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Abstract

Recently, polymer materials have been at the forefront of other materials in
building high-performance flexible electronic skin (e-skin) devices due to con-
spicuous advantages including excellent mechanical flexibility, good compatibil-
ity, and high plasticity. However, most research works just paid considerable
attention and effort to the design, construction, and possible application of
e-skins that reproduce the tactile perception of the human skin sensory system.
Compared with tactile sensing devices, e-skins that aim to imitate the non-
contact sensing features in the sensory system of human skin tend to avoid
undesired issues such as bacteria spreading and mechanical wear. To further
promote the development of e-skins to the human skin sensory system where
tactile perception and non-contact sensing complement each other, significant
progress and advances have been achieved in the field of polymer materials
enabled e-skins for both tactile perception and non-contact sensing applications.
In this review, the latest progress in polymer material-based e-skins with regard
to tactile, non-contact sensing capabilities and their practical applications are
introduced. The fabrication strategies of polymer materials and their role in
building high-performance e-skins for tactile and non-contact sensing are
highlighted. Furthermore, we also review the research works that integrated the
polymer-based tactile and non-contact e-skins into robots and prostheses, smart
gloves, and VR/AR devices and addressed some representative problems to dem-
onstrate their suitability in practical applications in human-machine interac-
tions. Finally, the current challenges in the construction of high-performance
tactile and non-contact e-skins are highlighted and promising properties in this
direction, by taking advantage of the polymer materials, are outlined.
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1 | INTRODUCTION

As a significantly important function of the human skin,
tactile perception can help humans answer external stim-
uli and act with the surroundings via direct physical con-
tact. By mimicking haptic properties in the sensory
system of the human skin, electronic skin (e-skin)
enables the conversion of contact stimuli (e.g., pressure,
strain) that can cause microcosmically physical deforma-
tion on the object into electrical signals, providing the
possibility for human health monitoring,’™ the interac-
tion between the machine and human beings, or between
machines.®'® The e-skins based on different transduction
mechanisms, such as capacitive,''* piezoresistive,'>*®
piezoelectric,”*** and triboelectric***® have been
explored to achieve tactile sensing capabilities. Generally,
such e-skins tend to rely on physical contact with the
external objects; however, repetitive physical contact may
easily result in the abrading of materials and shortening
the lifetime of these devices.””*® In addition, considering
that infection through direct contact is the main trans-
mission route for many diseases, non-contact e-skin rely-
ing on the detection of humidity, light, magnetic, and
even proximity signals that do not result in physical
deformation of objects would contribute to avoiding bac-
terial spreading and mechanical wear, which has
attracted considerable attention in recent years.’>** In
fact, tactile perception and non-contact sensing are
complemented each other in building the human skin
sensory system. Great advances have been made in the
construction of e-skins that are comparable to the sen-
sory system of the human skin, in terms of the design of
e-skins with both tactile and non-contact sensing
capabilities.

Extensive materials involving carbon-base
metal,”>*  polymer,**** textile,*® and ionic
materials offer opportunities for building e-skins
with tactile and noncontact sensing capabilities. Polymer
materials, possessing the salient merits of lightweight,
mechanical flexibility, good compatibility, and high plas-
ticity, are widely employed as substrate material and
functional layers of e-skins to enable high-performance
in both tactile sensing and noncontact sensing aspects.
The most commonly used polymer materials include
polydimethylsiloxane (PDMS),”" polyimide (PI),”* poly
(3,4-ethylene dioxythiophene): poly(styrene sulfonate)
(PEDOT:PSS),** and poly(vinylidene fluoride) (PVDF),>
and so on. Currently, these polymer materials have been
used to construct e-skins individually or in advanced
composites with others, and a few works have been
published to review and summarize the corresponding
progress in this area.”*™” For instance, Fan et al.
reviewed the importance of developing PEDOT:PSS and
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stressed its critical role in next-generation e-skins that
are wearable, deformable, printable, ultrathin, and trans-
parent.** Chen et al. systematically outlined the prepara-
tion of the conductive polymer composites and the
representative utilization of diverse sensors such as pres-
sure, strain, and temperature sensors.’’ Gong et al.
summarized the design and preparation approaches for
high-performance e-skins that exploited functional poly-
mer nanocomposite mesh scaffolds.”® However, few stud-
ies have reviewed the progress of e-skins that employ
polymer materials for both tactile and noncontact sens-
ing. Additionally, with the improvement of polymer
materials fabrication and the advent of the intelligent
information age, a large number of e-skin systems for tac-
tile perception and non-contact sensing have been devel-
oped by taking advantage of polymer materials.®*®*
Therefore, a review article timely summarizing the
recently high density of research and providing necessary
guidance for future research on the e-skins design involv-
ing polymer materials is highly desired.

In this review, we focus on e-skins with tactile and
non-contact sensing capabilities that are enabled by poly-
mer materials and their practical applications in human-
machine interactions such as robots and prostheses, smart
gloves, and virtual reality/augmented reality (VR/AR)
(Figure 1). First, we briefly introduce the mechanical prop-
erties and fabrication strategies of polymer materials.
Then, by discussing certain representative paradigms, the
unique roles of polymer materials in building high-
performance e-skins are highlighted, and the approaches
used for constructing e-skins with tactile and non-contact
sensing capabilities using the extensive polymer materials
are summarized. Additionally, the practical applications of
e-skins constructed by various polymer materials in
human-machine interactions like robots and prostheses,
smart gloves, and VR/AR are reviewed. Finally, the cur-
rently faced challenges in the development of tactile and
non-contact e-skins are concluded, and we outline the per-
spective direction of high-performance e-skins exploiting
the polymer materials. We hope that this review can guide
future research on building high-performance e-skins
using the polymer materials and achieving human-
machine interaction systems.

2 | POLYMER MATERIALS AND
THEIR FABRICATIONS

As one of the most important material categories,
polymer materials present conspicuous merits
encompassing lightweight, mechanical flexibility, good
compatibility, and good processability, showing their
phenomenal superiority in enabling high-performance
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FIGURE 1 The e-skins with tactile and non-contact sensing capabilities enabled by polymer materials and their applications in human-

machine interactions. Materials: Layered structures (Reproduced under the terms of the CC BY-NC-ND License.*® Copyright 2020, The
authors.); Porous structures (Reproduced with permission.®® Copyright 2022, Elsevier Ltd.). The e-skin devices: Tactile-Capacitive
(Reproduced with permission.®” Copyright 2018, Wiley-VCH.); Tactile-Piezoresistive (Reproduced with permission.* Copyright 2019, Elsevier
Ltd.); Tactile-Piezoelectric (Reproduced with permission.®® Copyright 2014, IEEE.); Tactile-Triboelectric (Reproduced with permission.®
Copyright 2012, American Chemical Society.); Non-contact: Triboelectric (Reproduced with permission.”® Copyright 2017, Wiley-VCH.);
Capacitive (Reproduced with permission.'* Copyright 2019, American Chemical Society.); Humidity sensing (Reproduced with permission.”
Copyright 2021, Elsevier Ltd.). Human-Machine Interaction (Reproduced with permission.”? Copyright 2021, American Chemical Society.):
VR/AR (Reproduced under the terms of the CC BY-NC License.”® Copyright 2021, The authors.); Smart Gloves (Reproduced under the terms
of the CC-BY License.”* Copyright 2021, The authors.); Robot/Prostheses (Reproduced under the terms of the CC BY-NC License.”®

Copyright 2022, The authors.)

e-skins (as summarized in Table 1). PDMS, PI, PVDF,
and other insulating polymer materials have been widely
explored to work as flexible substrate layers for those e-
skins because of their excellent transparency, good elas-
ticity, and plasticity.”®””-%># In 2013, by interlocking
two high-aspect-ratio PDMS nanofiber films deposited
with Pt-coating, Suh et al. presented a flexible strain sen-
sor with high sensitivity for mimicking the complex char-
acteristics of the human skin.”® Zhang et al. fabricated a
microstructured PDMS substrate for supporting Au

electrode materials and proposed a flexible tactile sensor
by combining it with a polystyrene (PS) microsphere
dielectric layer, demonstrating that the sensor with a pat-
terned PDMS substrate could contribute to higher sensi-
tivity and low detection limit compared with that
nonpatterned ones.”” Apart from their use as flexible sub-
strates, insulating polymer materials have also played a
considerably essential role in the functional layers of e-
sking !#13637891-94 " A porous pyramid-microstructured
PDMS film was fabricated by Park et al. and was adopted
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TABLE 1 Summarized parameters on the performance of the polymer materials-based sensing devices.
Functions Materials Device type Stimulus Sensitivity Refs.
Insulating Supporting/ PDMS nanofiber Tactile Pressure Pressure: 11.45 [76]
polymers substrate layer Shear Shear: 0.75
Torsion Torsion: 8.53
Structured PDMS Tactile Pressure 0.815 kPa ™! [77]
PDMS pyramid Tactile Pressure ~3.73 kPa™! [78]
Functional layer
P(VDF-TrFE) Both tactile and non-  Pressure ~0.35 kPa™" [12]
nanopillars contact
P(VDF-TrFE) Non-contact Humidity — [71]
nanocone
Conductive Working electrode PEDOT:PSS Tactile Pressure 0.08 kPa—! [79]
polymers Functional layer Micro-pyramidal Tactile Pressure 1537.59 kPa " [80]
PPy
Functional layer MZXene/PVA Tactile Stain ~0.4 [81]
(CPCs) MXene/Ecoflex Non-contact Charged Within 20 cm [82]
objects
Microstructured Tactile Pressure 10° kPa ! [83]
TPV/Ni
Other polymer Functional layer CCTO@PU sponge  Tactile Pressure 0.73 kPa™* [84]
composites PVDF/ZnO NFM Tactile Pressure 5209 mV kPa—'  [85]

to build an ultrahigh-sensitive capacitance pressure sen-
sor by serving as the dielectric layer.”® And, Ko et al. pro-
posed the interlocked microridge structured polymer
architectures of the PVDF layer in combination with the
PDMS layer for developing ultrathin, highly sensitive,
and wearable triboelectric sensors.”’ Polymer materials
serving as substrates or functional layers have been
designed with various micro- and nanostructures to con-
struct high-performance e-skins. Currently, typical
processing technologies for preparing micro- and
nanostructures such as three-dimensional (3D) printing,95
magnetic-assisted,”® electrospinning,”’ and template
methods”” have been explored. Particularly, due to the
superiorities of high accuracy and reliability in micro-
and nanoprocessing, the template method has been
widely used to introduce micro- and nanostructures
including pyramids,”® pillars,'* cones,"* and domes™ in
polymer materials for enhancing the sensing perfor-
mance of the e-skins. For instance, Pan et al. replicated a
PDMS film with pyramid microstructures from the
microstructured silicon mold and developed a capaci-
tance pressure sensor, which simultaneously realized
high sensitivity as well as low hysteresis.”® Park et al.
developed a PDMS substrate with micro-pyramid arrays
using the same silicon mold and then deposited electrode
materials on that substrate, enabling a stretchable pres-
sure sensor.'> Corresponding details for the preparation

of those micro-pyramid PDMS are illustrated in
Figure 2A. First, a silicon mold with homogeneous
microstructures was fabricated by etching processes
involving conventional photolithography and wet etch-
ing. Then, a mixture of PDMS elastomer and cross-linker
was cast onto the microstructured silicon mold and cured
for a period of time. After that, by peeling it off the silicon
mold, a micro-pyramid PDMS film was obtained. It is
obvious that the template method exploiting lithography
and silicon etching process shows considerable advan-
tages in the precise controlling of the size, spacing, and
morphology of the micro- and nanostructures, which is
desired for large-area fabrication of micro- and
nanostructures. However, it is quite challenging to design
polymer materials with diverse microstructures and
achieve the construction of high-performance e-skins by
using such a photolithography template method. First,
lithography machines and the mask used for lithography
technology are expensive. Second, the lithography pro-
cess and subsequent silicon wet etching process are time-
consuming and complicated. Therefore, the bionic
structure,”® anodic aluminum oxide (AAO),"* pre-
stretched,”® laser marking,”® and other simple and low-
cost template methods have been extensively explored for
the design of e-skins with microstructured polymer mate-
rials. It is worth pointing out that the bionic structure
template method, which has been widely used in the
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FIGURE 2 (A) Si mold fabricated by photolithography and etching processes for preparation of the micro-pyramid PDMS substrate

supporting electrode materials. Reproduced with permission.'® Copyright 2014, Wiley-VCH. (B) Interlocked asymmetric P(VDF-TrFE)
nanocone arrays (Reproduced with permission.’® Copyright 2019, Wiley-VCH) and double-sided P(VDF-TrFE) nanopillars (Reproduced with
permission.'? Copyright 2019, American Chemical Society) working as dielectric layers of capacitive tactile sensors. (D) Schematic of the

preparation of the highly stretchable and self-healing MXene/PVA hydrogel electrode. Reproduced with permission.*! Copyright 2019,
Wiley-VCH. (E) Fabrication for a capacitive pressure sensor based on a high permittivity dielectric layer of the hybrid sponge (CCTO@PU).

Reproduced with permission.** Copyright 2020, Wiley-VCH.

manufacture of wearable e-skins over the past years,
paves a facile and environmentally friendly path for fabri-
cating polymer materials with microstructures. Lotus
leaves,®” banana leaves,'” rose petals,”® and vein struc-
tures of mimosa leaf'" that can be considered to be natu-
ral structure molds, have unique microstructures and
have inspired researchers and scientists to design a vari-
ety of microstructural materials and develop high-
performance e-skins. In addition, with the help of AAO
template, Li et al. successfully proposed two typical
capacitive sensors by adopting the interlocked asymmet-
ric poly(vinylidenefluoride-co-trifluoroethylene) P(VDF-
TrFE) nanocone arrays (Figure 2B)'* and double-sided
P(VDF-TrFE) nanopillars as  dielectric  layers
(Figure 2C)."?

