrogel
composites has grown exponentially since its discovery in
2011. MXene–hydrogel-based self-healable sensors with su-
per stretchability, high resilience, and biodegradability have
been demonstrated.[138,139] In the last five years, considerable
progress has been achieved in the research and development
of MXene–hydrogel composites-based piezoresistive and ca-
pacitive wearable sensors for human physiological parameters
monitoring.[138–140,146,147]

In an interesting article, Alireza et al. reported a facile fabrica-
tion of fluorescent carbon dots (in honey)/delaminated fluores-
cent titanium carbide nanosheets and 3D cross-linked polymeric
chitosan network-based composite for biomedical applications.
The authors argued that the combination of honey in the matrix
would potentially lead to accelerated wound healing, and antibac-
terial and anti-inflammatory properties for potential applications
in injectable regenerative medicine.[148]

As discussed previously, capacitive/piezocapacitive sensors are
preferred for applications in skin-inspired wearables because of
their linearity, fast response, low hysteresis, and ultralow power
budget. Electrode materials can be considered as a limiting com-
ponent toward achieving a true skin-inspired stretchable capac-
itive sensor as most of the capacitive sensors in literature are
limited by their nonstretchable metallic/semiconducting elec-
trode material for application in wearables. Recently, a myriad of
innovative materials such as conductive textiles, nanomaterial–
polymer composites, and metamaterial electrodes have been pro-
posed to solve the limited stretchability commonly encountered
with traditional metallic electrodes. However, most of these tex-
tile or nanomaterial/polymer composites-based electrodes suffer
from a lack of self-healing ability and limited stretchability. To
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Figure 11. Hydrogel-based wearable sensors for human physiological parameters monitoring. a) Schematic representation of the process flow involved
in the synthesis of PVA/NC/SA composite hydrogel. b) Photographs demonstrating the toughness of the polypyrrole/bacterial nanocellulose composite
incorporated conductive hydrogel. c) Plot (left) showing the strain versus relative resistance change response of the hydrogel. Plot (right) showing
the gauge factor as a function of the applied strain.[137] Reproduced with permission.[137] Copyright 2022, Wiley-VCH GmbH & Co. d) Schematic
representation of the process steps for synthesis of MXene–PVA hydrogel. Optical images of the hydrogel showing self-healability and stretchability.
e) Plot comparing strain versus relative resistance change response of the MXene–PVA hydrogel with pristine and CNT–PVA hydrogels. Plot showing
the strain versus relative capacitance change response of the MXene-hydrogel capacitive sensor for one cycle of stretch–release.[138] Reproduced with
permission.[138] Copyright 2019, Wiley-VCH GmbH & Co. f) Plot comparing strain versus relative resistance change response of the MXene–PpyNW–
VSNP–PAM hydrogel-based resistive sensor in x- and y-directions. Plot showing the pressure versus relative capacitance change response of the MXene–
PpyNW–VSNP–PAM hydrogel-based capacitive sensor. g) Photographs showing the MXene–PpyNW–VSNP–PAM hydrogel-based resistive sensor on
a glove for finger movements detection. Plots showing the sensor responses acquired while finger movements.[139] Reproduced with permission.[139]

Copyright 2020, American Association for the Advancement of Science. h) Electrodes configuration on the wrist for EMG detection. Plot showing EMG
signals while wrist clenching. i) Electrodes configuration on wrist and ankle for ECG detection. Plot showing the acquired ECG signals.[140] Reproduced
with permission.[140] Copyright 2014, American Chemical Society.

fulfill the critical needs of conformality, compatibility, and skin-
like self-healing ability, novel hydrogel-based electrodes are
emerging as attractive alternatives owing to their high stretch-
ability, biocompatibility, and self-healing ability. Xuan and col-
leagues in their innovative work addressed the problems asso-
ciated with traditional electrodes by developing a MXene/PVA
hydrogel-based highly stretchable electrode for wearable capaci-
tive electronic skin.[138] A mixture of PVA and MXene solution

was prepared by stirring followed by the addition of sodium
tetraborate and subsequent gelatinization to obtain the hydro-
gel. The schematic in Figure 11d (top) shows the steps involved
in the synthesis of MXene/PVA hydrogel. The hydrogel demon-
strates a high stretchability up to 1200% strain and fast self-
healability (Figure 11d (bottom)). The combination of MXene and
PVA facilitates the ultrafast self-healability in the electrodes due
to the abundance of hydrophilic ─OH group in MXene.[138] An
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optimal MXene concentration of 5.0 mg mL−1 was chosen as
the electrode material and further electromechanical characteri-
zation tests were conducted to determine the stability of the elec-
trodes under high strains. The plot in Figure 11e (left) compares
the strain versus relative resistance change response of the MX-
ene/PVA hydrogel electrode with pristine PVA and CNT/PVA
electrodes. The MXene/PVA hydrogel electrode shows a strain-
induced normalized resistance change of 1.0 at a strain of 200%,
which is significantly lower than its pristine PVA and CNT/PVA
hydrogel counterparts. The strain insensitivity affirms the usabil-
ity of the MXene/PVA hydrogel for use as electrodes in flexi-
ble capacitive sensing. The capacitive sensor reported here fea-
tures a VHB (4905, 3 M) tape as a dielectric layer sandwiched
between two layers of MXene/PVA hydrogel electrodes. The plot
in Figure 11e (right) shows the strain versus relative capaci-
tance change up to 200% strain for one loading–unloading cycle.
The devices demonstrated a negligible hysteresis behavior with
a gauge factor of ≈0.4. The potential application of the sensor in
human physiological parameter monitoring was demonstrated
by a series of preliminary tests involving epidermal movement
during drinking, water droplet loading, and finger propriocep-
tion.

