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Abstract:

Over the past few decades, the flexible sensors have been developed from the "electronic"
level to the “iontronic” level and then gradually to the “ionic" level recently. Ionic Flexible
Sensors (IFS) represents one kind of advanced sensors based on ion migration. Compared
with conventional electronic sensors, IFS not only replicate the topological structures of
human skin, but also have the potential to achieve tactile perception functions like skin of
human being, which provide powerful tools and methods for narrowing the gap between
conventional electronics and biological interface. In this paper, the latest research and
developments about several typical sensing mechanisms, the compositions, structural design
and applications of IFS are comprehensively reviewed. In particular, the development of
novel ionic materials, structural designs and biomimetic approaches have given birth to a
wide range of novel and exciting IFS, which can not only effectively sense pressure, strain,
humidity with high sensitivity and high reliability, but also have self-powered, self-healing,

biodegradability and other properties of human skin. Furthermore, the typical applications of



IFS in artificial skin, human-interactive technologies, wearable health monitors and other
related fields are reviewed. Last, perspectives on the current challenges and future directions

of this field are presented.
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1. Introduction

Tactile perception is one of the main functions for human being to perceive external
environment. In recent decades, inspired by mimic this natural perception ability, flexible
sensors have undergone rapid developments and have attracted considerable attention from
academia and industry. Compared with conventional rigid sensors, flexible sensors are
endowed with distinguished properties, such as stretchability, deformability,
super-hydrophilicity and biocompatibility, which have shown extremely broad application
prospects in human-interactive technologies, medical monitoring, and electronic skins.
Flexible sensors are usually composed of multiplayer matrix materials and electrodes.
According to the intrinsic characteristics of matrix materials, the mechano-electric
transforming mechanisms of current flexible sensors can be categorized into piezoelectric,
piezoresistive, and ionic types. The sensing signaling of piezoelectric and piezoresistive
sensors are mediated by electrons. Piezoelectric sensors usually use piezoelectric materials as
matrix which converts mechanical strains into electrical signals. The piezoelectric effect can
be explained by dipole deflection within the material. When subjected to external mechanical
strain, the deformation of crystal structure in the material leads to polarization. The originally
chaotic dipoles present a regular sequence under external mechanical stress, which will form
dipole moments at both surfaces of the material and generate electrical signals !, General
flexible piezoresistive materials are composed of polymer matrixes and conducting fillers.
When the volume content of the conducting filler increases (i.e. the pressure increases), the
average distance between the conducting particles will shorten, which will form new
conducting path to reduce the resistivity [?!. This kind of flexible sensors has good sensitivity
at a certain stretching range. Unfortunately, whether it is piezoelectric or piezoresistive
sensors, it has a high Young’s modulus and a very narrow strain range (< 10%) due to the
strong chemical bonding force between the molecular structures [ #. Nevertheless, It is
reported that the human skin at joints allows the strain more than 30% [, at least several
orders of magnitude lower than that of piezoelectric and piezoresistive materials. In addition,
since biological signaling is mediated by ions, the intimate communication between

piezoelectric or piezoresistive electronic sensors and biological systems exists a technological



challenge.