Conductive polymer materials have become the most
promising candidates for flexible electrode materials
compared with the previous rigid materials, playing a
dominant role in the emerging wearable e-skin devices.
For example, Lu et al. deposited an active polypyrrole
(PPy) conductive layer with surface wrinkling
nanopatterns on PDMS stamps that were replicated from
rose petals and reported a highly sensitive pressure sen-
sor.®® Another promising conductive polymer material,
PEDOT:PSS has attracted extensive attention due to its
outstanding air and thermal stability, and tunable con-
ductivity. By adopting a stretchable PEDOT:PSS as the
electrode layer, Sun et al. reported a high-performance
tactile sensor based on the working mechanism of a tri-
boelectric nanogenerator (TENG).”” Here, a blade-coating
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procedure was used to prepare the stretchable PEDOT:
PSS electrode layer on a pre-stretched PDMS film. In spe-
cific, the PDMS mixture was first poured into a model
and cured. Then, the obtained PDMS film was pre-
stretched by 100% onto a glass plate. Next, PEDOT:PSS
solution was coated onto the pre-stretched PDMS film by
using the blade technique and dried for a period. Lastly,
the stretchable PEDOT:PSS electrode was formed when
the PDMS was released. In addition to being deposited
on pre-stretched elastomeric substrates, PEDOT:PSS has
been developed as a stretchable conductor by using it as a
conductive filler and inserting it into an elastomeric
matrix such as polyurethane (PU) or PDMS to form a
stretchable conductor.'®>'% Further, to develop robust
and stretchable PEDOT:PSS conducting polymer films
that meet the deformability requirements of e-skins,
Jeong et al. presented a simple strategy of incorporating
an excessive amount of a nonvolatile surfactant plasti-
cizer.'® In this way, the plasticizing effect of the plasti-
cizer could contribute to the improvement in mechanical
properties and stretchability of PEDOT:PSS conducting
polymer without degradation in conductivity. Kee et al.
proposed a stretchable PEDOT:PSS transparent electrode
by mixing it with the ionic liquid compound, in which
the ionic liquid enhanced the polymer conductivity and
prolonged polymer elongations because it can not only
serve as a dopant but also work as a plasticizer.'"’
Benefiting from their intrinsic characteristic that is sus-
ceptible to non-covalent interactions, polymer materials
tend to interact easily and effectively with other func-
tional materials and yield newly synthesized polymer
composites.””'° 1% Polymer composites incorporating
polymer materials with other distinct functional mate-
rials can present combined advantages and compensate
for the disadvantages of the individual material. For
instance, conductive polymer composites (CPCs) combin-
ing the flexibility of polymer materials and good conduc-
tivity of conductive fillers have exhibited promising
perspectives in the construction of e-skins. Generally,
CPCs are obtained by dispersing different conductive
fillers including carbon nanotubes (CNTs), carbon black
(CB), graphene, MXene, and metal nanoparticles into the
insulating elastomeric matrix, which realized the
required insulator/conductor transition of the compos-
ites.81,83,111—113

Until now, there are three typical routes reported for
the development of CPCs. As for the solution mixing
technique, a uniform dispersion with conductive fillers
and polymer materials should be first formed in the sol-
vent, and the good conductivity of conductive fillers in
the elastomeric matrix is realized when the solvent is
removed. Through such solution mixing and thermal
annealing, Zhu et al. embedded the single-walled carbon

nanotubes (SWCNTs) into the thermoplastic polyure-
thane (TPU) matrix and prepared conductive composites
of TPU/SWCNTs to achieve non-contact human respira-
tory monitoring.'®® By mixing Ti;C,T, MXene solution
with polyvinyl alcohol (PVA) aqueous solution and
subjecting the mixture to a gelatinization process with
the help of transparent sodium tetraborate solution
(Figure 2D), Xuan et al. developed a self-healing and
highly stretchable MXene/PVA hydrogel electrode.®’ As a
demonstration, a very high bond (VHB) tape was
sandwiched as a dielectric layer between two pieces of
MXene/PVA hydrogel electrodes and used to construct a
capacitive strain sensor, showing its sensing capability in
the subtle and large-strain ranges was proved by mount-
ing the sensor directly on human skin. Due to the neces-
sary dispersion process of polymer and filler materials,
the solution mixing method may be time-consuming. Dif-
ferent from that, the strategy of in situ polymerization
enables the formation of polymer chains and a good dis-
persion of the filler on a molecular scale, resulting in
good filler dispersion in the polymer matrix. However,
there is a limitation that only certain polymer materials
can be used to fabricate CPCs structures via in situ poly-
merization. In comparison, as a method for directly dis-
persing filler materials into a polymer matrix, melt
compounding is simple and has attracted increasing
attention in the fabrication of CPCs. For example, by
combining hot compression processes to melt-blend
nickel (Ni) powders into the thermoplastic vulcanizate
(TPV), Fu et al. fabricated a microstructured TPV/Ni
composite film and developed an ultra-sensitive pressure
sensor under a wide detection range.*?

Apart from CPCs, the composites of polymer mate-
rials and other distinct functional materials are also com-
monly employed for constructing e-skins endowed with
fascinating properties. For example, considering that the
calcium copper titanate (CCTO) possesses a strong dielec-
tric property, and stability within a wide temperature
range,* Park et al. dip-coated the PU sponge with a
surface-modified CCTO solution and explored a hybrid
sponge (CCTO@PU) with enhanced dielectric permittiv-
ity. Next, a highly-sensitive capacitive pressure sensor
was assembled by sandwiching such a CCTO@PU hybrid
sponge between two electrodes (Figure 2E), providing a
facile and scalable way to design capacitive pressure sen-
sors. Dickey et al. proposed a flexible tactile sensor array,
of which the dielectric layers were composed of
CNT/PDMS film offering a high dielectric permittivity
and parylene film acting as the scaffold architecture,
enabling robots to successfully manipulate light and
heavy objects via a closed-loop pressure feedback.''*
Many published studies have proved that BaTiO; (BTO)
has outstanding piezoelectric properties. Therefore, Yang
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et al. innovatively fabricated a composite matrix with out-
standing piezoelectricity and flexibility properties, by
incorporating a mixture matrix of PDMS and PVDF into
the BTO, and realized a nanogenerator with high electri-
cal output performance.''® In light of the synergistic pie-
zoelectric properties of polyacrylonitrile (PAN) and BTO,
Chou et al. reported a self-powered flexible tactile sensor
that was composed of a composite film of BTO, PAN, and
Ecoflex, and illustrated the dynamic monitoring capabil-
ity for human plantar pressure, posture, and other physi-
ological information.''® As early as 2006, Wang et al.
successfully verified the capability of ZnO for converting
mechanical energy to electrical energy, indicating excel-
lent piezoelectric properties.'® Following this, Liu et al.
integrated ZnO nanorods (NRs) with PAN nanofiber to
form a ZnO/PAN composite nano-fabric and observed
significant improvement in the power output and pres-
sure sensitivity of such a composite nano-fabric.'’’
Recently, a hybrid piezoelectric layer that was prepared
by doping ZnO nanoparticles into PVDF nanofibrous
membrane was proposed by Ding et al. to serve as a
pressure-sensing layer and achieve tactile spatial map-
ping with excellent sensing capacities.*> By combining
two different polymer materials of cellulose and PVA that
have been proven with excellent biodegradability, Yu
et al. developed a flexible, transparent, and biodegradable
layer and used it as positive triboelectric material to fabri-
cate a high-performance TENG device.''®

3 | POLYMER MATERIALS
ENABLED TACTILE E-SKINS BASED
ON DIFFERENT MECHANISMS

31 |
sensors

Tactile e-skins based on capacitive

Typically, relying on the capacitance change when load-
ing pressures, the capacitive tactile sensor that adopts a
common “sandwich” configuration or planer structure
presents excellent capability in detecting external pres-
sure information.'*'"*"**! The capacitance (C =&A/d) of
the sensor depends on the effective dielectric constant (g)
of the dielectric layer as well as the overlapping area (A)
and the distance (d) between two electrodes. The e-skins
that are based on such a capacitive tactile sensor have
been widely used to reproduce the tactile perception
behavior of human skin due to the conspicuous merits of
the simple device structure, low power consumption,
high sensitivity, and good repeatability.'>'*'**"'** Con-
sidering excellent mechanical flexibility, and good pro-
cessability, polymer materials have become one of the
most important and promising materials categories for

working as the insulating dielectric layer in the capacitive
tactile sensor. However, the bulky polymer dielectric
layer is relatively hard to be compressed because the high
compressive modulus brings high internal stress when
applying pressures, resulting in a limited sensitivity.'** In
addition, most polymer materials are susceptible to
severe viscoelasticity, which increases the hysteresis and
response time of the sensing devices.®>'*>'*® To address
the above issues, incorporating various microstructures
such as micro-pyramids,®'*” micro-pillars,"**'** micro-
domes,"**"*' and micro-wrinkles'** into the polymer
dielectric layer has been proven to be effective in
boosting the sensing properties of the tactile sensor. In
2010, Bao et al. first microstructured an elastomer PDMS
dielectric layer and demonstrated that such a design can
aid in building a capacitive e-skin device with enhanced
sensitivity and fast response speed.’’ By investigating the
pressure sensitivities of three capacitive sensors, with
pyramidal, linear, and unstructured PDMS films as the
dielectric layers, they concluded that the sensor
exploiting unstructured PDMS dielectric film exhibited
the lowest pressure sensitivity. The pressure sensitivities
of the linear-structured and pyramid-structured PDMS
dielectric films were 5 and 30 folds higher than that with-
out microstructures, respectively. The authors concluded
the dramatically enhanced sensing properties of the
structured PDMS dielectric films to two main factors:
(1) the existence of voids in the structured PDMS tends to
lower the elastic modulus of the dielectric layer, offering
a relatively larger deformation space when equivalent
pressures are applied and thereby obtaining higher sensi-
tivity; (2) when compression occurred due to applied
pressure, the voids were replaced by the PDMS matrix
with a higher dielectric constant, which accordingly gives
rise to an increased effective dielectric constant and
capacitance variation of the sensor. Linear- and pyramid-
structured PDMS dielectric films also presented low hys-
teresis and rapid response speed, which can be explained
that microstructures introduced into the PDMS dielectric
layer finally reduces the viscoelasticity and adhesion
between the polymer dielectric and electrode layers dur-
ing the pressure loading/releasing processes.
Furthermore, with the help of a theoretical calcula-
tion model, Wei et al. simulated and highlighted that the
spacing of the pyramid spacing of the microstructured
PDMS dielectric layer is an important parameter affecting
the sensing performance of the capacitive tactile e-skin
device.'* The authors then fabricated several capacitive
pressure sensors utilizing graphene electrodes and the
microstructured PDMS dielectric layers with varied pyra-
mid spacings. The sensing performance of these capaci-
tive pressure sensors was analyzed by recording the
variations in capacitance under different pressures, and it
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(A) Schematic of the microstructured capacitive pressure sensor for high-performance e-skin. (B) Comparison of capacitance

responses toward pressure of capacitive pressure sensors with different microstructures. (C) Responses of the capacitive sensors of the

pyramidal structure with different ratios of L/H at 1 MPa. Reproduced under the terms of the Creative Commons Attribution License.'**

Copyright 2016, The authors. (D) Deformation and strain distribution of three capacitive tactile e-skin devices with nonpatterned, symmetric

nanocones, and asymmetric nanocones dielectric layers. Reproduced with permission.'* Copyright 2019, Wiley-VCH.

was concluded that the sensitivity of the devices
increased with PDMS pyramid spacing, which is consis-
tent with the simulation results. As the spacing between
the pyramid increases, a higher density of voids and a
large air fraction in the dielectric layer are obtained,
resulting in high compressibility and deformability of the
PDMS dielectric layer as well as a higher sensitivity of

the capacitance sensor. Excessive spacing between pyra-
mids triggers the interfacial adhesion between the dielec-
tric layer and the electrode layers, which relates the
hysteresis issue to the response speed of the capacitance
sensor. Therefore, it is essential to adjust and prepare the
microstructured polymer dielectric layer with appropriate
pyramid spacing for constructing the capacitive tactile
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sensor with high sensitivity and fast response time.
Through a finite element analysis (FEA), Yang's group
predicted a capacitive sensor with pyramid microstruc-
tures exhibited a 49 folds higher pressure sensitivity than
that of non-microstructured ones,** as presented in
Figure 3A,B. The authors further simulated and observed
that the smaller ratio of the hemline length/the height
(L/H) of the pyramidal structure can contribute to a
highly sensitive capacitive sensor (Figure 3C). Thus, to
achieve a higher sensitivity, the height of the pyramid
microstructure could be selected to be as high as possible
to obtain a sharper pyramid microstructure. The sharp
part of the pyramid is easily compressed when applying
pressures, however, the compressibility of the polymer
dielectric layer with such a sharper pyramid microstruc-
ture is saturated easily, which results in improved sensi-
tivity in low pressures but poor linearity over high
pressures. Last, it was also demonstrated by the authors
that a compromise of high sensitivity and good linearity
could be realized when the value of L/H of the pyramidal
structure was /2, providing reliable theory support for
guiding the tactile e-skin research works. Apart from
exploiting the dielectric layer with single-side microstruc-
tures, Li et al. proposed a capacitive tactile e-skin device
that resorts to the PVDF dielectric layer with double-
sided nanopillars and demonstrated the superiority of
double-sided nanopillars in improving the pressure sens-
ing properties via FEA simulation.'* After that, by mim-
icking the interlocked micro ridges between the
epidermis and dermis, the authors also incorporated two
interlocked PVDF dielectric layers designed with asym-
metric nanocones and developed a highly sensitive tactile
sensor.”” FEA simulations were also performed to illus-
trate the strain and stress distributions of three types of
dielectric layers of which the configurations were the
interlocked PVDF films with non-patterning, symmetric
nanocones, and asymmetric nanocones (Figure 3D),
respectively. When compared with the other two cases,
the interlocked PVDF films with asymmetric nanocones
exhibited a highly strengthened stress distribution as the
sharper part of the upper nanocones could easily make
contact with the base of the lower nanocones and be eas-
ily compressed under the external pressure. As a result,
the capacitive tactile sensor enabled by the two
interlocked PVDF dielectric layers with asymmetric
nanocones realized a significantly enhanced sensitivity,
and the feasibility of this tactile sensor for application in
pressure mapping, sign language gesture detection, and
physiological signal monitoring was demonstrated.
Numerous researchers also introduced various micro-
structures into the electrode layers by depositing conduc-
tive electrode materials on the microstructured polymer
supporting layers to effectively enhance the sensing

performance of the capacitive tactile sensor. For example,
by sputtering Pt on a PDMS substrate that incorporated
both small and large pyramid structures, Pan's group pro-
posed a hierarchically microstructured Pt electrode layer
and assembled a highly sensitive tactile sensor, which
also exhibited a low hysteresis.78 Here, the authors
claimed that inserting smaller pyramid patterns into the
larger pyramid arrays increases the spacing between two
adjacent larger pyramids and is beneficial for improving
sensitivity. Moreover, the inserted smaller pyramid pat-
terns solved the hysteresis problem caused by the exces-
sive spacing between pyramids in capacitive sensors.
With the help of a lotus leaf natural template, Guo et al.
fabricated a flexible PDMS substrate with micro-tower
patterns after two replications, and ultrathin silver
nanowires (Ag NWs) were uniformly coated onto the sur-
face of the PDMS micro-towers as the bottom electrode
layer (Figure 4A).%” As illustrated in Figure 4B, a flexible
capacitive tactile sensor was obtained by assembling the
bottom electrode layer of Ag NWs micro-towers, a PI
dielectric layer, and an Ag NWs top electrode layer,
which presented higher compressibility and sensitivity
than a capacitive sensor with a planar Ag NWs electrode
layer. Similar to the human skin, most of these capacitive
e-skins are designed with multilayer structures. However,
the existing functional layers in such e-skins tend to be
stacked via non-bonded interfaces, therefore, they may
face greater challenges due to the weak adhesion and
mechanical mismatch between the interlayers. To avoid
impairing the sensing performance due to the above
issues, Guo et al. introduced a quasi-homogeneous com-
position into the interlayers that ensured a good mechan-
ical match between the interlayers and added the
interlinked micro-coned interfaces to the multilayer
structures (Figure 4C)."**> Thus, a highly stable pressure
sensor was obtained, and it presented excellent signal sta-
bility though more than 10 000 cycles of repeated rubbing
and shear tests were conducted or even fixed on the tire
tread of a car and driven 2.6 km.