Cai et al. demonstrated an ultrastretchable and self-healable
MXene hydrogel heterostructures based piezoresistive and
capacitive sensors for human physiological parameters
monitoring.[139] One of the main foci of the work was the
synthesis of vinyl silica nanoparticle–polyacrylamide (VSNP–
PAM) hydrogel as the robust substrate material. The substrate
material was optimized for toughness and hysteresis behavior by
varying the content of VSNP. A variation of VSNP in the range of
0–0.2 wt% was found to have a positive impact on breaking and
tensile strength with a maximum tensile strength of 52.5 kPa
achieved at 0.1 wt% (of VSNP) and a maximum breaking
strain of 2800% obtained at 0.05 wt% (of VSNP). For the active
sensing element, an innovative orthogonally buckled sensing
array entailing layers 1D polypyrrole nanowires (PpyNWs) and
MXene nanosheets were spray coated in a layer-by-layer fashion.
The substrate was prestretched (1000%) in the y-direction and
subsequently spray-coated with a continuous layer of PpyNWs
followed by prestretching and spray-coating of the MXene
layer in the x-direction. A combination of spring-like PpyNWs
morphology and crumpled MXene patterns were achieved by
conditioning the device through a series of prestretching–release
cycles, which enables a completely reversible stretching behavior
(up to 30 times the original size) in x- and y-directions. The
plot in Figure 11f (left) shows the strain versus relative resis-
tance change behavior of the sensor in the x- and y-directions.
The sensor demonstrates a linear behavior up to 800% strain
with maximum gauge factors of 16.9 and 11.2 in the x- and
y-directions, respectively. A capacitive sensor featuring the
MXene–PpyNW–VSNP–PAM and VHB tape dielectric was
demonstrated for tactile pressure and proximity sensing. The
plot in Figure 11f (right) the normal pressure versus relative
capacitance changes response of the sensor. The sensor demon-
strated pressure sensitivity values of 1.82 kPa−1 (<0.2 kPa)
and 6.74 kPa−1 (0.2–0.4 kPa). The applicability of the sensor
for e-skin applications was demonstrated with a series of tests
involving joint kinesthetics, pulse wave detection, and a smart
glove. The smart glove comprised of five identical piezoresistive

sensors and was shown to identify all the finger movements
accurately.

Though most of the wearable e-skin sensors focus on mechan-
ical sensing to detect vital human physiological parameters, elec-
trophysiological signals such as electromyogram (EMG) and elec-
trocardiogram (ECG) relevant for monitoring nerve, muscle, and
cardiac health must also be acquired for achieving well-rounded
physiological wellness monitoring. Thus, conductive hydrogel-
based sensors are not only relevant for mechanical physiological
parameter monitoring but also for electrophysiological monitor-
ing. Li et al. reported a facile epidermal sensor featuring conduc-
tive hydrogel composed of MXene, poly(acrylic acid) (PAA), and
amorphous calcium carbonate (ACC).[140] The composite is self-
healable and can be decomposed in a phosphate-buffered saline
solution thus reducing its overall environmental impact. Me-
chanical characterization revealed an elastic modulus of 300 kPa
with a maximum elongation of 450%, which makes it more
stretchable than the skin. A series of human motion monitoring
experiments entailing finger and arm bending, phonation, and
pulse rate detection were conducted to underscore the capabil-
ity of the sensor for resistive mechanical sensing. The capabil-
ity of the MXene/PAA/ACC hydrogel as epidermal electrodes for
EMG and ECG signal detection were demonstrated. As shown
in Figure 11h (left) two electrodes were configured on the right
hand to measure EMG during wrist flexor contraction and one
electrode was affixed on the left arm to serve as the ground elec-
trode. The plot in Figure 11h (right) shows EMG signals acquired
while fist clenching in a periodic fashion. The electrodes demon-
strated a superior signal-to-noise ratio of 19.96 dB, which can be
attributed to excellent contact between the skin and electrodes as
compared to Ag/AgCl electrodes.[140] The electrodes were also at-
tached to the left and right forearms for the acquisition of ECG
signals. In this case, a third electrode was affixed to the ankle to
serve as the ground electrode as shown in Figure 11i (left). The
plot in Figure 11i (right) shows the ECG signals acquired employ-
ing the setup where the P, Q, R, S, and T peaks could be clearly
discerned.

4.3. 3D Porous Structures

Though nanomaterial–polymer composite-based planar sensors
have gained mainstream popularity, applications requiring ex-
tremely high compressive strains remain elusive for most 1D/2D
nanomaterial-based planar sensors. 3D structures in the form
of foams, aerogels, and sponges have been widely used in the
engineering community for sensing, packaging, electromagnetic
interference shielding, superadsorbents, and biological scaffolds
owing to their large specific surface area, ultralightweight na-
ture, low Young’s modulus, and low density.[149–151] From the
perspective of human physiological parameters monitoring, sen-
sors targeted for plantar pressure detection for gait monitor-
ing applications should be capable of bearing large compres-
sive strain and planar sensors might not be ideal for such ap-
plications. Carbonaceous and metallic nanomaterials are usu-
ally synthesized in the form of 1D nanowires/nanotubes or 2D
nanosheets such as graphene/MXene and transformation into
a 3D porous form without any additive is difficult and rare. In
the last few decades, the sensor community has witnessed a
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significant amount of research pertaining to nanomaterials-
based 3D networks such as aerogels, sponges, and foams tai-
lored for highly squeezable and compressible sensing applica-
tions. The porous structures of such 3D nanomaterial compos-
ites not only make them suitable for applications involving large
structural deformation/compressive strain but also help reduce
their stiffness and density thereby facilitating their applications
in ultralightweight and robust wearables.