In contrast to electronic systems, human skin rarely uses electrons as the signal to sense
external stimuli, but rather ions and molecules. According to biology, in the equilibrium state,
the biological ion channels in human skin are closed, and the concentrations of cations and
anions inside and outside the cell membrane are kept in balance. When subjected to external
stimuli, the ion channels on the cell membrane are opened, and the Na® in the extracellular
matrix flows into the cell, thereby generating electrical signals to the nervous system for
sensing external stimuli, such as pressure, strain, temperature, humidity, etc. In the past few
years, the sensing mechanism of human skin has been mimicked by IFS that rely on the
electron-mediated transport and compensation of ions. When IFS is in the equilibrium state,
anions and cations are evenly dispersed in the ionic electrolyte. When subjected to external
stimuli, the anions and cations separately migrate to both sides of IFS to form an electrical
signal. IFS not only replicates the tactile functions and topological structures of human skin,
but also mimics the biological sensing mechanism based on the ion migration, and hence
represent great conceptual similarities with biological systems. In particular, recently,
bio-inspired methods can provide an opportunity to create some IFS with higher sensitivity
and broader pressure response range beyond those of human skin. This means deformable
ionic sensor devices that can sense various external stimuli has been introduced to mimic the
tactile perception of human skin more closely. IFS are usually composed of electrode layers
and the ionic polymer matrix. A solid ionic polymer matrix usually contains polymer matrix
and ionic electrolyte. The former make the ionic polymer matrix hold the appropriate stiffness
while the latter makes the matrix keep moderate electrical conductivity and obtain movable
ions. The nanopores of polymer matrix are usually much larger than that of water molecules
and ions, so that the movable ions move freely in the polymer. Under the stimulation of
mechanical force, the ions will redistribute and form an electric double layer at the interface
between ionic polymer matrix and electrodes °!. As early as 2011, Pan et al. firstly reported a
pressure sensor, which forms a supercapacitor with an electric double layer by loading ionic
droplets on the surface of chemically modified electrodes !> 8. Different from the previous
piezoelectric and piezoresistive electronic sensors, this liquid-solid structure of IFS has a very

low Young’s modulus and exhibits better biocompatibility with high sensitivity. Since then,



many researchers have tried to use a variety of ionic matrixes, including ionic liquids P!,

12-15 [16-18

polyelectrolytes 12151 and ionic gels 1 to prepare IFS for tactile perception. The IFS can

[19-21] 22, 23]
9

successfully respond to a variety of external stimuli, such as pressure , strain |
torsion **), and tangential force [1%),

Despite lots of efforts have been made to mirror the topological microstructure of human
skin into the IFS, most IFS only rest on the flexible sensor from “electron” level to
“iontronic” level (because the electrode belongs to “electron” level). However, there are only
ions as a signaling medium in the human body, which is still a crucial technical challenge for
the development of biocompatible IFS. Recently, various new ionic polymer matrixes and
ionic conductive electrodes have been developed to realize ionic mechanotrans-duction
phenomena across biological ion channels that can be observed in human skin. Compared
with electronic and iontronic skin devices, it abandons the concept of electronic conduction
and only uses "ions" to realize signal generation and conduction, showing a more advanced
biological interface. In addition, to completely mimic the properties of human skin, IFS with
self-powered, self-healing, biodegradability and other properties of human skin has also been
developed recently. These significant progresses in the IFS make them a wonderful candidate
for emerging technologies in the field of wearable or bio-inspired sensor platforms.

Herein, in this review, we will survey the state-of-the-art progress on IFS, with in-depth
discussions on the theoretical sensing models, ionic polymer matrixes, stretchable flexible
electrodes, structural design and applications, the current challenges and prospective trends,
as shown in Figure 1. The organization of this review is as follows. In Section 2, we will
introduce the sensing mechanisms and theoretical sensing models of IFS, including
supercapacitive interfacial IFS, piezoelectric IFS and piezoresistive IFS. Then, in Section 3,
we summarize the up-to-date developments and research trends of the ionic polymer matrix
for IFS, including ionic gels, polyelectrolytes and other ionic materials. After that, we discuss
the latest research on stretchable flexible electrodes, including metal electrodes, non-metal
electrodes. The latest research on the structure design of IFS will be discussed in Section 4,
including surface structure and internal structure. Subsequently, novel applications based on
ionic flexible sensors will be shown in Section 5, such as artificial skin, human-interactive

technologies, and wearable medical devices. Finally, we will make a comment on the current



challenges and the prospective trends of IFS, which provides a future technical roadmap for