In addition to incorporating interfacial microstruc-
tures into dielectric and electrode layers, a sponge or
foam-like polymer dielectric layer was also applied to
adjust the sensing behaviors of the capacitive tactile e-
skin devices due to its high porosity, good mechanical
flexibility, and low compression modulus.**?>*%13¢ It is
essential for realizing the high compressibility and sensi-
tivity of such capacitive tactile e-skin devices to control
the porosity and voids in polymeric foams. Currently,
many efficient strategies have been developed for this
purpose. In particular, because of the simple operability,
the sacrificial hard template method that adopts sugar
cubes, salt crystals, PS microbeads, and metal foams as
sacrificial templates has been commonly used to achieve
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(D) Preparation steps of a porous PDMS dielectric layer for a capacitive tactile sensor. Reproduced with permission.'*® Copyright 2016,

Wiley-VCH. (E) Fabrication of the DMESA method for a 3D microstructured PDMS dielectric layer. Reproduced with permission.

137

Copyright 2018, American Chemical Society. (F) Diagram of a capacitive tactile sensor using a porous PDMS dielectric layer with pyramid
microstructured. Reproduced with permission.”®> Copyright 2019, American Chemical Society.

high porosity polymer foams. Through such a sacrificial
hard template method, Lee et al. prepared a sponge-like
PDMS dielectric layer and sandwiched the dielectric layer
between two electrode layers of ITO/PET to present a
capacitive tactile e-skin with high sensitivity."*® As
shown in Figure 4D, the authors first stacked PS
microbeads on the silicon substrate and coated the PDMS
mixture on the above substrate. After a curing process,
the PS microbeads were removed completely by etching
in acetone and dimethylformamide solutions, and a
PDMS porous dielectric layer was finally prepared.

Further, by using porous Ni foams as templates, Teo
et al. developed a porous and ultralight boron nitride/
PDMS (BNF@PDMS) composite foam with a density of
15mg cm """ Benefiting from the combination of
boron nitride (BN) and PDMS, BNF@PDMS composite
foam was demonstrated with numerous merits including
excellent mechanical elasticity, ultrahigh compressibility,
and desirable fatigue property. Further, the composite
foam served as a dielectric layer to construct a high-
performance capacitive tactile e-skin device, showing
high sensitivity (0.854 kPa™') and a low-pressure
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detection limit (0.58 Pa). Additionally, Park et al
recommended another droplet-based and microfluidic-
assisted emulsion self-assembly (DMESA) method to
prepare a 3D microstructured PDMS dielectric layer and
proposed a high-performance capacitive sensor for tactile
e-skin applications."”” Figure 4E depicts the preparation
details of the microstructured PDMS layer via such a
DMESA method. An aqueous solution of deionized water
and an oil solution containing PDMS and surfactant were
prepared respectively and then flowed through a perpen-
dicularly arranged T-tube to meet at the junction. As a
result, deionized water droplets were injected into the
PDMS mixture and stabilized by the surfactant, forming
a closely packed stacked lattice. The deionized water
droplets were evaporated by a heating process, and a 3D
uniformly microporous PDMS layer was left behind.
Finally, the authors pointed out that the micropore size
of the PDMS layer could be easily regulated by adjusting
the flow speeds of the aqueous and oil solutions, thus tai-
loring capacitive tactile e-skins with high sensitivity.

To further enhance the sensing properties of the
capacitive tactile e-skins, Park et al. proposed a porous
PDMS dielectric layer with pyramid microstructures by
simultaneously incorporating the microstructures fabri-
cation method and the porosity introduction technique
(Figure 4F), and reported a capacitive tactile sensor.”
Such a sensor exhibited high sensitivity (up to
44.5 kPa~ ') within the pressure range of 0-100 Pa, and
was capable of long-term monitoring of human wrist
pulse signals. Dip-coating the sponge or foam-like poly-
mer dielectric layers with high permittivity materials is
another commonly used approach for enhancing the
dielectric permittivity and sensitivity of capacitive sen-
sors. For this purpose, a distinctly enhanced dielectric
permittivity can be realized by embedding various con-
ductive fillers into the sponge or foam-like polymer
matrix and generating a network of micro-capacitors in
the dielectric layer. For example, by dip-coating the
graphene nanoplatelets (GNPs) and CNTs on PU sponge
matrix, Xing et al. obtained a porous dielectric layer with
high relative permittivity and excellent elastic property,
achieving a rapid-response, and highly sensitive capaci-
tive tactile sensor.’*® Liu et al. proposed a capacitive tac-
tile sensor by using a porous dielectric layer of Ag
NW/PVA nanocomposite."** Here, a PVA matrix was
designed with numerous micropores for achieving high
compressibility, and then Ag NWs were uniformly intro-
duced to the porous PVA matrix to facilitate the forma-
tion of numerous micro-capacitors and increase
permittivity. As a result, the capacitive tactile sensor
based on the Ag NW/PVA nanocomposite realized high
sensitivity of 1.8862kPa™', a wide detection range of
0-250 kPa, and a fast response speed of 25 ms. Besides,

it also has been proven that high dielectric constant
ceramics like BaTiO; and Ba,Sr;_,TiO; can be used as
dielectric fillers to effectively improve the dielectric prop-
erties of conventional polymer materials. However, it
should be pointed out that such ceramics might give rise
to a strong piezoelectric effect and their dielectric proper-
ties are susceptible to fluctuations in ambient tempera-
ture. According to other excellent studies, CCTO, with a
super dielectric property, presents good thermal stability
over a wide temperature range and does not exhibit an
obvious piezoelectric effect, thereby arousing extensive
research interest. Zhang et al. presented a sponge-like
composite that consisted of CCTO and PDMS matrix
through a porogen-assisted process and achieved a flexi-
ble capacitive sensor showing a pressure response in a
narrow range of 0-0.64 kPa.'* To optimize the effect of
CCTO on the dielectric permittivity of the sponge-like
composite, Park et al. wrapped the CCTO on a low-
modulus PU sponge to develop a microporous
CCTO@PU hybrid sponge for designing a stretchable
and highly sensitive capacitive tactile sensor.** For com-
parison, Table 2 summarizes the parameters of the typi-
cal capacitive sensors with polymer materials as the
active dielectric layer and substrate layer supporting elec-
trode materials.

3.2 | Tactile e-skins based on
piezoresistive sensors

Due to the variation in device resistance as external pres-
sure is applied, piezoresistive sensors have become one of
the most important components in the construction of
high-performance tactile e-skin, which presents distin-
guished advantages including the straightforward read-
out circuit, and excellent performance."**'** The
resistance (R=pL/S) is related to the electrical resistivity
(p), length (L), and the cross-sectional area (S) of the
functional layer of the piezoresistive sensor. In terms of
the configuration of the electrodes: sensors with planar
electrodes and top-bottom electrodes are two dominant
piezoresistive devices.'>® Table 2 lists the parameters of
the sensing performance and fabrication methods of the
piezoresistive sensors based on both planar electrodes
and top-bottom electrodes.

3.2.1 | Tactile e-skins based on piezoresistive
sensors with planar electrodes

By stacking a functional layer on a pair of in-plane elec-
trodes, a piezoresistive sensor with planar electrodes is
assembled, which serves as an important component of
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TABLE 2 Typical polymer materials-based tactile e-skins with high performances (including capacitive and piezoresistive tactile
e-skins).
Working Res./rec.
Fabrication method Sensitivity range LOD time (ms) Refs.
Capacitive
Microstructured electrode  Bionic template ~1.2kPa™* 0-15 kPa <0.8 Pa 36/58 [67]
layer Si template ~3.73 kPa~! 0-100 kPa 0.1 Pa 21/— [78]
Bionic template 0.15 kPa™! 0-450 kPa 0.35Pa 6/6 [135]
Microstructured active Si template 0.55 kPa™! 0-7 kPa 3 Pa ms range [11]
layer AAO template 6.583 kPa~! 3Pa 3Pa 48/36 [13]
Photoresist template 0.42 kPa™! 0-14 kPa 1Pa <70 [128]
Laser marking Cu template 8053.1 kPa™* 0-34 kPa 0.05Pa  5.6/5.6 [125]
Porous active layer Sacrificial PS template 0.63 kPa ! 0-14 kPa 242 Pa  =~40/— [136]
DMESA 0.86 kPa! 0-100 kPa 10 Pa 5/— [137]
Combined templates 44.5kPa! 0-35 kPa 0.14 Pa  50/100 [93]
Porous active layer with Template and CVD method 0.854 kPa™* 0-2.1 kPa 0.58Pa —/— [110]
filler Dip-coating 0.062 kPa~! 0-4.5 kPa ~3Pa  ~45/— [138]
MSPS and hydrothermal 10.5 kPa! 0-5 kPa 0.1 Pa 5.6/5.6 [126]
Piezoresistive
Pair of plane electrodes ISG technology 1875.53 kPa™! 0-40 kPa 1.8 Pa 0.5/0.8 [4]
Si template and conformal 23kPa! 0-3 kPa — 10/10 [89]
coating
Infiltration method 291699.6 kPa~'  0-20 kPa 2 Pa 40/40 [99]
Lithography and CVD 8.5kpa! 0-12 kPa 1Pa 40/— [141]
Lithography and Ppy 17 kpa™! 0-100 kPa 2Pa —/— [142]
deposition
SU-8 mold 20kpPa! 0-9 kPa 15 Pa 50/— [143]
Top-bottom electrodes Si template 14.5 kPa™* 0-4 kPa 15 Pa 15/18 [20]
Bionic template 70 kPa~! 0-2 kPa 0.88 Pa  30/40 [90]
Si template and spray coating ~ —3.26 kPa™" 0-3 kPa — 200/100 [144]
Self-assembly PS sacrificial —15kPa! <5 kPa 4 Pa <100/<100 [145]
template
Wet chemical etching method ~ —4.48 kPa™* 0-20 kPa ~1 Pa 52/40 [146]
Abrasive paper template and 25.1 kPa ™! 0-40 kPa 16 Pa 120/80 [147]
GO
Freeze drying 4248 kpa ! 0-1.5 kPa — 100/— [66]

Abbreviation: LOD, limit of detection.

the tactile e-skins. Polymer materials with flexible,
stretchable, or even other excellent properties tend to be
designed with microstructures as the supporting layer or
combined with other conductive materials like CNTs and
graphene as the functional layer of the piezoresistive e-
skin #8999 1417147151 Chyng et al. proposed a
piezoresistive tactile sensor by incorporating a hierarchi-
cal structured PDMS with the deposition of monolayer
graphene, which achieves a high sensitivity of 8.5 kPa™"
and a good linear response over a wide pressure range of

0-12 kPa.'*' Figure 5A illustrates the preparation process
of such a piezoresistive tactile sensor. First, by
performing photolithography and selective wet etching
procedure, a copper sheet was successfully patterned with
a reverse-dome shape. The patterned copper sheet was
oxidized in a furnace with ambient air and an operating
temperature of 850°C, forming nanostructured
CuO/Cu,0 on the surface of the copper sheet. Next, the
growth of hierarchically structured graphene was realized
by placing the nanostructured copper film with
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graphene/PDMS. (C) Schematic diagram of the sensing mechanism of the sensor using the hierarchical structured graphene/PDMS.
Reproduced with permission.'*! Copyright 2016, Wiley-VCH. (D) Schematic of the growth process of v-Au NWs on the micro-pyramid
structured PDMS film. Reproduced with permission.** Copyright 2019, American Chemical Society. (E) Fabrication of a sensing layer

consisting of ISG and microstructured PDMS. (F) Piezoresistive sensor based on this sensing layer and its pressure sensing principle.

G) Simulation on contact area changes of the piezoresistive sensor under pressures. Reproduced with permission.* Copyright 2019, Elsevier
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Ltd. (H) Schematic diagram of a piezoresistive sensor incorporating a top sensing layer of Au-deposited PDMS micropillar array and a

bottom sensing layer of conductive PANT nanofibers. Reproduced with permission.'** Copyright 2015, American Chemical Society.

CuO/Cu,0 in a chemical vapor deposition (CVD) furnace
and annealing it with hydrogen gas at an operating tem-
perature up to 850°C-1000°C. According to the authors,
the roughness of the graphene deposited on the surface
of the nanostructured CuO/Cu,O was quite large com-
pared with the sample prepared on the copper film that
was not conducted to an oxidation process. And then,
PDMS mixture was poured onto the pre-fabricated hier-
archically structured graphene and cured for a period.
After etching the copper sheet, the author obtained a
hierarchically structured PDMS array deposited with a
conformal graphene film (i.e., graphene/PDMS array),
and Figure 5B shows the scanning electron microscope
(SEM) image of the hierarchically structured graphene/

PDMS array. Finally, the piezoresistive pressure sensor
was constructed by placing the fabricated hierarchical
graphene/PDMS array on the two separated interdigital
graphene electrodes upside down (Figure 5C). Here, the
hierarchical graphene/PDMS array serves as the conduc-
tive path between the separated planar electrodes. The
contact area between the graphene/PDMS array and
the planar electrodes increases due to the deformation of
the graphene/PDMS array when external pressure is
applied, which gives rise to a decrease of the resistance of
the piezoresistive pressure sensor. In addition, Cheng
et al. deposited vertically aligned gold nanowires (v-Au
NWs) on the PDMS film with micro-pyramids via a modi-
fied seed-mediated growth method at room
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temperature.* As shown in Figure 5D, the PDMS film
with pyramid patterns replicated from a silicon mold that
was fabricated through photolithography and wet etching
process was first pre-treated with air plasma and then
immersed in a 3-aminopropyltriethoxysilane solution to
achieve modification. Thereafter, by immersing the modi-
fied PDMS microstructures film into a gold nanoparticle
(Au NPs) suspension, an Au seeds layer was formed on
the surface of the PDMS microstructures film. When the
PDMS microstructures film, coated with Au seeds, was
immersed in the growth solution composed of gold pre-
cursors, the v-Au NWs spontaneously formed on the
surface of the PDMS micro-pyramids to obtain micro-
pyramidal v-Au NWs/PDMS film. Finally, a high-
performance tactile sensor was developed by laminating
the micro-pyramidal v-Au NWs/PDMS film on the inter-
digitated electrodes that were made of silver
nanoparticles (Ag NPs), showing a high sensitivity of
23 kPa ™! over a pressure range of 0-600 Pa. Pan et al.
presented a facile method to build a high-performance
piezoresistive tactile e-skin device that adopted a sensing
layer consisting of highly conductive interfacially self-
assembled graphene (ISG) and microstructured PDMS
elastomer.* As depicted in Figure 5E, a homogenous
graphene nanoplatelets dispersion was first sprayed onto
the water surface to form uniform Langmuir monolayers
at the interface of water and air, and then the ultra-large
conductive ISG layer was successfully assembled under
the assistance of the capillary force effect. Next, the fabri-
cated conductive ISG layer was transferred onto a PDMS
elastomer with microstructures and deposited on that
elaborate 3D microstructure after an annealing process.
By integrating the microstructured PDMS layer deposited
with conductive ISG onto interdigitated Ni/Au electrodes
(Figure 5F), the tactile sensor simultaneously realized
high sensitivity of 1875.53 kPa™' and a wide linear detec-
tion range of 0-40 kPa due to the effective contact area
change under pressure loading (Figure 5G). Guo et al.
fabricated a sensitive layer of spinosum structured PU
coated with MXene conductive layer by using a universal
spray approach and proposed a high-performance flexible
pressure sensor by assembling such a sensitive layer and
MZXene-based interdigital electrodes, providing an accu-
rate tactile feedback capability for the manipulator.®® It is
worthwhile to mention that the sensor was also endowed
with a self-healing function because of the hydrogen
bond of PU.