Yao et al. proposed an innovative graphene-coated PU
sponge piezoresistive sensor based on a fractured microstruc-
ture design.[152] The spongy pressure sensor works on the prin-
ciple of conductive domain disconnection (discussed previously)
between the rGO-coated cracked PU fibers as shown schemati-
cally in Figure 12a. To underscore the importance of fractured
microstructure design on pressure sensitivity, the fractured mi-
crostructure rGO-PU sponge was compared with a sponge with-
out fractures. The plot in Figure 12b compares the pressure
versus relative resistance change characteristics of the fractured
microstructure-based spongy sensor to that of its nonfractured
counterpart. In comparison to the nonfractured rGO-PU sponge,
the fractured counterpart demonstrated two orders of magnitude
sensitivity enhancement in the pressure regime 0–2 kPa and one
order of magnitude enhancement in the 2–10 kPa regime. The
process scalability was demonstrated by fabricating a 13 × 11-
pixel array with a temporal resolution of 4 mm2 × 4 mm2 for
potential applications in artificial skin.[152]

Combining the effects of conductive contact separation and
variation of microcrack junction (inspired from spider’s sensor
slit organ) can potentially lead to a wide pressure and strain
sensing range.[153] Wu et al. reported a novel method of fabri-
cating carbon black-coated PU piezoresistive sponges employing
polymer-mediated water-based layer-by-layer assembly as shown
schematically in Figure 12c.[153] Electromechanical assessments
were conducted on the CB-PU spongy sensor to determine its
sensitivity. The plot in Figure 12d shows the pressure versus rel-
ative resistance change behavior of the sensor. The authors ar-
gued that for region A (<2.3 kPa) microcrack-induced resistance
change mechanism dominates thereby leading to a positive slope
with a pressure sensitivity of 0.068 kPa−1. Whereas, for regions B
and C (>2.3 kPa), contact separation-induced resistance change
dominates thereby leading to negative slopes and sensitivities of
0.023 and 0.036 kPa−1, respectively.[153] Accelerated lifetime per-
formance assessments spanning over 50 000 cycles of loading re-
vealed the robustness of the sensors. A variety of human motion
monitoring experiments involving phonation, pulse, respiration,
and kinesthetics were conducted to assess the suitability of the
sensors for real-life applications.

Pang et al. for the first time demonstrated a graphene porous
network (GPN) PDMS composite-based piezoresistive sensor
capable of both pressure and strain sensing. A nickel foam
template-based scaffolding was employed for the fabrication of
the GPN-PDMS foam sensor.[26] The sensor demonstrated a pres-
sure sensitivity of 0.09 kPa−1 (<1 MPa) and tensile gauge factors
of 2.6 and 8.5 in the strain ranges 0–18% and 22–40%, respec-
tively.

Freestanding graphene-based aerogels are fragile and not suit-
able for applications in wearables that demand structural robust-
ness, large strain-bearing capability, and high sensitivity. Qin
et al. proposed an ultralightweight piezoresistive foam sensor

by introducing water-soluble polyimide precursors into graphene
oxide sheets.[154] GO dispersion was mixed with poly(amic acid)
(PAA, PI precursor) and subsequently freeze-dried. Finally, ther-
mal annealing at 300 °C in argon ambient was conducted to
form rGO/PI nanocomposite. The process steps involved in the
synthesis of the rGO–PI foam are schematically represented in
Figure 12e. The resulting rGO–PI foam was ultralightweight as
demonstrated by the photograph in Figure 12e where the foam
rests on bristlegrass. The rGO–PI foam was subjected to elec-
tromechanical assessments to determine its pressure sensitiv-
ity. The sensor demonstrated two linear regions with pressure
sensitivities of 0.18 kPa−1 in the pressure regime 0–1.5 kPa and
0.023 kPA−1 in the 3.5–6.5 kPa regime as shown by the pressure
versus relative resistance change plot in Figure 12f.

Liu et al. proposed a facile method of fabrication of graphene–
TPU foam employing the thermally induced phase separation
technique.[150] The resulting composite foam demonstrated a
density of 0.11 g cm−3 and a high porosity of 90%. The pho-
tograph in Figure 12g shows the graphene–TPU foam resting
on a leaf emphasizing its ultralightweight nature. The SEM im-
age in Figure 12g shows the magnified view of the graphene–
TPU cell strut. The magnified image inset shows the dispersion
state of graphene with a wrinkled structure. The TPU foams with
0.1 wt% graphene were chosen for their stable conductivity for
sensitivity assessments. Interestingly, as opposed to many other
spongy sensors reported in the literature, the graphene–TPU
foam demonstrated a reverse piezoresistive behavior under com-
pressive strain where the relative resistance changes increased
(instead of decreasing). The authors attributed this peculiar be-
havior to the fracture of TPU cell walls thereby leading to contact
separation among graphene nanoflakes upon compression.[150]

The plot in Figure 12h shows the compressive strain versus rel-
ative resistance change response of the sensor for strains up to
90%. The sensor demonstrated two linear regimes with gauge
factors of 2.45 (𝜖 < 60%) and 12.24 (𝜖 > 60%).