innovation and breakthroughs in this emerging area.
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Figure 1. Mechanisms, composition, structures, applications of ionic flexible sensors (IFS).
Working mechanism: Reproduced with permission.!®*) Copyright 2018, Wiley-VCH. Matrix
materials: Reproduced with permission.*°) Copyright 2020, Wiley-VCH. Reproduced with
permission.'?”  Copyright 2018, Wiley-VCH. New functions: Reproduced with
permission.!''” Copyright 2017, Wiley-VCH. Reproduced with permission.l'?!! Copyright
2019, Elsevier. Unique electrodes: Reproduced with permission.['”l Copyright 2014,
Wiley-VCH. Reproduced with permission.!'%* Copyright 2016, American Chemical Society.
Surface structure engineering: Reproduced with permission.!**3! Copyright 2018, Wiley-VCH.
Reproduced with permission.[**!] Copyright 2021, Elsevier. Internal structure engineering:
Reproduced with permission.**®! Copyright 2016, American Chemical Society. Reproduced
with permission.[?>*! Copyright 2019, American Chemical Society. Artificial skin: Reproduced
with permission.?*”) Copyright 2016, Royal Society of Chemistry. Reproduced with
permission.[?®! Copyright 2018, Wiley-VCH. Wearable medical devices: Reproduced with
permission.!?’" Copyright 2015, Wiley-VCH. Reproduced with permission.!?®>! Copyright
2018, Wiley-VCH. Mass production: Reproduced with permission.[’””! Copyright 2020,



n.[232

Wiley-VCH. Stability: Reproduced with permissio I Copyright 2021, Elsevier. Sensitivity:

Reproduced with permission.[**! Copyright 2020, Wiley-VCH. Repeatable: Reproduced with
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permission.!**?] Copyright 2021, American Chemical Society.

2.Ionic sensing mechanisms

Different to other sensors, IFS usually transform the external mechanical strain into the
electrical signal by internal ion migration. After years of development, researchers have
developed different types of IFS, including supercapacitive interfacial IFS, siezoelectric IFS
and siezoresistive IFS, and have carried out extensive research on their transduction
mechanisms. In this section, we will describe various ionic transduction mechanisms, and

discuss their fundamental transduction models and key influencing factors.
2.1 Supercapacitive interface effect

The inception of supercapacitive interfacial sensing has been intriguing in fact, which
originates from a long-known interfacial effect, electronic double layer (EDL), in
electrochemistry 1. Thanks to the development of superhydrophobic chemistry,
microfluidics and flexible electronics, supercapacitive interfacial IFS could be initially

s [, These IFS present a very

formed by direct contact between ionic liquid and electrode
high sensitivity, the capacitive values of which will change significantly when subjecting to a
slight external mechanical force. Compared with the conventional capacitive sensors,
supercapacitive interfacial IFS based on electric double-layer (EDL) can produce an ultrahigh
capacitance per unit area up to several pF cm 2 in sub-MHz spectrum, where the capacitive
value increased more than 1000 times P! In general, the electrode with excess carriers will
generate strong electrostatic force. When the ionic material (solid or liquid) contacts with the
electronic conductor (i.e. electrode), the charged electronic conductor will repel the ions with
the same charge, while the ions with opposite charge will be attracted to the electrode surface,
and then the EDL is formed at the interface between the ionic material and the electronic
conductor. However, ionic liquids have high liquidity, which will cause some unavoidable

[27-30

problems, such as low durability and complicated capsulation technology 1. According to

the sensing mechanism of supercapacitive interfacial IFS, researchers have developed various



solid-solid IFS with different microstructures by combining ionic electrolytes with porous
solid materials.

Generally, supercapacitive interfacial sensing can be equal to two interfacial capacitors
connected in series. One is a Helmholtz layer that holds and immobilizes the majority of the
counter-ions in the interfacial layer, which mainly stores energy through the physical
accumulation of charges on the interface between the ionic material and the electronic
conductor, instead of chemical reactions °'-32, The other is a pseudo interfacial layer, which
is adjacent to the Helmholtz layer. It stores energy mainly through the rapid reversible redox
reaction on or near the electrode surface, which changes the oxidation state of the electrode,

33.34] " At present, some physical sensing models of

but does not lead to phase transition [
supercapacitive interfacial sensing have been proposed, and most of them consider three
physical effects, including the shape change, EDL change, and accumulated charge change.
The interfacial EDL is directly proportional to the contact area of the ionic materials and the
electronic conductors. In addition, the contact area is directly related to the deformation
induced by the external mechanical strain [2°]. Therefore, according to the classical EDL
model, the black box model of supercapacitive interfacial sensing can be expressed as
Equation (1).