Different from the above pressure sensors that only
involved a top sensing layer composed of polymer micro-
structures and conductive materials, many researchers
also developed another strategy to design pressure sen-
sors by combining two parts of the sensing components
including the top and bottom sensing layers.”***>'** For

instance, Ha et al. demonstrated a tactile sensor incorpo-
rating a top sensing layer of Au-deposited PDMS
micropillar array and a bottom sensing layer of
polyaniline (PANI) nanofibers (Figure 5H).'*’ Here, a
pair of Ag nanowire stickers were fabricated as elec-
trodes, and the sensing behavior of such a tactile sensor
was analyzed. The contact resistance between the surface
of the top sensing layer of the Au-deposited PDMS
micropillar and the bottom sensing layer of the PANI
nanofibers decreases since the vertical applied pressure,
which results in a decrease in the total resistance of the
sensor. With further increase in the applied pressure, the
above-mentioned contact resistance becomes quite lower,
and the current tends to flow through the deposited Au
film on the surface of the PDMS micropillar, resulting in
a sensor with a resistance that is several orders of magni-
tude lower and with highly improved sensitivity. In addi-
tion, Li et al. fabricated a high-performance tactile e-skin
by using a top sensing layer of eggshell membranes
(CNTs-EM) decorated with CNTs, a bottom resistor layer
of PEDOT:PSS thin-film, and a couple of Cu electrodes
with micro-fence structures. Benefiting from that, the top
sensing layer of CNTs-EM hardly makes contact with the
Cu electrode when there is no externally applied pres-
sure.”” Thus, the bottom PEDOT:PSS layer aims to pro-
vide a steady and relatively high initial resistance for the
reported e-skin. When loading pressures, the contact area
between the top CNTs-EM sensing layer and the
microstructured Cu electrode increases, which contrib-
utes to a decreased contact resistance and the total resis-
tance value of the tactile e-skin device. Furthermore, the
fibers of the CNTs-EM layer are also further compressed
under pressures, and the conductive paths between
CNTs-EM fibers increase with the increasing contact
areas. As a result, the e-skin shows a decreased total
resistance value after loading pressures and realizes a
super-high sensitivity of 291 699.6 kPa™'. Interestingly,
the authors pointed out that the sensitivity of the
reported e-skin could be easily adjusted by altering
the resistance value of the bottom resistor layer of the
PEDOT:PSS thin-film, illustrating that this e-skin is
endowed with the adjustable sensitivity indicating its
potential use in different applications.

3.2.2 | Tactile e-skins based on piezoresistive
sensors with top-bottom electrodes

For the piezoresistive sensors that adopt the top-bottom
electrode configuration, surface microstructures are also
intentionally introduced on both top and bottom elec-
trode layers to achieve the construction of e-skins with
outstanding tactile sensing behaviors,?*71#4-147151-134
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FIGURE 6 (A) Schematic of the epidermal-dermal layers of human skin. (B) Schematic illustration and (C,D) SEM images of the

interlocking epidermal-dermal layers of the tactile e-skin. Reproduced with permission.'*" Copyright 2014, American Chemical Society.

(E) A flexible tactile sensor consisting of two interlocked sensing layers of CNTs-coated PDMS micro-pyramid arrays, PE substrates, and the
outer micro-pyramid PDMS layer. Reproduced with permission.'** Copyright 2018, Wiley-VCH. (F) Preparation and face-to-face packaging
of a flexible pressure sensor using two rGO deposited PMDS films with spinosum-like morphology. Reproduced with permission.'*’
Copyright 2018, American Chemical Society. (G) Fabrication of the sensing layer with a multiscale hierarchical structure. Reproduced with
permission.”® Copyright 2020, Wiley-VCH. (H) Tllustration of the NPR effect of the materials under pressure. (I) Schematic illustration of the

auxetic cellular structured piezoresistive sensor with an NPR effect. Reproduced with permission.’® Copyright 2022, Elsevier Ltd.

For instance, Suh et al. proposed a simple architecture of
two interlocked arrays of high-aspect-ratio Pt-coated
ultraviolet-curable  polyurethane acrylate  (PUA)
nanofibers for building a flexible and highly sensitive tac-
tile sensor.”® It is the key to obtaining excellent tactile
perception that numerous tiny contacts are ensured
between the conductive Pt layers on both the top and bot-
tom PUA nanofibers. Ko et al. interlocked the top and
bottom conductive layers of the CNTs/PDMS composite
with a micro-dome array simulating the epidermal-
dermal layers in the human skin and presented an excel-
lent tactile e-skin capable of detecting mechanical stimuli
including pressure, shear, strain (Figure 6A-D).'*!
Inspired by the interlocking epidermis-dermis structure

and the outer microstructures of the human fingerprint,
a novel flexible tactile sensor (Figure 6E) was designed by
Zhang et al. to improve tactile perception, which
consisted of two interlocked sensing layers of CNTs-
coated PDMS micro-pyramid arrays, polyethylene
(PE) substrates, and the outer micro-pyramid PDMS
layer.'** Benefiting from the above unique architecture,
such a flexible tactile sensor exhibited highly enhanced
sensitivity and proved that it could be applied for the
detection of tiny pressure signals such as that of the pulse
by attaching it to a finger. However, the above polymer
layers with various microstructures like nanofibers,
micro-domes, and micro-pyramids were prepared by
duplicating the micropatterns of the different silicon
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templates, and the fabrication of silicon templates
involves complicated photolithography and wet etching
procedures, which was difficult to realize the large-area,
high-quality production of microstructures. Therefore,
numerous low-cost and simple approaches to fabricated
microstructures on a large scale have been developed and
adopted to design advanced tactile sensors. For example,
with the assistance of an abrasive paper template, Ren
et al. prepared a sensing layer that was composed of a
PMDS flexible substrate with a randomly distributed
spinosum-like morphology and the deposited conductive
reduced graphene oxide (rGO) layer."*” And then, a flexi-
ble tactile sensor was reported by assembling two such
identical sensing layers through a face-to-face package
(Figure 6F). According to the authors, the sensor
achieved a high sensitivity and good linearity due to the
random distribution of the spinosum-like microstructures
of the sensing layers. In addition, an approach combining
the rose petal-templating method and the surface wrin-
kling process was proposed by Lu et al. to create a sens-
ing layer with a multiscale hierarchical structure of a
microstructured PDMS supporting layer and the nano-
structured PPy conductive layer.”® As illustrated in
Figure 6G, there are four steps involved in the prepara-
tion process of such a multiscale hierarchical structured
sensing layer: (1) replicating the 1st PDMS stamp from a
rose petal template, (2) depositing and in situ self-
wrinkling of the 1st PPy layer on the 1st PDMS stamp
(the preparation of the 1st PPy-deposited PDMS stamp),
(3) fabricating the 2nd PDMS stamp by replicating the 1st
PPy-deposited PDMS stamp, (4) preparing the final
multiscale hierarchical structured sensing layer through
the deposition and in situ self-wrinkling method of the
2nd PPy layer on the 2nd replicated PDMS stamp.
Finally, two multiscale hierarchical structured sensing
layers were assembled face-to-face to build a sensor with
excellent pressure-sensing performance. The authors
pointed out that the sensitivity of such a sensor could be
highly boosted under the condition of light illumination
owing to photocurrent response and the photothermal
effect of the PPy layer. According to the variation of the
contact resistance, these sensors have significantly opti-
mized the device sensing performance, which offers
opportunities for the construction of high-performance
tactile e-skins. To further achieve the rapid changes in
contact resistance and a highly sensitive as well as
energy-saving piezoresistive pressure sensor, researchers
have proposed novel architectures that sandwiched a
porous AAO membrane or a thin layer of photoresist
(SU-8) with the micro-holes by assembling the two flexi-
ble conductive layers face-to-face.'>>'>® Here, the porous
AAO membrane and the SU-8 layer with micro-holes
were used as insulation layers to separate the two

conductive layers in the initial state, and the two conduc-
tive layers were likely to make contact with each other
when loading a tiny pressure, achieving a highly sensitive
tactile e-skin device with a zero power consumption
when unloading pressures.

Another effective approach for building a highly
improved pressure sensor and a high-performance tac-
tile e-skin is to introduce microporous features in the
elastic and conductive piezoresistive sensing layers. The
same with the situation when we discussed tactile e-
skins based on the capacitive mechanism, such porous
piezoresistive sensing layers are more easily compressed
due to the presence of the microporous features, caus-
ing the increase of the changes in the contact area and
enhancing the sensitivity of the tactile e-skin."*”"'®" For
instance, Bao et al. fabricated an elastic microstructured
conductive polymer (EMCP) and invented a resistive
tactile sensor by sandwiching the EMCP layer between
a copper electrode and a PET film deposited with an
indium tin oxide (ITO) electrode."”” Here, a multiphase
synthesis technique was used to fabricate the EMCP
layer composed of interconnected PPy hollow-sphere
structures. First, an oxidative reagent solution was
mixed with a mixture of isopropanol, pyrrole monomer,
and phytic acid in a petri dish. As a result, an emulsion
was obtained because of the phase separation effect
between the aqueous and organic bi-component. With
the help of the dopant and crosslinker of PPy, PPy poly-
merization was realized and gelated within ~3s.
Finally, a conductive sensing layer of PPy hollow-
sphere structures with 3D porous foam morphology was
formed after that the impurities were exchanged with
the deionized water and then underwent a drying pro-
cess. The authors claimed that the hollow-sphere struc-
tures formed by such a multiphase reaction endowed
the conductive sensing layer of PPy with an effectively
decreased elastic modulus and excellent elasticity, and
demonstrated that such a sensing layer enabled tactile
e-skin could achieve the detection of tiny pressures less
than 1 Pa. Guo et al. reported an elastic, high porosity,
and robust composite aerogel of PPy and rGO via a
sol-gel approach in combination with a hydrothermal
reduction process.'®" Benefiting from the strong n-x
interactions between PPy and rGO, such a composite
aerogel exhibited an enhanced interfacial strength and
was able to maintain good film integrity. A number of
electrically conductive paths would be created in the
composite aerogel due to high porosity and the
increased contact area between the conductive compo-
nents when external pressure was applied, resulting in
a highly sensitive wearable piezoresistive device. In
addition, considering the advantages of hybrid porous
microstructures fabricated from Epipremnum aureum
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TABLE 3 Typical polymer materials-based tactile e-skins with high performances (including piezoelectric and TENG tactile e-skins).

Piezoelectric

Piezoelectric polymers

Polymer substrate with inorganic
piezoelectric material

Piezoelectric composite materials

TENG

Vertical contact-separation mode

Contact-sliding mode

Single electrode mode

Power

Fabrication method Device size Sensitivity density Refs.
Si template — 1.62 V kPa ! — [20]
Spin-coating and 0.09 cm? 7V (Vo) 3.92pWem2  [169]

copolymer
Polymerization 25 x 15mm® 2282 mV N! 1.68 yWem™2  [170]
AAO template — 5V (Vo) 151.6 nWm 2 [68]
Hydrothermal 1 x 1cm? 403 mV MPa ! — [171]
Si template and 1x15cm*> — 5.9 mW m™> [172]

hydrothermal
Electrospinning — 3.12mV kPa™! — [173]
Nanoimprinting 1 cm? 2579 mV N ! 127 pWem ™2 [174]
Electrospinning 1 x 1 cm? 9.5mV/10° Pa™* — [175]
Electrospinning 1.8 x 2 cm? 3.95 VN — [176]
PS sacrificial template 1 x 1 cm? — 245 yWem > [24]
Si template 5.4 cm? 18 V (Vo) 234 pWem > [177]
Self-assembly 2 x 3in2 1200 V (Vo) 313Wm2 [178]
Si template 3 x 2.8 cm” 230 V (Vo) 3.56 mWcm > [179]
ICP reactive ion etching 71 x 50 mm* 1300 V (V) 53 W m [180]
ICP reactive ion etching  40.54 cm? 230 V (Vo) 1Wm 2 [181]
Infiltration and coating 5 x 5 cm? 52mV Pa~? 21.5 W m ™! [10]
Electrospinning 1 x 1 cm? 0.18 Vk Pa! 854 mW m * [61]
Pre-stretching and 6 x 3 cm? 0.08 kPa ! 406 mWm 2 [79]

coating
Laser cutting 16 cm? 0.06 kPa™! — [182]
Si template 1 x 1cm? 0.29 V kPa™* 500 mW m 2 [183]

Abbreviations: hydrothermal, special low-temperature hydrothermal process; ICP, inductively coupled plasma; V., open circuit voltage.

leaf and sugar templates, Zhang et al. proposed a highly
sensitive tactile e-skin by using such hybrid porous
microstructures sensing layer.'>® Compared with the
above complex fabrication processes, conductive porous
sponge structures combining polymer elastomer with
good mechanical ability and conductive materials are
commonly used to fabricate the microporous
piezoresistive sensing layers for developing high-
performance tactile e-skin due to the facile and low-cost
preparation process.’®'®*1%® For example, by repeatedly
dip-coating a PU sponge in a mixture solution of con-
ductive cellulose nanofibril (CNF)/Ag NWs, Guo et al.
prepared a conductive CNF/Ag NWs-coated PU
(CA@PU) sponge and designed a CA@PU e-skin to
demonstrate promising application prospect in detecting
human body motion.'®® Through the same dip-coating
method, Zhu et al. modified the polyimide scaffolds

with conductive graphene layers and prepared a
graphene sponge with a 3D microstructure to assemble
a tactile e-skin device with excellent flexibility and high
sensitivity.'®® Recently, different from the above porous
piezoresistive sensing layers that presented a positive
Poisson’s ratio (PPR) phenomenon, Liang et al. pro-
posed an auxetic cellular structured piezoresistive sens-
ing layer with a negative Poisson's ratio (NPR) and
significantly improved the sensing behaviors of the
piezoresistive tactile sensor (Figure 6H,I).°® According
to the authors, the NPR effect of the auxetic cellular
structure enhanced the mechanical elasticity and dura-
bility compared with the PPR phenomenon of the con-
ventional structures, giving rise to a sensor showing
outstanding stability and reliability even though
performing more than 5000 cycles of repeated compres-
sive deformation.
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FIGURE 7 (A) COMSOL simulation of strain distribution and output voltage results of the flat, trigonal line-shaped, and pyramid-

shaped P(VDF-TrFE)-based pressure sensors under the pressure. Reproduced with permission.'®> Copyright 2015, Wiley-VCH. (B) Schematic
of the tactile e-skin exploiting the P(VDF-TrFE) piezoelectric layer with nanowire structures. Reproduced with permission.®® Copyright 2014,

IEEE. (C) Detailed preparation process of a nanoimprinting method for fabricating the P(VDF-TrFE) nanowire-based piezoelectric pressure
sensor. Reproduced with permission.'®® Copyright 2020, Wiley-VCH. (D) Schematic illustration of the tactile e-skin based on the

interlocking piezoelectric layers of the metal-coated ZnO NWs on PDMS micropillars. (E) Fabrication of the piezoelectric layer of the metal-

coated ZnO NWs on PDMS micropillars. Reproduced with permission.'”> Copyright 2015, Wiley-VCH. (F) Schematic and SEM image of the
PDA-modified BTO/PVDF electrospinning nanofibers. (G) Human muscle-fiber-inspired piezoelectric wearable device developed by the
PDA-modified BTO/PVDF electrospinning nanofibers. Reproduced with permission.'”® Copyright 2020, Wiley-VCH.