Zhang et al. proposed a 3D porous structure-based piezoresis-
tive spongy sensor based on a cracked cellulose nanofibril/silver
nanowire layer-coated PU sponge.[10] The conductive sponge was
prepared by a simple dip-coating method followed by a precom-
pression treatment (80% strain at 5 mm min−1 strain rate) to
induce a cracked structure in the PU sponge backbone. The
plots in Figure 12i show the strain versus relative resistance
change response of the sensor. The sensor demonstrates three
distinct sensing regimes as observed from the plot in Figure 12i
(left). Similar to the case of the CB-PU-based sensor discussed
earlier,[153] the distinct regimes of operation could be explained by
invoking the microcrack-induced resistance change mechanism
which dominates region I (demarcated by green in Figure 12i
(right)). For region II, (0.6% < 𝜖 < 70%) contact separation-
induced resistance change dominates which results in a rapid de-
crease of resistance initially followed by a slower rate of resistance
change. A similar argument can be made for region III (70% < 𝜖

< 80%) where contact between adjacent cracked PU fibers dom-
inates. The maximum gauge factor was determined to be 26.07
for region I. The sensors of applied for a series of experiments
involving phonation, gait monitoring, and joint movement de-
tection. Finally, an electronic skin composed of 5 × 5 sensor ar-
rays was demonstrated. The color maps in Figure 12j show the
response of the artificial skin to a 100 g weight and a small globe.
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Figure 12. Nanomaterial–polymer composites-based 3D porous structures for piezoresistive sensing. a) Schematic and images modeling the working
mechanism of rGO-PU piezoresistive sponge. b) Plot Showing the pressure characteristics curves of rGO-PU sponges with fractured and nonfractured
structures.[152] Reproduced with permission.[152] Copyright 2013, Wiley-VCH GmbH & Co. c) Schematic representation of the steps involved in the
fabrication of the CB-PU sponge. d) Plot showing pressure versus relative resistance change response of the CB-PU sponge comprising of three distinct
sensitivity regions.[153] Reproduced with permission.[153] Copyright 2016, Wiley-VCH GmbH & Co. e) Schematic representation of the process steps
in the synthesis of rGO–PI composite. f) Plot showing pressure versus relative resistance change response of the rGO-PI sponge.[154] Reproduced
with permission.[154] Copyright 2020, American Chemical Society. g) Photograph of the graphene–TPU foam resting on a leaf. SEM image showing the
magnified view of the cell strut of graphene–TPU foam. h) Plot showing strain versus relative resistance change response of the graphene–TPU foam.[150]

Reproduced under the terms of the Creative Commons CC BY 3.0 license.[150] Copyright 2016, the Authors, published by RSC. i) Plot (left) showing strain
versus relative resistance change response of the cracked cellulose nanofibril/silver nanowire layer-coated PU sponge. Plot (right) showing a magnified
view of the boxed (red) region. j) Demonstration of the 5 × 5 pixels artificial skin. Color map showing the pressure mapping on the placement of various
objects.[10] Reproduced with permission.[10] Copyright 2019, American Chemical Society. k) Photograph of graphene–PDMS sponge resting on a dry
flower. l) Schematic representation of graphene–PDMS-based sensorized insole. Responses from toe ball and heel region of a person while walking.[40]
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Sengupta et al. proposed a facile method entailing dip coat-
ing of sugar-scaffolded porous PDMS sponges in multilayer
graphene nanoflake dispersion in N,N-dimethylformamide (con-
centration ≈2 mg mL−1) to fabricate graphene–PDMS piezoresis-
tive sponges tailored for human gait monitoring applications.[40]

The photograph in Figure 12k shows the graphene–PDMS
sponge resting on a dried flower thus emphasizing its ultralight
weight nature. The spongy piezoresistive sensors demonstrated
average gauge factors in the range of ≈2.87–8.77 in the strain
range of ≈0–50%. The sensor demonstrated a linear response
for quasi-static compressive strains up to 9.5% with an average
gauge factor of 8.77. The sensors demonstrated robust and re-
peatable relative resistance change behavior over ≈36 000 cycles
of compressive cyclic loading. Three identical sensors were af-
fixed on the toe ball, middle arch, and heel regions of a soft insole
(schematically represented in Figure 12l) placed inside a sports
shoe. A series of gait and qualitative plantar pressure monitor-
ing experiments were conducted to assess the suitability of the
graphene–PDMS sensors for gait and human motion monitoring
applications. The plot in Figure 12l shows the sensor responses
from the toe ball and heel regions of the insole while a person
walked slowly. The phase lag between the heel lift and toe ball
touch can be discerned clearly from the sensor responses. Also,
the sensorized shoe insole was applied to monitor the running
gait and leaning movement of a person. Furthermore, the sensor
responses from the smart insole with three sensors attached were
demonstrated to be applicable in differentiating between low arch
(flat) foot and medium arch foot thus underscoring the system’s
capabilities in potential use cases in qualitative detection of foot
anomalies.