Crow = 0(dy2,¢,T).A(p, 0, 8,0, Byym) ()

where ©(d, ¢, ¢, T') is the capacitive value of unit contact area, which depends on many
factors, including the type of electrode material, the properties of ionic electrolyte, ambient

35.36] 'Hence, it is difficult to obtain an accurate estimation by

temperature and humidity, etc.
this model. Usually, the capacitive value of unit contact area is often obtained through the
experimental measurement in the ideal environment, which can only maintain certain
accuracy. Since the capacitive value of unit contact area depends on the external environment,
it needs be calibrated once again before use. Therefore, it is very important to use appropriate
packaging technology to insulate supercapacitive interfacial IFS from the external
environment, which can reduce the influence of the environment on the capacitive value, keep
the sensing accuracy. In addition, A4 (p, o, vm, Em, B, 77) 1s a combined parameter, which

represents the contact area between the ionic materials and electrodes, where p represents the

external mechanical force, a represents the deflection value of the ionic material, and S



represents the elastic deformation of the electrode layer. @ and f can be obtained from the
mechanical properties of the ionic material and the electrode layer respectively. om and En
represents the Poisson's ratio and Young's modulus of the ionic material respectively. #
denotes the geometric change of the sensor. The contact area between ionic materials and
electronic conductors is mainly determined by the external mechanical force and the physical
properties of materials, which is less affected by the external environmental factors. Therefore,
once ionic materials and the structure of IFS are determined, the contact area can be
calculated precisely. According to the different kinds of ionic materials, the sensing models of
supercapacitive interfacial IFS mainly include ionic liquid sensing model and solid ionic
material sensing model. The ionic liquid sensing model is often used to describe the sensing
process of the flexible sensor with ionic liquid as the ionic material. As shown in Figure 2a,
the ionic liquid is directly placed between two superhydrophobic electrodes to form
solid-liquid-solid IFS [737). When the external mechanical force is applied on the outer
surface of the electrode, the electrode layer of the sensor is deformed, which will change the
contact area between the ionic liquid and the electrode. According to the classical thin plate

deflection theory, the sensing model of this structure can be expressed by Equation (2).

2
ACup, = O(d,ee,T,0).(0R* + BH) V411 p @

Where R and H denote the radius and height of the chamber respectively, and Vs denote the
volume of the ionic liquid. The contact area between ionic liquid and electrode layer is only
related to the surface area of electrode layer immersed in liquid due to the superhydrophobic

38,16 In addition, when the electrode is deformed under pressure, and immerse in

electrode !
ionic liquid, the incompressible liquid drop will expand laterally due to the surface tension.
Therefore, the electrode bears the main external mechanical force, and the pressure on the
liquid drop is often ignored. Hence, when calculating the contact area, only the relationship
between the deformation of electrode layer and the external mechanical force should be
considered. Different from ionic liquid, solid ionic materials (i.e. ionic polymer matrix) are
usually compressible. When IFS are subjected to external mechanical force, the electrode

layer is deformed, thus squeezing the ionic polymer matrix and deforming them, as shown in

Figure 2b. At this case, ionic polymer matrix bear most of the external mechanical force and



the contact area is mainly determined by the mechanical deformation of ionic polymer matrix
(2931 "In theory, the sensing model of this structure can be derived from the original elastic
contact model, which transforms the change of contact area into the elastic deformation of
spherical object, and considers the Young’s modulus, viscosity, friction and geometric shape

9, 40

of ionic polymer matrix % 4% This sensing model can successfully predict the electrical

response under external mechanical strain to a certain extent.
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Figure 2. Typical ionic sensing structures. a) Iontronic microdroplet sensing. b)
Supercapacitive interfacial sensing. Reproduced with permission.®?! Copyright 2018,

Wiley-VCH. c) Piezoelectric sensing. d) Piezoresistive sensing.
2.2 Ionic piezoelectric effect