3.3 | Tactile e-skins based on

PET substrate

shaped micropatterns were measured and compared with

piezoelectric sensors

Benefiting from the piezoelectric effect of the piezoelec-
tric materials, the piezoelectric sensor does not need an
external power supply to respond to the pressure
information and has been widely used to build high-
performance self-powered tactile e-skins (Table 3). Com-
mon piezoelectric polymer materials such as PVDF and
P(VDF-TrFE) present fascinating piezoelectric properties
and high flexibility, which have been paid increasing
attention in the field of fabricating flexible piezoelectric
tactile e-skins,*>0%16%170:184-186 gim et al. demonstrated a
flexible piezoelectric tactile e-skin with a high power-
generating performance by adopting micropatterned
P(VDF-TrFE) film as the piezoelectric material layer.'®’
The voltage outputs of the P(VDF-TrFE) piezoelectric tac-
tile e-skins with the trigonal line-shaped and pyramid-

that of the nonpatterned P(VDF-TrFE) e-skin, observing
that the introduction of microstructures in P(VDF-TrFE)
piezoelectric film contributed to an obvious enhancement
in the output voltage and current. Meanwhile, a
COMSOL simulation was further conducted to prove that
the pyramid microstructured P(VDF-TrFE) film exhibited
a higher strain variation than the other two P(VDF-TrFE)
films, resulting in a stronger output voltage and current
signal (Figure 7A). In addition, P(VDF-TrFE) piezoelec-
tric layers with nanowire and micropillar structures were
fabricated by the nanoimprinting method and were
developed to construct tactile sensors for satisfying the
requirements of e-skins (Figure 7B).°®'%¢ Figure 7C pre-
sents the steps of such a nanoimprinting method for the
preparation of a flexible piezoelectric tactile sensor
assembled by the P(VDF-TrFE) nanowire structures.
First, a spin-coating process was performed to deposit a
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thickness of 4-5 pm P(VDF-TrFE) film on the surface of
the Au-coated Kapton substrate and then pressed with an
AAO porous template under a temperature of 170°C.
After that, free-standing P(VDF-TrFE) nanowire struc-
tures were fabricated by successively immersing the AAO
template in CuCl, and HCl mixed solution and NaOH
solution to remove it. Lastly, a polymethyl methacrylate
(PMMA) layer for avoiding short circuit and a top flexible
PEDOT:PSS conducting electrode were sequentially
deposited on top of the P(VDF-TrFE) nanowires by using
spin-coating processes, and the P(VDF-TrFE) nanowires-
based piezoelectric tactile sensor was successfully
obtained.

In fact, compared with the piezoelectric polymer
materials, inorganic piezoelectric materials involving lead
zirconate titanate (PZT), ZnO, and BTO present a much
higher piezoelectric coefficient (ds;) which is a physical
parameter to evaluate the energy conversion efficiency of
piezoelectric materials."®”**° However, considering their
inherently hard and brittle properties, single and bulk
inorganic piezoelectric films are unsuitable for building
flexible and wearable tactile e-skins. Therefore, consider-
able researchers have developed nanoscale inorganic pie-
zoelectric materials such as wultrathin membranes,
nanorods, nanowires, and nanofibers to be aligned with a
flexible polymer matrix.'®'”"'** For instance, Rogers
et al. proposed a thin conformable piezoelectric tactile
sensor by connecting an ultrathin (400nm) PZT piezo-
electric membrane supported by a flexible PI substrate to
the gate electrode of a MOSFET that was composed of sil-
icon nanomembranes (SiNMs).'*° Here, the coupling of
the SiNMs-based MOSFET and the PZT piezoelectric
membrane could effectively amplify the voltage response
of this pressure sensor, enabling low hysteresis and
highly sensitive measurements for human arterial pulse
signals. Further, Yang et al. demonstrated a self-powered
e-skin device that was composed of the piezoelectric tac-
tile sensor array of the ordered ZnO nanorods (NRs) on a
flexible Kapton substrate, which offered accurate and
reliable tactile sensory feedback for hand prostheses.'”’
The preparation process of such a self-powered tactile
sensor array was systematically described. First, a
300-nm thick copper film was deposited as the bottom
electrode layer on the surface of the flexible Kapton sub-
strate by using an evaporation technique. Next, an RF-
magnetron sputtering process was performed to form a
seed layer of ZnO with a thickness of ~100nm on the
bottom electrode layer. By immersing the substrate
deposited with the bottom electrode and ZnO seed layer
into a mixture solution of Zn(NOs),-6H,O and hexa-
methylenetetramine, the ordered ZnO NRs were synthe-
sized on the ZnO seed layer after a low-temperature
hydrothermal process. After that, a thin and flexible

PMMA layer was spin-coated on the top surface of the
synthesized ZnO NRs structures, followed by the deposi-
tion of the top copper electrodes that presented the same
shape and size (1 x 1cm?). To offer flexible mechanical
support, the moisture and dust resistance capability, the
author packaged all the above components with PDMS,
and the final tactile sensor array was successfully assem-
bled. In addition to selecting the plat polymer film as the
flexible supporting layer, researchers have introduced
nanoscale inorganic piezoelectric materials into polymer
substrates designed with microstructures to effectively
enhance the deformation ability of the functional layer
and achieve high-performance piezoelectric tactile sen-
sors. For example, Ko et al. decorated PDMS micropillars
with ZnO NWs arrays to fabricate a hierarchical micro-
and nano-structured piezoelectric layer and then adopted
such a piezoelectric layer to develop a tactile e-skin, as
illustrated in Figure 7D,E.'”? Benefiting from the design
of interlocked and hierarchical structures, the developed
tactile e-skin exhibited a strong piezoelectric voltage
response toward extremely small dynamic stimuli involv-
ing minute vibration and sound stimuli. Yang et al.
presented a highly sensitive piezoelectric tactile e-skin
based on the 3D PVDF/ZnO core-shell nanofibers fabri-
cated by an epitaxial growing process of ZnO NRs on
PVDF nanofibers.'”? It is worth noting that the high flexi-
bility and air permeability enabled by such a special
structure endows this piezoelectric sensor with high
wearable comfort when used it for physiological
monitoring.

Alternatively, the strategy of the piezoelectric com-
posite materials that combine the advantages of both
inorganic piezoelectric materials and polymer materials
has been adopted by researchers to enable piezoelectric
sensors with enlarged output performance, high sensitiv-
ity, and excellent flexibility.'”*'7*'*! For instance, Shao
et al. fabricated a piezoelectrically enhanced
nanocomposite layer by embedding inorganic BTO
nanoparticles in a highly flexible P(VDF-TrFE)
micropillar array polymer and demonstrated a high-
performance piezoelectric pressure sensor for the energy
harvesting and self-powered sensing.'’* In general, to
obtain such a composite material, P(VDF-TrFE) powder
and BTO nanoparticles were dispersed in N, N-
dimethylformamide (DMF) solution accompanied by
ultrasonic stirring and formed a uniform P(VDF-TrFE)/
BTO mixture. Then, the P(VDF-TrFE)/BTO mixture was
coated on the Au bottom electrode supported by a flexible
Kapton substrate and hot pressed by a PDMS mold at
160°C for 1 h to fabricate P(VDF-TrFE)/BTO composite
micropillar array. After an annealing process and PDMS
mold removal, the crystallinity of P(VDF-TrFE) was
improved, and a  piezoelectrically = enhanced
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FIGURE 8 (A) Schematic and (B) working principle of a TENG sensor in vertical contact-separation mode Reproduced with
permission.’®* Copyright 2012, Elsevier Ltd. (C) Illustration of a TENG sensor using a pyramid-structured PDMS functional layer and SEM
image of the pyramid-structured PDMS. Reproduced with permission.®® Copyright 2012, American Chemical Society. (D) Schematic
illustration of a hemispheres-array-structured TENG sensor. Reproduced with permission.* Copyright 2016, Wiley-VCH. (E) A self-powered
pressure sensor including two friction layers of PVDF/Ag NW NFM and EC NFM. Reproduced with permission.'” Copyright 2019,
American Chemical Society. (F) A TENG that stacks five layers of triboelectrification units. Reproduced with permission.'® Copyright 2013,
American Chemical Society. (G) A typical example and (H) working mechanism of a TENG sensor based on the contact-sliding mode.
Reproduced with permission.'® Copyright 2013, American Chemical Society. (I) Working behavior of a single-electrode TENG sensor.
Reproduced with permission.?* Copyright 2013, Wiley-VCH. (J) Schematic illustration of the mapping process of the tactile information
pressure-sensitive sensor matrix. (K) Mapping of the tactile information pressure-sensitive sensor matrix under a module in the shape of a
“6”. Reproduced with permission.'®* Copyright 2016, Wiley-VCH.

microstructured composite layer based on the P(VDF-
TrFE)/BTO micropillar array was obtained. Finally, for
guaranteeing electric stability and mechanical durability
of the piezoelectric pressure sensor, a PDMS insulation
layer was coated on top of the P(VDF-TrFE)/BTO
micropillar array before coating the multiwalled carbon
nanotube (MWCNT) as the top electrode layer. Inspired
by the human muscle—fiber structure, Su et al. achieved a

piezoelectric composite layer with outstanding sensitivity
by dispersing polydopamine (PDA) into electrospinning
BTO/PVDF composite nanofibers (Figure 7F,G), and
demonstrated the promising application in personalized
healthcare such as monitoring pulse.'”® According to the
authors, the introduced PDA could contribute to the
physical contact and stress transfer efficiency between
the inorganic BTO piezoelectric fillers and the flexible

85U8017 SUOWIWOD aAIEe.D 8|qeat|dde sy Aq peusenob ae sopie YO ‘8sn Jo Sa|n. Joj Arig1T8uluQO 8|1\ UO (SUOIIPUOD-PUB-SLUBI/L0D A3 | 1M Akelq | BUl|uoy//:Sdny) SUONIPUOD pue swis | 8y 8eS *[£202/90/TT] o Akeqiauljuo A|IM ‘v22T ZIul/Z00T 0T/I0p/Wod A3 | Im Akelq 1)Ul |UO//:SAny Wo.j papeojumod ‘0 ‘GTEL9SE



YIN ET AL.

Wl LEY 21 of 42

PVDF matrix in such composite nanofibers, which
boosted the mechanical strength and electromechanical
coupling efficiency of such piezoelectric composite layers.

3.4 | Tactile e-skins based on
triboelectric sensors

Since Wang et al. first reported a seminal work on TENG
in 2012,'”* TENG utilizing the coupling effects between
triboelectrification and electrostatic induction has
attracted considerable attention in the construction of

self-powered tactile sensors and wearable e-
skins, 77187193194 polymer  materials  such  as
Kapton,®>'”’ PET,'”® PDMS,'”? Ecoflex,'9>1%¢

PVDF,"”'® and others have been widely adopted to
work as triboelectrification materials or the flexible sub-
strate layer to support the device. According to the differ-
ent operation modes, vertical contact-separation mode,
contact-sliding mode, and single-electrode mode three
different TENGs are invented.® And, we have summa-
rized the fabrication methods and performance compari-
son on these three different TENGs devices, as shown in
Table 3.

3.4.1 | Vertical contact-separation mode

Figure 8A presents a typical example of an all-polymer-
based TENG sensor in vertical contact-separation
mode,"”* in which two films (PET and Kapton) with dif-
ferent triboelectric properties were stacked and then
metal electrodes on the top and bottom of these two poly-
mer films are deposited. Figure 8B schematically illus-
trates the working mechanism of this TENG device.
When loading pressure to the TENG sensor, the PET and
Kapton films are contacted and rubbed with each other,
resulting in the distribution of opposite electrical charges
on the surfaces of these two films because of their differ-
ent abilities to capture electrons. After releasing the pres-
sure, the PET and Kapton films are separated, and the
compensating charges are induced on the two electrodes,
which gives rise to a potential difference between the top
and bottom electrodes. Based on the working principle of
the above TENG sensor, Wang et al. studied the effect of
the surface structure and morphology of the functional
layer on nanogenerator efficiency by fabricating three
kinds of TENG sensors using differently patterned PDMS
films (line, cube, and pyramid).”” The pyramid
microstructured PDMS film-enabled TENG tactile sensor
exhibited the largest power generation and far surpassed
the sensors made of non-microstructured PDMS films,
which can be interpreted that the triboelectric effect and

the generated surface charges during the friction progress
are  significantly = improved for the pyramid
microstructured PDMS film. A flexible, transparent, and
high-performance TENG tactile sensor with an output
voltage (up to 18 V) and current (~0.7 pA) was thus
developed by using such a pyramid microstructured
PDMS as the electrification layer (Figure 8C), showing its
promising applications in future personalized electronics
applications such as self-powered touchscreens and elec-
tronic displays. Kim et al. presented a packaged TENG
tactile sensor based on a hemispheres-array-structure
(Figure 8D) and demonstrated its excellent mechanical
durability, good robustness.** By optimizing the structure
and nanoscale surface modification, Wang et al. realized
a TENG tactile e-skin device with an ultrahigh electric
output (1200 V).'”® Here, two PMMA layers were
performed as the top and bottom substrates owing to
their excellent mechanical strength, lightweight, and easy
processing. On the surface of the upper PMMA substrate,
a thin Au film and a PDMS film were successively pre-
pared as the top electrode layer and negative friction
layer, respectively. A contact electrode layer consisting of
the thin Au film and Au nanoparticles was fabricated on
the bottom PMMA substrate, which performed dual roles
of the bottom electrode and positive friction layer. Lastly,
two PMMA substrates were connected by installing four
springs, and a spacing between the PDMS film and the
contact electrode layer was created, enabling a fixed sepa-
ration distance between them in the contact-separation
process. In addition, Wang et al. developed a reasonable
arch-shaped TENG sensor by respectively designing pyra-
mid patterns on the PDMS negative friction layer and
cubic patterns on the Al positive friction layer.'”” The
output electrical energy of this sensor could be used to
continuously drive light-emitting diodes (LEDs) and
charge lithium-ion batteries to power a commercial cell
phone or even a wireless sensor system.