Previously, Kamat et al. observed an anomalous overshooting
behavior in the resistance change response of graphene-coated
microlattice-based 3d printed piezoresistive sensors when sub-
jected to a series of cyclic uniaxial compressive loading.[155] The
authors attributed the resistance overshooting behavior to the
“spring back” effect caused by the top electrode of the sensor los-
ing contact with the compression test setup. However, anoma-
lous overshooting behavior can possibly be attributed to several
underlying mechanisms. The phenomenon could be further ex-
plained by observing the unprocessed resistance change signal
in response to 0.86 N uniaxial compressive loading of an im-
proved graphene–PDMS piezoresistive sensors reported by Sen-
gupta et al. (shown by the plot in Figure 12m).[36] As observed
from the plot in Figure 12m, the sensor demonstrated an ini-
tial sharp increase in resistance followed by a steady decrease
in resistance in response to uniaxial compressive loading, which
is manifested as overshooting behavior of the resistance change
response. Similar behaviors have been observed previously by
several researchers.[10,153,155] As observed from the work of Wu
et al.[153] and Zhang et al.,[10] the initial increase in resistance can
be explained by invoking a microcrack-induced resistance change
mechanism, which leads to an initial increase in resistance with

compressive stress. For larger compressive stress regimes, the
conductive domain disconnection mechanism becomes the dom-
inant resistance change mechanism, which leads to a drop in re-
sistance with large compressive stresses.

The improved graphene–PDMS spongy piezoresistive sensor
reported by Sengupta et al. featured graphene-infused PDMS
sponges with a density of 250 mg cm−3 and a porosity of ≈74%.[36]

Furthermore, the average compressive modulus of the sponges
was found to be ≈56.7 kPa. The sensors demonstrated force
sensitivity of 0.3068, 0.2389, and 0.2451 N−1 at 0.1, 0.2, and
0.3 Hz, respectively, with a linear force versus relative resistance
response in the load range ≈0.42–2.18 N. The plot in Figure 12m
(bottom) shows the force versus relative resistance change re-
sponse of the sensor with a linear regression fit in the force range
0.42–2.18 N. The authors attribute the superior linearity in com-
parison to their previous work[40] to lesser graphene loading and
drying step at an elevated temperature of 120 °C, which poten-
tially helps in binding the graphene nanoflakes to the inner pore
wall of the spongy PDMS base. The deviation from linear behav-
ior post ≈2.18 N load regime was attributed to cell densification
occurring for higher compressive stress. The robustness and re-
liability of the sensor were demonstrated by conducting an accel-
erated lifetime assessment entailing 1500 cycles of uniaxial com-
pressive loading at 3.90 N. The sensor demonstrated a stable re-
sponse with baseline response changing from 2.2115 V (at the
400th cycle) to 2.3796 V (at the 1500th cycle). To demonstrate the
usability of the sensors for practical applications in human physi-
ological parameters monitoring, a smart haptic pressure sensing
smart glove comprising of a nitrile glove with four identical sen-
sors affixed on the fingertip region of the Thumb, index middle,
and ring fingers was developed. The system was interfaced with
an open-source microcontroller board (Arduino Uno) with volt-
age divider circuits for real-time data acquisition. Several activi-
ties demonstrating the capability of the system in real-time hap-
tic pressure detection were demonstrated. Finally, three identical
sensors were affixed behind the three blades of a Philips 7000 se-
ries electric shaver for real-time pressure monitoring while shav-
ing.

4.4. Triboelectric Self-Powered Sensors

Since its initial conceptualization and introduction by Wang’s
group in 2012,[50,51,156,157] the field of TENGs has seen an unprece-
dented growth in the last decade owing to the surge in demand
for ultralow/self-powered wearables. From being considered as a
negative effect/wasted energy in the past to being a mainstream
research area in the field of energy harvesting and self-powered
sensing, the triboelectric effect has come a long way. In general,
TENGs can be categorized into four subclasses based on their
modes of operation—vertical contact separation, single-electrode
mode, in-plane sliding mode, and freestanding triboelectric layer

Reproduced with permission.[40] Copyright 2019, the Authors, published by ACS . m) Plot (top) showing the resistance change responses of the improved
graphene–PDMS sensor for 50 cycles of uniaxial compressive load at 0.86 N. Plot (bottom) showing the applied uniaxial force versus relative resistance
change response of the sensor. n) Schematic representation of the IoT implementation of the graphene–PDMS sensors-based haptic pressure sensing
smart glove with Arduino Uno platform.[36] Reproduced under the terms of the Creative Commons CC BY 4.0 license.[36] Copyright 2022, the Authors,
published by IOP.
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mode.[158] In its core, a TENG entails two polymer materials
stacked on top of each other (with or without a spacer) and sand-
wiched between two electrodes. The basic working mechanism
of a TENG comprises three important steps, namely, charge gen-
eration, charge separation, and charge flow.[51] When subjected
to a mechanical deformation/physical stimulus, the structural
arrangement leads to contact between the two polymer layers
thereby generating electrostatic charges with opposite polarities
on the two contacting layers.[159] Upon release, as the two ma-
terials get separated, the transient polarization is broken and a
potential difference is created between the two sandwiching elec-
trodes which can drive a current through an externally connected
load until the system reaches an equilibrium.[160] The schematic
diagram in Figure 13a represents the basic working principle of a
TENG. When two materials with different surface potential prop-
erties come in contact with each other, contact electrification oc-
curs leading to the formation of an interface dipole layer also re-
ferred to as the triboelectric potential layer.[50] The triboelectric
potential layer causes a net polarization between the two planar
electrodes (connected to the two layers), which leads to the flow
of electrostatically induced free charges through an external load
connected across the two electrodes. The output performance of
a TENG depends on the amount of contact electrification occur-
ring between two materials which in turn is a function of the rel-
ative unique surface properties of the two materials constituting
a TENG.[160] The schematic in Figure 13b shows the triboelectric
series, which can aid in choosing a pair of materials for designing
a high-output TENG.