Piezoelectric IFS are made by forming noble metal electrodes on both surfaces of ionic

polymer matrix as a sandwich structure, which are usually prepared by chemical or physical



methods. However, the electrochemical and mechanical properties of piezoelectric IFS
prepared by physical methods are generally poor. The materials used as the electrode mainly
could be noble metals, such as Au, Pt, Pd, Ag and so on [*':#, In addition, as the carrier of ion
transport, the ionic polymer matrix plays a key role in the sensing ability of IFS, which is
usually composed of polyelectrolytes. Nafion, the most used ionic polymer matrix for
piezoelectric IFS, is mainly composed of perfluorinated sulfonic acid resin and solvent, in
which the side-chain and main-chain of the resin constitutes the hydrophilic ion channel and
the hydrophobic skeleton, respectively. Therefore, the main-chain of perfluorinated sulfonic
acid resin mainly determines the mechanical properties of ionic polymer matrix, while the
side-chain mainly determines the electrochemical properties 4}, In addition, the anions in the
ionic polymer matrix will be attracted and fixed by the side-chains of perfluorinated polymers,
while the cations combine with water molecules to form hydrated cation 471 The
microstructure of Nafion is shown in Figure 3a. According to the molecular structure, Nafion
is a perfluorinated sulfonic acid ionomer membrane that has a teflon-like backbone and short
side-chains terminated by sulfonic acid group, and hydrophobic fluorocarbon and hydrophilic
ionic phases 8%, Electrolytes are also important components for ionic polymer matrix.
Alkali metal ions, such as Li ©, Na®, K ", Rb " and Cs *, are usually used as the sensing ion in
electrolyte. Sometimes organic ions are also used as the sensing ion in electrolyte, such as
Ca®", TBA *, TMA *, etc. The solvents in electrolyte are water, ethylene glycol, glycerol,

propylene carbonate and ionic liquids, etc. [°%-32],
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Figure 3. (a) Chemical structure of Nafion. (b) The sensing mechanism of Nafion.

Reproduced with permission.[**! Copyright 2011, Elsevier.

The sensing mechanism of piezoelectric IFS involves physics, chemistry, material, and
mechanics and so on, which is an extremely complex process. The current mainstream
explanation shows that when Nafion absorb a certain amount of water, the hydrophilic ionic

phases attracts water molecules to form spherical ion clusters [

. Meanwhile, the ion clusters
are connected by the nano-sized microchannels % %), as shown in Figure 3b. When
piezoelectric IFS is subjected to external mechanical strain, the hydrated cation migrates
along the direction of mechanical force in the microchannel, which results in increase of
hydrated cation in the stretched side and decrease of hydrated cation in the compressed side.
Therefore, cations in the stretched side will increase and cations in the compressed side will
decrease, thus forming a potential difference on the both sizes of piezoelectric IFS, as shown
in Figure 2c. In recent years, sensing models of piezoelectric IFS have been developed %37,

considering three physical phenomena: the evolution of stress and strain in the sensor, ion

migration and the change of electrostatic field in Nafion due to the redistribution of ions.



According to the above physical phenomena, the sensing model of piezoelectric IFS can be

expressed by Equation (3).

98 4 V.(- D.VC ~ 2wFCVp —vCD, VP) =0
< —V2<p=§ ©)
0%u _
P o —V.CVu=F

Where C, ¢, u (dependent variable) denote the cation concentration, the potential in the
polymer and the displacement vector respectively. D, z, v, Dv (constant) denote the cation
diffusion coefficient, the charge number, the cation migration rate and the cation molar
volume respectively. In addition, P, p (variable) represent the static pressure and the charge
density in the polymer. The sensing model shows that the sensitivity of piezoelectric IFS
increases with the increase of ion concentration, cation migration rate and other factors in the
polymer. Therefore, it is very important to improving the sensing performance of piezoelectric
IFS by increasing the ion concentration, cation migration rate, and water content in the