Apart from introducing various designed surface
microstructures in friction layers of TENG,'7%!7%-19>:196
TENG tactile sensors of the nanofibers-based friction
layers that are fabricated through a facile electrospinning
method have been widely explored in recent years.'”'%®
Ding et al. reported an all-fiber-structured self-powered
pressure sensor,'”” two friction layers of which are the
nanofibrous membrane of PVDF/Ag NW (PVDF/Ag NW
NFM) and an ethyl cellulose nanofibrous membrane
(EC NFM), respectively, as shown in Figure 8E. Two
types of homogeneous precursors of the mixed solutions
containing PVDF/Ag NW and EC were first prepared,
and then an electrospinning technology was performed
for the fabrication of the PVDF/Ag NW NFM and EC
NFM. After that, the electrospun PVDF/Ag NW NFM
and EC NFM were thus obtained. And two conductive
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fabric layers were pasted onto the back side of these two
electrospun films to work as electrode layers. Finally, by
respectively placing the PVDF/Ag NW NFM and EC
NFM pasted with electrodes onto the surface of the PU
and PDMS substrates, the self-powered TENG pressure
sensor assembly was completed. According to the
authors, the introduction of Ag NWs in the PDVF NFM
and the extremely rough surface morphology of the EC
NFM were beneficial for improving the surface charge
potential and induced triboelectric charges, which con-
tributed to the enhancement in performance and sensing
capability of the self-powered TENG tactile e-skin.
Brugger et al. developed a wearable hybrid piezoelectric-
enhanced TENG tactile sensor by exploiting the friction
layers of electrospun silk fibroin nanofibers and PVDF
nanofibers, realizing the harvesting of mechanical energy
and the self-powered detection of human body motion."*®
In light of the large specific surface area offered by the
nanofiber structures and the remarkable capability to
donate electrons of the silk fibroin during the triboelectri-
fication process, such a hybrid piezoelectric-enhanced
TENG tactile sensor exhibited excellent output perfor-
mance, enabling a high power density of 310 pW/cm?.
Since the conducting fabrics were selected as the top and
bottom electrodes, the novel all-fiber configuration of
such a hybrid piezoelectric-enhanced TENG sensor not
only shows a flexible appearance but is also accompanied
by a good air permeability, which is essential for design-
ing and building wearable and comfortable tactile e-skin
devices. The literature discussed thus far involved only a
single layer of triboelectrification unit, which presented a
big challenge for substantially scaling up the output
power density of the TENG tactile sensor. To address this
issue, Wang et al. presented an innovative design of a
TENG tactile sensor where multiple triboelectrification
units were stacked on the same substrate, achieving a
multifold higher output power density of the TENG tac-
tile sensor.'”® As shown in Figure SF, five layers of
triboelectrification units were used in such a TENG sen-
sor. For each layer of the triboelectrification unit, an Al
electrode on the polytetrafluoroethylene (PTFE) thin film
serves as the negative friction layer, while a nanopore
microstructured Al foil works as the other electrode and
the positive friction layer. In this way, such a TENG sen-
sor achieved an instantaneous current reaching 0.66 mA
and an output voltage of 215 V at an instantaneous maxi-
mum power density of 9.8 mW/cm”.

342 | Contact-sliding mode

Figure 8G shows the configuration schematic of a TENG
sensor based on the contact-sliding mode.'®* Here, Nylon

and PTFE are respectively utilized as the positive and
negative friction layers. As depicted in Figure 8H-i, the
contact triboelectrification process of such a TENG sen-
sor is similar to that in the vertical contact-separation
mode. Once the Nylon and the PTFE relatively slide to
each other (Figure 8H-ii), the contact surface area
between the Nylon and PTFE decreases. Then, the oppo-
site charges are electrostatically induced on the surfaces
of the top and bottom electrodes, generating a potential
difference between electrodes and driving a current flow
from the top electrode to the bottom electrode. And, the
generated potential difference constantly increases until
the Nylon layer slides out of the PTFE layer (Figure 8H-
iii). When the Nylon and PTFE layers are in contact
again, positive charges on the Nylon surface and negative
charges on the PTFE surface cancel each other
(Figure 8H-iv), and the redundant induced charges on
the electrodes flow away through the external load to
keep the electrostatic equilibrium. In fact, due to the nec-
essary condition of the relative sliding between two dif-
ferent friction material layers, only a few research works
on the construction of tactile e-skins adopted such a
TENG sensor based on the contact-sliding mode.'*'#1%

34.3 | Single-electrode mode

Different from the above two situations, the TENG sensor
based on a single-electrode mode is straightforward,
where only one functional layer and electrode layer
connected to the ground are needed.'®?°*?*! Figure 8I
shows the working principle of a typical single-electrode
TENG sensor.>® Here, the Al film deposited on a flexible
acrylic substrate layer is simultaneously used as the elec-
trification layer and electrode layer. A counter friction
layer, polyamide (PA) film, was utilized to contact the Al
foil for analyzing the contact sensing behaviors and elec-
trical output performance of such a single-electrode
TENG sensor. When applying pressures, the PA film con-
tacts the Al layer, and charge transfer between these two
layers is triggered because of the different triboelectric
properties. As a result, the negative charges are injected
from PA film into the Al layer, leaving positive charges
on the PA film. Once the pressure is released, with the
help of the elasticity of the Kapton supporting layer, the
PA film immediately separates from the Al layer. Nega-
tive charges would flow from the Al layer to the ground
through an external load, and an electrical current and
an output voltage could be observed on the load. Subse-
quently, when the sensor is pressed and the PA film con-
tacts the Al layer again, negative charges tend to flow
from the ground to the surface of the Al layer to balance
the positive charges on the PA film, which induces an
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(A) Image showing that the TSS works in the non-contact mode for the application of smartphone unlocking interface.

(B) Working mechanism of the TSS device in the non-contact operating mode. (C) COMSOL simulation on the electrical potential

distributions of the TTS device. Reproduced with permission.** Copyright 2019, Wiley-VCH. (D) Schematic illustration of a self-powered e-

skin with non-contact sensing capability. (E) SEM image of the self-powered e-skin. Reproduced with permission.” Copyright 2017,
Wiley-VCH. (F) Schematic illustration of the device structure of the NCIVS. (G) Working principle of the NCIVS. (H-I) Demonstrations
of the NCIVS in non-contact sensing application. Reproduced with permission.?” Copyright 2020, Royal Society of Chemistry.

electrical current and output voltage in the opposite
direction. In light of the simple device layout and fabrica-
tion process, increasingly works based on such single-
electrode TENG tactile sensors have been explored to
build the advanced, self-powered, high-performance tac-
tile e-skins in the past years,>*617-182183,202.203 papy et 5],
proposed a self-powered, sensitive tactile e-skin based on
the single-electrode TENG arrays that are composed of
the PDMS electrification layer and Al electrode layer,
achieving the accurate detection and real-time mapping
of the tactile information (Figure 8J,K).'** The same with
the former vertical contact-separation mode, various
microstructures such as wrinkled PEDOT:PSS, pyramid
PDMS, and PVDF nanofibers have been adopted to opti-
mize the electrical output performance of such single-

electrode TENG tactile e-skins. And, the obtained TENG
tactile e-skin was demonstrated to realize the high-
performance active tactile perception, and the array of
these e-skins was also widely used in the fields of smart
robots, artificial prosthetics, and human-machine inter-
face applications.

4 | POLYMER MATERIALS
ENABLED NON-CONTACT E-SKINS

As we previously discussed, to effectively avoid the direct
abrading of functional materials and the contact infection
of various hazardous viruses, it is highly desired and
meaningful to apply the non-contact e-skins to the
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human-machine interfaces. Currently, many non-contact
working principles and mechanisms have been embraced
to design and construct e-skins that could achieve
non-contact information perception, which attracted tre-
mendous interest in the past few years. For example, the
coupling effects of triboelectric and electrostatic induc-
tion were proved to be capable of detecting the motion of
the charged object over its surface as a non-contact work-
ing principle.”**>?%*2° Human body is easily charged
with negative charges by the triboelectric effect between
the shoes and the ground, and these charges usually
gather at the fingertips because of the tip effect. Accord-
ingly, Tang et al. reported a touch-free screen sensor
(TSS) that enabled the recognition of diverse gestures in a
non-contact operating mode (Figure 9A).°** In specific,
when the charged human fingertip approaches the TSS,
the different polarity charges would be electrostatically
induced on the surface of the TSS, and thus the output
voltage and current signals of the TSS were observed
(Figure 9B,C). As a demonstration, an array involving
10 TSS sensor units was fabricated to correspond to the
10 numbers from 0 to 9 on the smartphone unlocking
interface. As a result, the smartphone interface was suc-
cessfully unlocked by the human finger motion in a non-
contact operating mode, which shows the considerable
potential of such a TSS in establishing future non-contact
human-machine interfaces. Also, Zhang et al. presented
a self-powered e-skin with a fascinating non-contact sens-
ing behavior and illustrated its capability to detect the
movement of the electrified object across the plane that is
parallel to the device.”® Figure 9D illustrates the structure
schematic diagram of the e-skin, which consists of a
transparent substrate layer of PET film, four ITO elec-
trodes where each electrode is in the shape of a quartered
annulus, and the microstructured PDMS film
(Figure 9E). Before working in the non-contact mode, the
object that was attached with the above micro-structured
PDMS film was performed to contact and separate with a
PET film for several times, giving rise to accumulate
triboelectric negative charges on the surfaces of the
micro-structured PDMS. After that, the electrified object
is capable to complete the several cycles of non-contact
sensing, which was based on the electrodes potential var-
iations when changing the distance between the electri-
fied object and the electrodes.

However, a triboelectric process based on contact and
separation is required for the above non-contact e-skins
to obtain an electrified object,”®***2°® which is undesir-
able for developing advanced technologies and
constructing high-performance non-contact e-skins.
Therefore, considering that the electret retains the charge
for a long time and the surface charge distribution being
uniform, Zhang et al. realized self-powered non-contact

sensing based on the electrostatic induction of an elec-
tret.’”” First, the patterned PDMS-Ag NWs thin films
were fabricated by using the spray coating method and
stacked to comprise the e-skin in the overlapped
electrode-substrate configuration, where five Ag NWs
electrodes in the same layer are parallel to each other
and perpendicular to the five Ag NWs electrodes in dif-
ferent layers. Next, the charge injection process of the
PTFE electret was performed by high voltage corona-
charging, which was attached to the surface of the mov-
ing object. Once the object moves, the injected charges in
the PTFE electret result in the electric field distribution
and the electric potential is generated on the electrode of
the e-skin. The authors pointed out that the center of the
electronic skin could be regarded as the origin of a two-
dimensional rectangular coordinate system, and the gen-
erated electric potential of each electrode becomes the
function of the position of the moving object. Lastly,
according to the variation of the electric potential of each
electrode, the proposed e-skin successfully achieved the
detection of the planar linear displacements in non-
contact mode. Zhu et al. developed a novel interactive
visualized sensor (NCIVS) in non-contact sensing mode
by incorporating a PET substrate layer, a negatively
charged electret layer of PTFE film, as well as a lumines-
cent layer of PDMS matrix, PTFE NPs, and ZnS:Cu parti-
cles (ZCPs) (Figure 9F).”” Due to the existence of the
negatively charged electret layer, when a floating conduc-
tive object (Cu) moves over the NCIVS, positive charges
would be induced on the bottom surface of the Cu, which
gives rise to an alternating current (AC) electric field
between the floating conductive object and electret layer
(Figure 9G). Such an AC electric field induced by the
movement of a floating Cu could be utilized to modulate
the photon-excited emission of the luminescent layer,
successfully realizing the demonstration of the visualiza-
tion of the contour of the floating conductive object
(Figure 9H,I).

Alternatively, the outstanding humidity sensing char-
acteristic of some materials is also considered as a prom-
ising way to offer opportunities to develop state-of-the-art
technology for  building the non-contact e-
skins,?*#264208-210 Eor instance, Yang et al. decorated the
electrospinning nanofibers of polyamide 66 (PA66) with
the two-dimensional (2D) multilayer graphene (MG) and
reported a non-contact e-skin device with a high-
performance humidity sensing behavior, demonstrating
its application potential in the remote detection of
human health information and noncontact control sys-
tems (Figure 10A).>* As the authors analyzed, the syner-
gistic effect of the large specific surface area offered by
the PA66 nanofiber and the copious water-absorbing
functional groups contributes to a dramatic variation in
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FIGURE 10 (A) Demonstration of the potential application of a flexible humidity sensor and arrays in the remote detection of human
health information and non-contact control systems. Reproduced with permission.** Copyright 2021, Wiley-VCH. (B) Schematic illustration
of a flexible capacitive humidity sensor based on a novel arc-shaped hollow structure. Reproduced with permission.”* Copyright 2021,
Elsevier Ltd. (C) Microscope image and (D) photo of the optothermal sensor as a light-activated switch. (E) Schematic illustration of the

integrated optothermal sensor composed of a transistor device and pyroelectric polymer sensor. Reproduced with permission.”'* Copyright
2021, Wiley-VCH. (F) An array composed of 14 x 18 polymer array-based photodetectors for application in image sensing. (G) Photograph
and schematic illustration of the array with excellent mechanical flexibility. (H) Schematic of the demonstration of the flexible array as a
wearable electronics in monitoring UV photodetection signals. Reproduced with permission.*** Copyright 2022, American Chemical Society.

the contiguous MG conductive networks and results in a
highly sensitive humidity sensing performance. Benefit-
ing from that, such a humidity sensor was mounted on
the inside of the mask of a volunteer, and the measured
variations in the conductive properties of the sensor
could be utilized to monitor the respiratory-related infor-
mation because the exhaled air from the volunteer car-
ried water vapor molecules. In fact, there also exists a
humidity field near the surface of the human skin, and
the humidity value increases as the distance from the
skin surface decreases. Thus, the authors adopted such a
humidity sensor to propose a 3 x 3 flexible sensor array
and proved the capability for dynamic sliding gesture

monitoring in non-contact mode, which exhibits the tre-
mendous potential applications of such a sensor in the
next-generation intelligent non-contact human-machine
interaction systems. In addition, based on the humidity
sensing property of the sulfonated poly(ether ether
ketone) (SPEEK), Zhao et al. fabricated two humidity
sensors that adopted the SPEEK thin film obtained by a
drip casting way and the SPEEK nanofiber via
electrospinning method, respectively.®®> It was observed
that the nanofiber-structured SPEEK layer significantly
improved the hysteresis phenomenon and response/
recovery (Res./Rec.) time of the humidity sensor by mea-
suring and comparing the sensing properties of the above
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two humidity sensors. Furthermore, the authors intro-
duced polyvinyl butyral (PVB) into the SPEEK nanofiber
and investigated the effect of the incorporation of the
PVB on the sensing performance of the SPEEK/PVB
composite nanofiber. On the one hand, the surface mor-
phology of the SPEEK/PVB composite nanofiber with the
introduction of a proper proportion of PVB shows a
porous structure. It creates a large contact area between
the water molecules and the water-absorbing groups,
which could facilitate the transmission and diffusion of
water molecules. On the other hand, for the SPEEK/PVB
composite nanofiber, the hydrogen bonds formed
between the sulfonic groups of SPEEK and the hydroxyl
group of PVB may guarantee outstanding long-term sta-
bility for humidity sensing. In this way, the obtained
SPEEK/PVB composite nanofiber presents conspicuous
merits including high sensitivity over a wide relative
humidity range, rapid Res./Rec. time (<1/5 s), small hys-
teresis (2.86%), excellent humidity sensing repeatability,
and enables its successful application in human breath
monitoring in non-contact sensing mode. Considering
the excellent linear response and simple structure of the
capacitive humidity sensor, Li et al. developed a flexible
capacitive humidity sensing device with a novel arc-
shaped hollow structure.”’ As depicted in Figure 10B,
such an arc-shaped capacitive humidity sensor was com-
posed of two face-to-face fixed arc-shaped PET-ITO free-
standing electrode layers that were attached with the
functional dielectric layer of P(VDF-TrFE) nanocone
arrays. The authors pointed out that the particular arc-
shaped hollow structure of such a humidity sensing
device and the large specific surface area of the P(VDF-
TrFE) nanocones sensing layer are beneficial for the
absorption and desorption of water molecules, contribut-
ing to the good linear relationships at both the lower and
upper RH ranges, as well as an ultrafast Res./Rec. time
(3.693/3.430s). More importantly, the relationship
between the humidity response of the proposed capaci-
tive sensor and the environment temperatures was inves-
tigated here. It was observed that such a sensor shows a
considerably stable capacitance response toward humid-
ity variation in a temperature range of 20°C-50°C, which
proves the superiority of such a sensor in monitoring
physiological signals like breathing in the non-contact
sensing mode.