In one of the pioneering works that contributed to the founda-
tion of TENGs, Fan et al. from Wang’s group presented a flexible
triboelectric generator comprising of two stacked layers of Kap-
ton (125 μm thick) and PET (220 μm thick) films sandwiched be-
tween two thin layers of gold electrodes (100 nm thick).[50] The
schematics in Figure 13c show the structure and working prin-
ciple of the device. The work involved extensive characterization
experiments to establish the mechanism and working principle
of TENGs. The plots in Figure 13d show the open-circuit voltage
and short-circuit current signals from the triboelectric generator
reported in the work. The device proposed in the work demon-
strated an open-circuit characteristic during the I–V characteri-
zation experiments with a peak output voltage of 3.3 V and a peak
current of 0.6 μA with a peak power density of 10.4 mW cm−3.[50]

The significance of the work lies in its ability to harness a negative
phenomenon and transform it into a unique technique capable
of establishing a class of energy harvesters and self-powered sen-
sors.

Fan et al. built up on their previous work[50] with the goal
of developing a micropatterned PDMS-based fully transparent
TENG with higher area power density.[51] In order to achieve
complete light transparency, the gold electrodes were replaced
with transparent ITO electrodes. Additionally, to enhance the
charge generation due to friction and subsequently achieve su-
perior power density, the PDMS layer was micropatterned to cre-
ate various surface features (such as micropyramids, cubes, and
lines) employing soft lithography as shown by the schematic dia-
gram in Figure 13e. The scanning electron image and the corre-
sponding inset in Figure 13f shows the pyramidal surface pat-
terns on the PDMS layer reported in the work. The combina-
tion of the micropatterned PDMS layer with PET as the second

layer leads to superior charge generation and power density.[51]

A series of characterization experiments were conducted to as-
sess the effectiveness of the various micropatterns in enhanc-
ing the triboelectric effect and subsequent power output. The
plots in Figure 13g show the open-circuit voltage and short-circuit
current output of the TENGs with different PDMS micropat-
terns with micropyramid-featured PDMS-based TENG showing
the highest open-circuit voltage and short-circuit current out-
puts. The pyramid-featured device demonstrated a maximum
output of 18 V and 0.7 μA with a reported power density of
0.13 μA cm−2 when subjected to periodic bending at 0.33 Hz
(0.13% strain). The authors attributed the superior performance
of the micropatterned PDMS-based devices in comparison to
the unstructured ones to three factors entailing:[51] 1) superior
friction and subsequent triboelectric effect in the devices with
complex/sophisticated surface patterns; 2) the patterned surfaces
lead to greater capacitance change between the electrodes while
a device undergoes deformation by the virtue of piezocapaci-
tive effect;[78] and 3) the micropatterned surface-based devices
achieve better charge separation thereby leading to large dipole
moment being formed between the two electrodes of the TENG.
The transparencies of the fabricated devices were characterized
by employing UV–vis spectroscopy and the unstructured film-
based devices showed a high transmittance of ≈75%. In compar-
ison, the featured devices showed lower transmittance of ≈50%,
which can be attributed to light scattering by the microstructures
on the PDMS films. Finally, the applications of the TENG as a
self-powered pressure sensor are demonstrated by conducting a
series of pressure sensing experiments involving water droplet
loading, feather dropping, and quasi-static force loading at three
different frequencies (1, 5, and 10 Hz) using a linear motor. Fi-
nally, the lower detection threshold of the TENG-based sensor
was determined as 13 mPa by calculating the response of the sen-
sor to the loading/impact of a feather.

Though after its initial introduction by Wang’s group in 2012
TENGs gained the attention of the research fraternity in a short
span of time, its use was mostly limited to energy harvesting and
flexible/wearable nanogenerators. Moreover, most of the initial
work on flexible and inelastic/unstretchable TENGs overlooked
the benefits associated with stretchable triboelectric layers, which
are crucial to personal wearables and devices for human motion
monitoring applications. In another pioneering work in 2015, Yi
et al. from Wang’s group introduced a novel stretchable rubber-
based single-electrode TENG and explored its applications in hu-
man motion monitoring thereby establishing TENGs as stretch-
able self-powered sensors in addition to being effective power
sources.[161] The device featured a 200 μm thick stretchable rub-
ber top layer and a 50 μm thick surface-treated (etched by an-
odization) aluminum layer serving a dual purpose of the elec-
trode and the second triboelectric surface (schematically shown
in Figure 13h). The scanning electron image in Figure 13i shows
the nanoporous surface features on the aluminum electrode.
The readers are directed to the original article for the detailed
operating principle and accompanying COMSOL-based Multi-
physics simulation explaining the underlying triboelectric gener-
ation mechanism.[161] In brief, stretching the rubber enables in-
plane charge separation between its surface and the aluminum
layer, which results in different electrical potentials between the
aluminum electrode and the ground and causes charges to flow
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Figure 13. TENG-based self-powered sensors for human physiological parameters monitoring. a) Schematic representation of the contact electrification
phenomenon between two different triboelectric materials. b) Schematic showing different triboelectric materials in series arranged as per their relative
affinity to positive/negative charges.[160] Reproduced with permission.[160] Copyright 2018, Elsevier B.V. c) Schematic representation of the PET-Kapton-
based flexible triboelectric generator proposed by Wang’s group for the first time. d) Plots showing the open-circuit voltage and the short-circuit current,
respectively, of the PET-Kapton-based flexible triboelectric generator under periodic flexion.[50] Reproduced with permission.[50] Copyright 2012, Else-
vier B.V. e) Schematic representation of the process steps involved in the fabrication of surface microstructured PDMS film based transparent TENG.
f) Scanning electron image showing the surface of the micropyramidal featured PDMS film. g) Plots comparing the open-circuit voltage (left plot) and
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between the two. The work also assessed the effects of electrode
width and the length of the rubber layer on the TENGs perfor-
mance. It was reported that the increase in aluminum electrode
width relative to the rubber layer increased the open-circuit volt-
age and charge density as long as the width of the electrode
was lesser than the rubber layer. By contrast, the increase in the
length of the rubber layer relative to the aluminum electrode neg-
atively affects the open-circuit voltage and charge density of the
TENG owing to the reduction in charge separation between the
two layers. Furthermore, a series of characterization tests were
conducted to assess the performance of the device to stretching
strain. Both the open-circuit voltage and current density demon-
strated nearly linear behaviors with respect to increasing stretch-
ing strains. Finally, a series of experiments involving movement
direction detection, respiratory pattern detection, and joint move-
ment monitoring were conducted to underscore the applicabil-
ity of the proposed TENG-based sensors to real-life human mo-
tion monitoring. The application of the SR-based TENG as a self-
powered breathing sensor is illustrated in Figure 13j. A 50 μm
thick polytetrafluoroethylene film was used for isolating the alu-
minum electrode from the human body and the sensor assembly
is secured on the diaphragm region of the abdomen employing
a string. Slow and fast diaphragmatic breathing motions were
monitored in real-time as shown by the plots in Figure 13j. This
work was one of the earliest to report the use of TENGs as self-
powered sensors for human physiological parameters monitor-
ing and subsequently paved the way for a new class of TENG-
based self-powered sensors.