[58-60] Besides the internal factors, the sensing performance of piezoelectric IFS is

polymer
also affected by its own size. Wang et al. confirmed that piezoelectric IFS showed better
sensing performance when the thickness of the sample increased. While the length increased,
the voltage signal decreased under the condition of an equal bending. Moreover, the width has
almost no influence on sensing performance ?*!. Therefore, it is a feasible method to obtain

stronger sensing response by increasing the thickness of the sensor and reducing the length of

Sensor.
2.3 Ionic piezoresistive effect

Piezoresistive IFS could perceive the resistance change when subjecting to the external
mechanical strain. Compared with the classical piezoresistive sensor, piezoresistive IFS are
usually composed of elastomer matrix and ionic electrolyte. As shown in Figure 2d, there are
many flow channels inside the elastomer matrix filled with ionic electrolyte, and the length
and cross-sectional area of the flow channel will change when external mechanical strain is

5 [61,62

applied to elastomer matri 1. Moreover, corresponding to the holes and electrons in the



conventional electronic conductor, the cations and anions in the ionic electrolyte will migrate
to the cathode and anode respectively by the presence of the electric field, thus forming the
ionic fluid in the flow channel. Likewise, the cross-sectional area or length of the flow
channel changes in the ionic electrolyte, which affects the impedance of piezoresistive IFS 631,
It should be noted that the elastomer matrix is the key component of piezoresistive IFS, which
provide a soft and stretchable basal frame. Usually, silica gel is used as elastomer matrix with
low Young’s modulus, such as elastomer silicon 21, PDMS [+ 1 and Ecoflex [*®!. For
example, Chossat et al. developed a flexible sensor that can withstand 100% strain by using

elastomer silicon 0%

, which had embedded flow channels filled with ionic electrolyte.
Meanwhile, a mixture of ionic liquid and EGaln was used as ionic electrolyte, which
effectively reduced the sensitivity of piezoresistive IFS to noise and further enhanced the
linearity of the sensing signal. As early as 2012, Park et al. prepared a piezoresistive IFS by
using 3D printing technology and casting technology, and they confirmed that the output
signal of piezoresistive IFS was almost linear with the strain of the microchannel [67),
According to the electrolyte resistance and the relationship between the resistance and the

strain, the resistance of the elastomer matrix filled with ionic electrolyte is expressed by

Equation (4).

R=p~ (4)

Where p represents the resistivity of ionic electrolyte, and can be measured experimentally. 4
is the minimum cross-sectional area of the microchannel, and L is the length of the
microchannel. When the resistivity of ionic electrolyte is measured experimentally, the
resistance of piezoresistive IFS depends entirely on the size and cross-sectional area of the
microchannel. Therefore, considering the tension and Poisson's ratio of the elastomer, the

sensing model of piezoresistive IFS can be expressed by Equation (5) (%61,

ho (ao + bo) (1 - UG) 2

()

Where ao, bo, ho and Lo represent the initial width of the upper bottom, the initial width of the
lower bottom, the initial height and length of the flow channel, respectively, € represents the

tension of the elastomer, and v represents the Poisson's ratio of the elastomer. Specifically,



because of flow channel and fluids being in the elastomer, the mechanical properties of the
sensor are anisotropic, which causes the Poisson's ratio of the elastomer change. Therefore, it
is difficult to keep the sensing accuracy of the model. Besides the above methods, recently,
many researchers have directly prepared the piezoresistive IFS by ionic hydrogels, the
resistance of which is mainly affected by the deformation. This type of piezoresistive IFS
usually requires unique structural design, such as zigzag structure [*®). When subjecting to
external mechanical strain, the sensor can monitor the resistivity to further obtain the strain

value 6%,

3.Material compositions

IFS are usually composed of the polymer matrix, electrolyte and electrode layers. The
electrodes have need to be excellent conductivity to realize the conduction of sensing signals.
The ionic electrolyte and polymer matrix together constitute the ionic polymer matrix. The
polymer matrix usually has good compressibility and the ionic electrolyte has excellent
physical and chemical properties. In this section, we will focus on the up-to-date ionic
polymer and the electrode materials used to IFS. As for the ionic electrolyte, we will not
discussed here and please refer to literatures 30 and 28 in detail. The material properties of the
polymer matrix and the electrode, such as Young’s modulus, polarity, fracture coefficient, etc.
will also be included. In addition, the emerging characteristics of materials in recent years will