As another non-contact and non-destructive measure-
ment strategy, flexible optical sensors based on extensive
polymer materials have also obtained great advances and
progress in terms of structure design, the working mecha-
nism, and state-of-the-art approaches, exhibiting their
potential application prospects in electronic skin, wear-
able devices, and soft robotics.*'*>*'® As early as 2007,
Zirkl reported a flexible optothermal sensor that

integrates a transistor device and pyroelectric polymer
sensor (Figure 10C,D), which can serve as a laser pointer-
activated switch and a sensitive infrared sensor.”’' As
shown in Figure 10E, the bottom electrode of the pyro-
electric polymer sensor serves as the gate electrode of the
transistor device, and then two components are inte-
grated. Due to the pyroelectric effect of the P(VDF-TrFE)
copolymer film, the transistor device could be switched
on by a 40 on-off ratio when an infrared laser with a
modulation frequency of 0.01 Hz is applied on the top
electrode of the pyroelectric sensor. Zhang et al. assem-
bled the polymer microwire arrays via an efficient
solution-processing method combined with the strictly
regulated dewetting of liquid, and then proposed a high-
performance ultraviolet (UV) photodetector with a high
on/off ratio of 137 and responsivity of 19.1 mA W~ '2'2
To demonstrate the application in image sensing, an
array composed of 14 x 18 polymer array-based photode-
tectors was fabricated. Figure 10F presents the image-
sensing system that involves a 365-nm UV irradiation, a
shadow photomask with the pattern of Arabic numerals,
a photodetectors array, and a quartz substrate. As a
result, with UV irradiation, the photocurrent response
mappings of the photodetectors array consistent with the
Arabic numerals on the shadow photomask were
obtained. More importantly, such a photodetector array
with good flexibility (Figure 10G) shows an outstanding
fatigue characteristic even after 4000 cycles of bending
processes and demonstrates its promising potential in
wearable electronics by attaching it to the mouse skin
(Figure 10H). In addition to the pure polymer
materials,8,9 the heterojunction structures of polymer
materials and other materials are widely used to design
and create the high-performance photodetector.*'* %!
For example, a phototransistor based on the
heterostructure of In,05/poly{5,5'-bis|3,5-bis(thienyl)phe-
nyl]-2,2'bithiophene-3-ethylesterthiophene} (PTPBT-ET)
was reported by Li et al., which combines the merits of
the fast electron transport of In,O; and the high
photoresponse of PTPBT-ET, achieving a large current
on/off ratio (>107).>** Considering the superiorities of the
inorganic perovskite materials, Liu et al. presented a pho-
todetector enabled by lead-free perovskite (FASnIs)/poly-
mer material (PEDOT:PSS) vertical heterostructure,
proving its excellent photoresponse over a broad range
from UV to near-infrared (NIR).**® According to the
authors, the sensitivity and the photoresponse speed of
the FASnI;/PEDOT:PSS photodetector can be adjusted
by altering the thickness of the PEDOT:PSS polymer
layer. Also, many research works have focused on the
investigation of polymer composites and adopted them to
develop more outstanding photodetectors than that based
on pure polymer materials.”**"*** For instance, Zhao
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et al. fabricated a new composite (RE-SCP) consisting of
a semiconducting polymer (SCP) and rare earth-doped
nanoparticles (RENPs) and assembled a flexible short-
wave infrared (SWIR) photodetector. Due to the intro-
duction of RENPs with distinctive SWIR-responsive
characteristics, the photon-to-electron conversion of such
a photodetector was efficiently improved, which
enhanced the SCP's detection performance at multiple
wavelengths including 808, 975, and 1532 nm.***> Most
recently, by dispersing 2D materials of graphene and
black phosphorus (BP) in a polymer matrix with good
self-healing capability, An et al. explored a self-healing
photodetector that does not present electrical and
optoelectrical behavior degradation even after cutting-
and-healing for 30 cycles.””* With the help of graphene
and BP, such a self-healing photodetector shows
enhanced broad light spectrum absorption and empowers
prominent photocurrent under visible and NIR light illu-
mination, demonstrating its feasibility for wearable elec-
tronics in various application circumstances.

To further build e-skins that are comparable to the
sensation system of human skin, researchers have also
achieved the detection of approaching objects in non-
contact mode by capitalizing on the fringe fields of capaci-
tive sensors.”*?*?* In general, when an object
approaches such a capacitive sensor, the fringe electric
field lines of the sensor were disturbed, and there is a
corresponding change in its capacitance. Based on this
technology, Bao et al. adopted entire biodegradable mate-
rials to design a fringe field capacitive sensor and success-
fully achieved arterial blood flow monitoring in both
contact and non-contact sensing modes by implanting it in
the arterial during surgery.**® Benefiting from the superi-
orities of entirely using biodegradable material and sens-
ing modes of contact as well as non-contact, the authors
addressed the issue that requires careful fixation for accu-
rate detection and post-use removal when using the clini-
cally available wired implantable monitoring technology.
Simulation data predicted that the fringe field of the pla-
nar capacitive sensor with the interdigitated electrodes
was more sensitive to approaching objects when compared
with the conventional “sandwich” configuration capacitive
sensor. Therefore, the authors performed the experiment
and found the sensor with the interdigitated electrodes
presented an approximately seven times non-contact
capacitance response greater than that with a “sandwich”
configuration, which was consistent with the simulation
data results.””” According to the authors, such a planar
capacitive sensor with interdigitated design not only
enabled to non-contact sensing through the fringe effect
but also can be utilized to distinguish the conductive and
insulating materials. Guo et al. presented a “sandwich”
configuration capacitive sensor with non-contact sensing

capability and demonstrated its interesting application in
material recognition in the non-contact mode.'” For
approaching finger, paper, plastics, glass, wood, ceramics,
silicon, aluminum, and copper, the sensor exhibited dis-
tinct capacitance responses. It was obvious that the capaci-
tance response increased with decreasing distance
between the external objects and the sensor. In all, with
the assistance of the fringe field, these capacitive sensors
are a promising way to achieve the design of non-contact
e-skins and the recognition of different materials.

Apart from that, non-contact e-skins based on other
sensing mechanisms have been explored to further
improve user-interacting experiences, convenience, and
degree of freedom in the interaction. For example, Wang
et al. deposited the Co/Cu multilayers on highly stretch-
able and conformable polymer substrates, and a giant
magnetoresistive (GMR)-sensing e-skin was obtained to
achieve the detection of the static or dynamic magnetic
field. Relying on the GMR effect, such a magnetor-
eceptive e-skin was capable of detecting the distance
between the e-skin device and the magnetic field, which
will likely attract increasing attention for the application
in magnetic field proximity detection, navigation, and
noncontact control.'*" Besides, flexible gas sensing
devices can also provide a novel and non-contact way for
environmental pollution gas monitoring and human dis-
ease diagnosis.”*®***! For example, He et al. fabricated a
multi-hierarchical and porous PANI/sponge composite
through a facile in situ polymerization and developed a
flexible NH; gas-sensing device with adjustable sensitiv-
ity.*" The considerable interconnected pores in the
sponge structure provide a sufficient surface and give rise
to the formation of the PANI nanostructures, contribut-
ing to abundant NH; adsorption sites and a fast response
toward NH;. Tam et al. developed an e-skin with flexibil-
ity, anti-damage, and non-contact sensing capabilities by
implanting an MWCNT into the surface of a PVA flexible
matrix, enabling the detection of approaching finger in
the range of 0-20 mm via a spatially weak field.”*** In
specific, due to the existence of a human electric field, a
coupling capacitor between the surface of the sensor and
the finger is formed when the finger approaches the sen-
sor. Also, as mentioned before, the induced charge tends
to be generated and accumulated on the surface of the
finger once the human body is close to a charged object.
Then, a potential difference (U) between the finger and
the sensor circuit board could be calculated according to
the equation U = Q/C (Q: the accumulated charges; C:
the coupling capacitor). Finally, the increasing U caused
by the coupling capacitor between the finger and the sen-
sor circuit board would increase the resistance (R) of the
sensor circuit based on the formula R = U/I (I: the cur-
rent of the sensor circuit).
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FIGURE 11 A robotic hand wearing a flexible tactile sensor (A) touching a braille board, (B) discerning the braille of “CAS” and
“SENSOR” on the braille board. Reproduced with permission.”** Copyright 2020, Elsevier Ltd. (C) Compliance sensor integrated into a
robotic finger for grasping a fresh tomato. (D) A robotic finger touching and distinguishing the glass and PDMS materials. Reproduced under
the terms of the CC BY-NC-ND License.®® Copyright 2020, The authors. (E) Optical image and SEM image of the e-skin sensor array.
Interaction between a fragile raspberry and a robotic artificial hand equipped (F) with and without (G) tactile feedback of the e-skin sensor

array. Reproduced with permission.’*® Copyright 2018, The authors. (H) A general schematic diagram of a tactile sensing and feedback

system for the manipulator. (I) Manipulator catching fragile tofu and deformable balloon. Reproduced with permission.®® Copyright 2022,

The authors. (J) Schematic diagram of the prosthesis system. (K) A tactile sensor fixed on the prosthesis system enabling the perceptions of

touch and pain in the amputee. Reproduced with permission.>** Copyright 2018, The authors.

5 | INTEGRATED E-SKINS FOR
APPLICATIONS IN HUMAN-
MACHINE INTERACTION

From the above-reviewed research works, great progress
has been obtained in the aspects of polymer materials

fabrication, the construction of both tactile and non-contact
e-skins enabled by polymer materials, which promotes the
practical applications of both tactile and non-contact e-
skins. In this section, we focused on the applications of tac-
tile and non-contact e-skins in human-machine interactions
such as robots and prostheses, smart gloves, and VR/AR.
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5.1 | Applications in robots and
prostheses

With the development and progress of artificial e-skins
technologies, many research groups have designed vari-
ous tactile sensors to offer the necessary tactile informa-
tion required in robotic and prosthetic
applications.*>0%-6>130-2337235 Eor example, by assembling
a capacitive tactile sensor on a robotic finger, Yang et al.
demonstrated a robotic hand with remarkable accuracy
in discerning braille (Figure 11A).>** The capacitive tac-
tile sensor was designed by integrating a graphene
nanowalls (GNWs) electrode layer with pyramid micro-
structure and a conformally microstructured hybrid
dielectric layer composed of PDMS and ZnO. Benefiting
from the microstructured electrode-dielectric layer and
polarized electric field induced by the piezoelectric prop-
erty of ZnO, such a capacitive tactile sensor exhibited a
significantly improved sensitivity and a very short
response time (25 ms). Finally, with the assistance of the
proposed tactile sensor, the robotic finger successfully
completed the identification of the braille patterns of
“CAS” and “SENSOR” (Figure 11B). In addition, a thin
compliance sensor consisting of a strain sensor and a
pressure sensor was developed by Bao et al.,®> which was
placed on one side of a robot finger (Figure 11C) and
enabled the robot finger with a humanlike compliance
sensation. As depicted in Figure 11D, a glass block and
PDMS blocks with varying compliance were placed
between the robot fingers to analyze the capability to dis-
criminate the touched materials. It was observed that the
compliance sensor presented different resistance readings
when the robot finger grasped the different materials,
which indicated the promising potential of the compli-
ance sensor in providing the human-like compliance sen-
sation for robot fingers. In fact, the perception system of
the skin, in conjunction with tactile feedback, endows
humans with the ability to perceive external stimuli and
perform complex daily tasks by relying on the manipula-
tion of our hands, which provides a learning paradigm
for advanced robots and prosthetic devices to manipulate
objects rationally.”>?*°"**> Bao et al. reported a biomi-
metic soft e-skin and adopted such an e-skin to provide
tactile feedback to a robotic arm to perform various tasks
such as the dexterous manipulation of objects."*® Here,
the biomimetic soft e-skin was an array of capacitive tac-
tile sensors that could be utilized to quantify and discrim-
inate both normal and tangential forces in real-time. The
3D structure mimicking the interlocked human dermis—
epidermis interface and the nature-inspired pyramid
microstructures contributed to an e-skin with enhanced
sensitivity, excellent fatigue characteristics, and fast
response speed. An e-skin sensor array was mounted on

a gripper of a robotic artificial hand (Figure 11E). An
LCR meter was connected to measure the capacitance
changes of the e-skin sensor array, and the recorded data
was collected by a server to be utilized in a closed-loop
feedback procedure to regular the movement of the artifi-
cial robotic hand. As shown in Figure 11F, when the arti-
ficial robotic hand, equipped with tactile feedback of the
e-skin sensor array interacted with the fragile object,
such as a raspberry, the raspberry would not be flattened.
Without the tactile feedback system, the raspberry would
be irreversibly crushed by the robotic hand (Figure 11G).
Liu et al. developed a high-performance flexible tactile
sensor by selecting a structure of PU/MXene and the
sprayed MXene on a flexible substrate as the functional
layer and interdigital electrodes.®® The authors accurately
realized a tactile feedback function by integrating such a
sensor into the tactile sensing and feedback system of the
manipulator. As illustrated in Figure 11H, there are five
important parts in such tactile sensing and feedback sys-
tem, including a manipulator and a sensor that captures
the pressure change when the manipulator touches an
object, a resistance—voltage converter for collecting the
electric signal of the sensor, an STM 32 microcontroller
unit (MCU) for analyzing and processing data, a central
processing unit controlling the manipulator, and a
touchscreen displaying the electrical signal curves.
Figure 111 shows that the manipulator in a tactile sensing
and feedback system successfully grabbing fragile tofu
and a deformable balloon without changing their shape.
It is no doubt that effective perception and meaningful
tactile feedback are of great importance for solving the
issue of lack of sensory capabilities in current prostheses,
which offers opportunities for advanced prostheses to
help an amputee's ability to regain their lost function.
Thakor et al. invented a multilayered e-skin to provide
neuromorphic perceptions of touch and pain to the
amputee wearing prostheses.”®> Figure 11J presents
the schematic diagram of the prosthesis system. When
the prosthesis wearing such multilayered e-skin grasps or
touches an object, tactile signal could be obtained from
the e-skin fixed on the finger of the prosthesis. And then,
the prosthesis controller was used to transform the tactile
signal into a neuromorphic signal that would be further
conducted to guide the transcutaneous stimulation of the
peripheral nerves of an amputee and enable the percep-
tions of touch and pain in the amputee (Figure 11K).
With the development of non-contact electronic skin, the
non-contact human-machine interaction system has
presented a conspicuous superiority in controlling robots
for daily operations. For instance, Lu et al. proposed a
3 x 3 sensor array and demonstrated that it could enable
multipoint detection and sliding gesture monitoring in a
non-contact mode.** In this way, a robot car could
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perform different commands like forward and clamp
opening when a volunteer gave sliding gestures of
“reversed L” and “I”, proving tremendous potential appli-
cations of such a sensor array in non-contact human-
machine interaction.