One of the key advantages of TENGs is their flexibility/apparel
conformability, which facilitates their applications in personal
wearables. Recently, several fibrous and fabric-based TENGs (f-
TENG) have been reported in the literature.[53,162,163] Fabric-based
TENGs offer the advantages of apparel integrability and high de-
formability enabling them to be highly suitable for wearables for
human physiological parameters monitoring. Though f-TENGs
are particularly attractive for applications in wearables, many of
the reported devices are not built to last in humid environments,
which can severely restrict their use in real-life wearables de-
manding high resistance to sweat and water splashes. Lai et al.
reported a waterproof fabric-based TENG capable of harvesting
energy from various unconventional sources including impacts
from rain droplets, human motion, and subtle wind motion.[53]

The water-resistant multifunctional TENG featured two layers of
laminated fabric with the bottom layer comprising of a rough-
ened rubber membrane stacked on top of a conducting fabric
placed on an ethylene-vinyl acetate (EVA) bottom lining for water
resistance. Similarly, the top fabric featured a mesh fabric stacked

on top of a conducting fabric placed on a water-resistant EVA
film. The sensor was assembled by gluing the top and bottom
layers at the border while the outside EVA film tendered the as-
sembly with the desirable water resistance property. Figure 13k
schematically represents the process steps involved in the fab-
rication of the water-resistant f-TENG. A series of experiments
were conducted to show the capability of the device to harvest
energy from rainfall and airflow. To demonstrate its applicability
in wearables for human motion monitoring and apparel-based
energy harvesting, the f-TENG (dimensions ≈8 × 11.6 in.2) was
worn and applied to a series of human motion monitoring tasks
involving tapping, stepping, elbow, and knee flexion. The plots in
Figure 13l show the open-circuit voltage and short-circuit current
outputs of the f-TENG in response to tapping, stepping, elbow
and knee flexion. The plot in Figure 13m shows the power gener-
ation capability of the sensor to tapping motion with a maximum
power output of ≈16 mW m−2 (at a load of 6.8 MΩ). The energy
generated from the tapping motions was stored in three different
capacitors as shown by the plot in Figure 13n. To further demon-
strate the integrability of the f-TENGs in wearables for rainfall
harvesting, the TENGs were integrated into various rain gears
including a raincoat and an umbrella and subsequently shown
to power LEDs in response to rainfall impact. Additionally, the
f-TENGs were integrated into the shoe insole and sleeve of a coat
for the purpose of extracting energy from general human motion.
Finally, the application of the f-TENG in a self-powered human–
machine interface was demonstrated by fabricating a wearable
on-sleeve fabric-based keypad for remote music control. In con-
trast to many previously reported TENGs which were sensitive
to water-related damage, the f-TENG reported in this work of-
fers multipurpose energy harvesting capability and a waterproof
design making it usable in a variety of harsh environments en-
countered in real-life human motion monitoring applications.

Recently, coaxial fibers featuring internal conductive
networks[164,165] have gained popularity in the fabrication of
wearable sensors owing to their remarkable resilience under var-
ious mechanical deformations, including bending and tension,
rendering them highly suitable for the development of tribo-
electric tactile sensors with multimodal sensing abilities.[166] In
a recent work, Yan et al. reported a multimodal piezoresistive
and triboelectric-based pressure and strain sensor tailored for
human motion monitoring and gesture recognition.[166] The
sensor featured silver nanowire-coated nylon thread as the
flexible conductive core electrode and a CNTs/parafilm layer as
the piezoresistive shell sensing element. The sensing capability
of the device in triboelectric sensing mode was demonstrated
by conducting a series of human motion experiments involving

short-circuit current (right plot) of the unstructured PDMS film-based TENG with the surface patterned counterparts.[51] Reproduced with permission.[51]

Copyright 2012, American Chemical Society. h) Schematic representation of the device structure of the stretchable rubber based TENG. i) SEM image
showing the nanoporous surface of the surface-treated aluminum film-based electrode. j) Photographs of the stretchable rubber-based TENG secured
on the abdomen of a human subject for diaphragmatic breathing monitoring. Plots showing the response of the TENG-based sensor to fast and slow di-
aphragmatic breathing.[161] Reproduced with permission.[161] Copyright 2015, Wiley-VCH GmbH & Co. k) Schematic representation of the process steps
involved in the fabrication of the water-resistant fabric-based TENG. Schematic representation of the cross-sectional blown-up view of the fabric-based
TENG. SEM image showing the cross-sectional view of the bottom half of the TENG. l) Plots showing the open-circuit voltage (left) and short-circuit
current (right) outputs of the fabric-based TENG in response to various human body movements including tapping, stepping, and joint flexions. m)
Plots showing the output current and power density of the TENG at different external loads in response to hand tapping. n) Plot showing the charging
response of three different capacitors (1, 4.7, and 10 μF) connected to the TENG in response to hand tapping.[53] Reproduced under the terms of the
Creative Commons CC BY 4.0 license.[53] Copyright 2019, the Authors, published by Wiley VCH.
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finger proprioception, elbow flexion, gait monitoring, and finger
gesture recognition. Further experimental demonstrations were
reported to apply the textile in piezoresistive mode. An array of
tactile sensors was fabricated by placing the conductive threads
perpendicular to each other and forming a grid-sensing array.
The assembly was capable of mapping pressure in 2D space. The
uniqueness of the work lies in its ability to couple piezoresistive
and triboelectric effects and apply them to multimodal sensing
tailored to human motion monitoring.

In addition to the works discussed here, several interesting
recent works have focused on the application of TENG-based
self-powered sensors to human motion monitoring and biome-
chanical sensing.[167,168] Furthermore, research efforts have been
channelized toward coupling environmentally sustainable and
eco-friendly TENGs with custom-developed machine learning
models for human motion prediction with a high degree of
accuracy.[52] In addition to the applications of TENGs toward hu-
man motion monitoring, several research groups have focused
on the structure and surface morphologies of triboelectric devices
with the goal of optimizing their performance. In particular, in
the past several biomimetic strategies have also been adopted to
improve the performance of TENGs. A comprehensive review of
biomimetic TENGs and their applications is conducted by Li et al.
in their topical review article.[169]

5. Conclusion and Outlook

This article presented a comprehensive review of the recent ad-
vances in skin-inspired mechanical sensors for human physio-
logical parameters monitoring. A brief discussion on the under-
lying mechanoreceptors of human skin was presented and an
argument was put forward to justify the importance of human
skin inspiration for the development of next-generation wear-
ables. To acquaint the readers with the fundamentals of sensing
principles that form the backbone of mechanical sensing, the his-
torical background of piezoresistive, capacitive, and piezocapaci-
tive sensing was presented. Armed with the knowledge of sens-
ing fundamentals, this article explored the recent advances in
nanoengineered materials encompassing fibrous structure, 2D
nanomaterial fillers, and 3D porous structures and their appli-
cations in skin-inspired mechanical sensing. It was identified
that for most nanomaterial–polymer composites-based piezore-
sistive sensors, microcrack-induced resistance change, and con-
tact separation/conductive domain disconnection-induced resis-
tance mechanism dominate. It was also stressed that modern
piezocapacitive sensing could pose as an attractive alternative
because of its low power budget, low hysteresis, and ultrafast
response. While sensing materials have been approached with
great rigor in the literature, more work is required on develop-
ing stretchable highly conducting electrodes. From the review, it
was identified that one of the key bottlenecks hindering progress
toward the development of skin-mountable ergonomic sensors
is the electrical contact for reliable data acquisition. Traditional
metallic conductor-based low-resistance contacts typically cause
stress concentration centers in flexible devices thereby leading to
premature failure. On the other end of the spectrum, conductive
polymer-based flexible electrical contacts suffer from low conduc-
tivity and degradation over time. Research efforts are required to-
ward developing polymer-based flexible electrodes, which do not

compromise conductivity. It was also identified that in addition to
being wearable and cost-effective, the new generation of wearable
sensors must be power efficient and robust, which would enable
long-term usage without the need of frequent battery replace-
ment/recharge. As such, there has been a recent upsurge in the
research effort toward developing highly resilient and robust self-
powered sensors based on the triboelectric effect. Toward the end,
a dedicated section summarizing the recent progress in the field
of TENG-based flexible, stretchable, and wearable self-powered
sensors is included. Furthermore, wearable sensors in real ap-
plications suffer from problems related to integration, wiring,
and data processing. More emphasis would be required in the fu-
ture in developing problem-centric wearable solutions that take
a comprehensive system-level approach toward showing human
movement monitoring demonstrations. The literature also lacks
comprehensive tests with a focus on human physiological pa-
rameter monitoring over extended periods of time. Most of the
existing literature presented a handful of devices tested at labs.
Tests involving multiple subjects and results with statistical sig-
nificance are still missing and hence the field leaves a lot to be
desired.

During the course of the review, it was apparent that the flex-
ible sensor community is moving toward hydrogel-based sub-
strates for their morphological and mechanical resemblance to
natural skin. Still, several challenges pertaining to robustness,
scalability, and cost-effectiveness need to be addressed for the
successful transformation of research outputs into consumer-
grade mass-market devices. Finally, multidisciplinary approaches
toward wearable sensor development are required, which com-
bines knowledge of electronic sensing materials with the know-
how of IoT-backed wireless wearable data acquisition systems,
big data processing, and visualization techniques to attain
system-level solutions that could be practical in offering solutions
to real-life problems.
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