5.2 | Applications in smart gloves

As an interaction method, gestures have offered a conve-
nient, and intuitive approach to promoting communica-
tion between humans and machines. Tactile e-skins are
of great significance in gesture detection and recognition,
which have been widely applied in the fields of artificial
intelligence and human-machine interaction.**’*%*3724°
Recently, Yu et al. reported an ultrathin, and stretchable
human-machine interactive sensor, and then the sensor
was worn by a volunteer on hand to collect multiple
physical data on muscle movement, which allows the vol-
unteer to guide a robot to mimic the human hand
shape.””* Besides, Wu et al. presented a novel flexible
dual-mode tactile e-skin consisting of piezoelectric and
piezoresistive two sections, which yielded a high sensitiv-
ity and linear response over a broad pressure range of
0.015-9 kPa.?® Most importantly, the e-skin that com-
bined the piezoelectric section detected the pressure
dynamic loading rate and direction with the
piezoresistive sectioned recorded pressure magnitude and
duration provided the possibility to monitor the complex
grasping and the dynamic pressure loading process. Such
a dual-mode sensor was mounted on the human wrist,
and its ability to control a manipulator for gestures with
varying bending directions, rates, and angles was demon-
strated. Benefiting from that, the smart gloves integrated
with high-performance tactile sensors have been widely
explored and showed promising potential in the applica-
tions of the human-machine interfaces.”>****** Wei
et al. developed a multistage sensing pressure sensor and
assembled it into the knuckle regions of a textile glove to
establish a smart glove system for the human-machine
interface (Figure 12A).°" To realize multistage sensing,
the functional layer of such a sensor adopts a micro- and
nanohybrid structure of multidimensional carbon mate-
rials on the microscale and the arched micro-patterns
that mimic the surface structure of human fingerprint on
the macroscale. Then, it was demonstrated that the smart
glove system integrated with the multistage sensing pres-
sure sensor could detect the bending signals from the vol-
unteer joints and help to successfully operate the
manipulator for gesture imitation (Figure 12B) and grab-
bing objects (Figure 12C). In another work,* a smart
glove-based human-robot interaction system was pro-
posed by Zhang et al., where such a smart glove was

armed with a tactile sensor array that was composed of a
CNT network, a combined polymer layer of polypyrrole-
polydopamine-perfluorodecyltrlethoxysilane (PPy-PDA-
PFDS), and a textile substrate. As shown in Figure 12D,
the robot fingers in such a system synchronously and
continuously expressed three different gestures of “I”,
“Love”, and “You” under the control of the volunteer's
fingers. Also, this sensor array exhibited desirable
superlyophobicity to a series of agents because of the
introduction of multifunctional polymers of PPy-PDA-
PFDS, and thus the volunteer wearing the smart glove
could still control the robot to gesture “I love you” even
with sweat and/or water exposure (Figure 12E). In addi-
tion to a robot hand and the smart glove with a tactile
sensor array, there is a voltage divider circuit connected
to a data acquisition (DAQ) in such a human-robot inter-
action system (Figure 12F). Such a voltage divider circuit
was used to convert the resistance signals of the sensors
on the smart glove to voltage signals. The recorded volt-
age signals were further processed in the microcontroller
and communicated with the robot hand using a
Bluetooth module. As the authors claimed, with the help
of the intelligent glove, the robot hand in such a system
could not only synchronously repeat the gestures of the
volunteer but also it could respond to the action of the
human hand and accurately capture a flying ball
(Figure 12G). Zhang et al. proposed a wearable
self-powered sensor and integrated it into a glove for a
homemade automatic recognition system, allowing the
volunteer gestures to interact with a vehicle.*®
Figure 12H shows the command definitions of four dif-
ferent gestures relating to the motion direction of a vehi-
cle, and Figure 121 illustrates the confusion map related
to the gestures and vehicle motion test results indicating
that the overall accuracy of the test was over 96.8%. The
authors showed a car can successfully travel out of the
maze with the homemade automatic recognition system
(Figure 12J). Overall, mart glove systems armed with
high-performance tactile sensors enable the detection of
human gestures and guide the robot in the interaction
with humans and gripping objects, indicating its poten-
tial for providing dexterity to the robot and achieving bet-
ter human-machine interface.

5.3 | Applications in VR/AR

Apart from effectively boosting the communication
between the user and the robots, human-machine inter-
face exploiting the high-performance e-skins also pro-
vides a window for the user to establish an intuitive
connection with the virtual world,*6:73:150:253:259-261 o;ch
as the applications of virtual reality (VR) and augmented
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machine interface. Images showing a manipulator imitating the

(B) hand gestures and (C) grabbing objects with the assistance of the smart glove system. Reproduced with permission.?** Copyright 2021,

Elsevier Ltd. (D) Demonstration of a robot hand controlled by human hand gestures. (E) A robot hand responding the human hand gestures

even under water exposure. (F) Schematic illustration of a human-robot interaction system. (G) Robot hand in such a system could respond

to the human hand action and accurately capture a flying ball. Reproduced with permission.** Copyright 2019, Royal Society of Chemistry.

(H) Four hand gestures related to different motor commands guiding the movement of the vehicle. (I) Classification test confusion matrix on

the gestures and vehicle motion test results. (J) Photographs showing a car successfully passing through the maze. Reproduced with

permission.?*® Copyright 2022, Wiley-VCH.

reality (AR). Conventional VR and AR technologies
mostly enhance human experiences in the human-
machine interaction systems via visual and auditory stim-
uli. In fact, in addition to the eyes and the ears, the
human skin is another sensory interface that is
underexplored in VR and AR technologies, which may

greatly enhance human experiences in fields of future
communications, entertainment, and medicine. Wen
et al. developed a high-performance triboelectric textile
with superhydrophobicity via a facile coating approach
and integrated it into a smart glove to achieve complex
gesture recognition by training finger motion signals with
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(A) A highly sensitive ET system composed of a TENG and ET interface for achieving enhanced virtual tactile experiences.

(B,C) A demonstration of this ET interface applied to enhancing the tactile VR experience of percepting virtual spatial patterns (random
numbers). Reproduced under the terms of the CC BY-NC license.”® Copyright 2021, The authors.

machine learning. With help of the machine learning
technology, these gestures were also successfully realized
to highly accurate VR/AR complex controls such as gun
shooting, baseball pitching, and even flower arrange-
ment. Recently, Rogers et al. introduced a haptic inter-
face that incorporates vibratory actuator arrays in
millimeter-scale and conformal electronic sheets that
were laminated onto human skin in a repeatable and
non-invasive method.?**> Through such a haptic interface-
based VR device, the grandmother in the video could
experience haptic sensation in the form of continuous
vibrational excitation waves, and the experienced touch
was fully consistent with the image of her granddaugh-
ter's fingertip on the touchscreen. Then, such a haptic
interface was also applied to offer tactile feedback for a
robotic prosthetic device. As a result, a haptic interface-
based VR device placed on a man who has lost his lower
arm could help build virtual haptic information about
the object's shape when grasping the object. Zhu et al.
printed a smart glove involving triboelectric tactile sen-
sors based on elastomer and piezoelectric haptic mechan-
ical stimulators based on PZT and presented its potential
in achieving multidimensional and multipurpose manip-
ulations in VR/AR.%°” Here, triboelectric tactile sensors
endow the smart glove with the capability to detect the
motions of each finger knuckle with high precision and
multiple degrees of freedom. And, in conjunction with
advanced manipulation, such a smart glove could
respond to a real-time impact event and enhance our sen-
sation against the interaction through piezoelectric haptic

stimulation. Considering that tactile sensation can play
an important role in VR and AR applications, Shi et al.
developed a highly sensitive electro-tactile (ET) system
by combining a TENG with an ET interface formed with
a ball-shaped electrode array and achieved an enhanced
virtual tactile experience (Figure 13A).”> Figure 13B,C
demonstrate the possible application of such an ET sys-
tem in virtual interactions. It was obvious that the volun-
teer, although whose eyes were covered, was able to give
the right feedback when a random number was written
on the surface of TENG. In a short, building high-
performance e-skins and integrating them with VR/AR
technologies or applications are still far-reaching for
exploring a full, immersive human-machine interactive
experience involving interactive images, sounds, and
even sensations of touch in the future.

6 | CONCLUSION AND OUTLOOK

6.1 | Summary

The sensory system of the human skin where tactile and
non-contact sensing complement each other provides
humans with a full range and sensitive information per-
ception capabilities. To build high-performance e-skins
that are comparable to the sensory system of human skin,
great improvement has been obtained in terms of the prep-
aration technologies of polymer materials, the mechanism
exploration providing underlying knowledge for e-skins,
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and the approaches for assembling and constructing vari-
ous e-skins. Therefore, this review first introduced the
unique superiorities and fabrication methods of polymer
materials in flexible electronics. Then, we mainly focus on
the approaches and strategies for constructing high-
performance e-skins with tactile and non-contact sensing
capabilities by using polymer materials. After that, the
applications of these polymer-based tactile and non-
contact e-skins in human-machine interactions including
robots and prostheses, smart gloves, and VR/AR are sum-
marized. In summary, the appreciable achievements in
the construction of both tactile and non-contact e-skins
based on the polymer material have been promoting their
practical applications in human-machine interactions.
However, the currently developed e-skins enabled by the
polymer material and the human-machine interaction
systems have not yet extensively succeeded in commercial
applications. The complexities of the application environ-
ment have imposed quite strict requirements on the design
of high-performance e-skins, and there are still individual
challenges that need to be addressed to further develop
this field. Here, according to the above-reviewed works,
we respectively summarize the challenges for achieving
the breakthrough in human-machine interaction applica-
tions of the polymer-based tactile and non-contact e-skins
from three aspects: materials, additive fabrication
approaches, and rational design of integration protocols.
Correspondingly, the possible solutions to addressing these
challenges are also proposed in this review.

6.2 | Challenges and perspectives

6.2.1 | Materials

The selection of the polymer material is crucial for the
construction of tactile and non-contact e-skins with
excellent sensing properties and achieving their applica-
tion in human-machine interactions. The use of toxic
and harmful solvents in the manufacturing process of
certain polymer materials poses a significant threat to the
safety of experimental personnel and the environment.
Furthermore, the possible left residual solvents on the e-
skin device may cause the damage to the user's skin and
result in serious skin problems. Therefore, we strongly
recommend the use of polymer materials that do not
involve toxic and harmful solvents in the fabrication pro-
cess. To provide a safe and comfortable user experience
in human-machine interactions, polymer materials with
good breathability biocompatibility and environmental
friendliness are expected to become the first choice for
building future e-skin devices in human-machine interac-
tions. Besides, regarding the challenges of additional

power supply of the e-skin device or even system and the
environmental issues caused by the high volume of e-
skin waste, self-powered and biodegradable e-skin
devices enabled by polymer materials can provide oppor-
tunities to make e-skin devices more practical, sustain-
able, and reduce the environmental impact in various
applications. More importantly, to realize an e-skin
device that is comparable to the human skin, it is essen-
tial to select polymer materials with good self-healing
property device for developing e-skin devices with the
improved durability and extending service life. Typically,
the configuration of the e-skin device consists of multi-
layer structures (more than two layers), which results in
the problem of weak adhesion and mechanical mismatch
in the multiple layers of the e-skin device. As a result,
polymer materials with similar mechanical properties are
highly desired for overcoming the challenge of the adhe-
sion and mechanical mismatch between interlayers dur-
ing the construction of a multiple-layered e-skin device.

6.2.2 | Additive fabrication approaches
Currently, the packaging is usually ignored, or just simple
encapsulation is considered in the design process of the
e-skin device. The e-skin device may often encounter envi-
ronmental humidity changes, sweat, grease, or other pol-
lutants because of the complex application environment,
raising some concerns about the performance and service
life of the unpackaged or inappropriate packaged e-skin
devices. Advanced additive fabrication approaches and
packaging technologies offer versatile and scalable
methods for assembling e-skin devices with tailored prop-
erties and functionalities, which contributes to environ-
mental stability and robustness in practical applications,
avoiding the contamination and performance degradation
of the e-skin device caused by exposure to the complex
environment. Further, the influence of the packaging
layers on the sensing performance and the physical/
chemical properties of the e-skin device should be negligi-
ble in the advanced packaging technology. Finally, the
advanced packaging technology of the e-skin device with-
out any influence on signal transmission and data
processing is highly needed because the e-skin device is
integrated as the most important component of the data
acquisition in the human-machine interaction system.

6.2.3 |
protocols

Rational design of integration

As above discussed, both tactile and non-contact e-skin
devices based on polymer materials have been widely
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used to integrate with other peripheral devices/circuits
and obtained some achievements in human-machine
interaction applications such asrobots and prostheses,
smart gloves, and VR/AR. However, the -currently
established human-machine interactive system is not
highly integrated a good compatibility, which has poor
mechanical and environmental stability, and gives rise to
an uncomfortable wearing experience for the user. There-
fore, rational design of integration protocols should be
encouraged to achieve the reliable and scalable integra-
tion of distinct components in the human-machine inter-
active system based on the tactile and non-contact
e-skins. Firstly, the use of compatible materials and com-
ponents as well as the proper electrical connectivity
between each component is essential when considering
the reasonable and highly integration strategies for the e-
skins and human-machine interactive system, which
ensures the effectively electrical signals transmission of
each component of the system. Then, it is highly desired
for the integration methods to realize good mechanical
and environmental stability, enabling the reliable and
robust operation under various environmental condi-
tions. Lastly, it is necessary to consider the flexibility and
reliability of the other peripheral devices/circuits in the
human-machine interactive system, which could guaran-
tee the wearer good comfort and realize a true e-skin
system.

Overall, continuous efforts focused on the above indi-
vidual aspects would be further considered to improve
the overall properties of both tactile and non-contact
e-skins using the polymer material to the level of superi-
ority to that of the human skin, and realizing wide com-
mercial applications in human-machine interactions. We
believe that the joint improvements in polymer-based
e-skins, human-machine interactive hardware system,
signal processing, computer technology, and VR/AR
technology will bring new opportunities and make the
commercial applications of human-machine interaction
into a reality.
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