be presented.
3.1 Polymer matrixes

Initially, IFS usually used ionic liquids directly as the matrix. Due to good physical and
chemical properties, ionic liquids have shown great potential in supercapacitive interfacial
IFS. However, this kind of IFS often has some defects, such as low durability and complicated
fabrication technology, which make it difficult to achieve the high sensitivity and high
durability %71 To enhance the stability of IFS and improve its plasticity, Angell et al. mixed
ionic liquid and a polymer to prepare a solid ionic polymer matrix ["2l. The solid ionic
polymer matrix had merged the properties of the ionic liquid and the plasticity of the solid

polymer, which greatly enhanced the stretchability, mechanical adaptability, stability and



sensitivity of IFS. In addition, in the latest research, researchers have developed many new
ionic polymer matrixes with novel characteristics, such as biodegradable polymer matrixes,
self-healing polymer matrixes, and other matrix materials. We will also discuss them in detail

in this section.
3.1.1 Polymer matrixes for supercapacitive interfacial IFS

Classical ionic polymer matrixes. Based on preparation methods, supercapacitive
interfacial IFS can be categorized into two types of structures, as shown in Figure 4. For the
first structure (Figure 4a), ionic gel is most used as a dielectric, which is sandwiched between
two stretchable electrodes to form an EDL capacitor [”> 74, For the second structure (Figure
4b), a stretchable elastomer is sandwiched between two ionic hydrogel matrixes to form two
EDL capacitors in series [”>7®]. The two hydrogels connect to a capacitive meter through two
metallic wires. In addition, the stretchable elastomer sandwiched between two ionic hydrogel
matrixes is usually a kind of soft material, which can further enhance the compressibility of
supercapacitive interfacial IFS. Meanwhile, the stretchable elastomer also plays an insulating

role due to the conductivity of the hydrogel.
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Figure 4. The typical structures of supercapacitive interfacial IFS.

From Figure 4a, the ionic polymer matrix is usually a dielectric made up of an ionic



electrolyte and gel. When the ionic gel matrix contacts with the electrode, the positively
charged electrode will repel cations, while anions will be attracted to the electrode surface. On
the contrary, the negatively charged electrodes will repel anions, while cations will be
attracted. Therefore, the EDL is formed at the interface between the ionic gel matrix and two
electrodes 771, Specifically, this kind of gel contains a spatial network structure through the
blending or crosslinking of molecular chain. The ionic electrolyte fills in these spatial network
structures, and can flow freely to realize the ions migration !’% ), Different from hydrogel,
the crosslinking degree of this kind of gel is often larger, and the network structure is more
compact, which reduce the water absorption and the mobility of ions. Since the ionic
electrolyte can only be fully mixed in a polar polymeric matrix with potential high ionic
conductivity, the choice of polymer mainly depends on the polarity of the material. Therefore,
the polymer can be a block polymer that can be chemically crosslinked, such as acrylate
monomers, polyethylene glycol diacrylate (PEGDA) and hydroxyethyl methacrylate (HEMA)
(89.811 "or a thermoplastic polar polymer showing high compatibility, such as poly(vinylidene
fluoride)-hexafluo-ropropylene (PVDF-HFP), thermoplastic polyurethane (TPU) and
poly(vinyl alcohol) (PVA) 1?4 62 82 83 Ag shown in Figure 5a, the researchers mixed
PVDF-HFP and ionic liquid ([EMIM] [TFSI]) to prepare an ionic gel membrane with a high
aspect ratio microstructure by a silicon sandpaper mold. This matrix membrane had good
flexibility and stability, which can withstand more than 7000 cycles by strain. Moreover, this
kind of IFS can be applied to human skin to sense human’s pulse, heart rate and tactile
perception 2],

From Figure 4b, two ionic hydrogel matrixes are used to form two EDL capacitors in
series [*¥. Because of the good conductivity of hydrogel, an elastic dielectric is used to avoid
conduction between the upper and lower electrodes of supercapacitive interfacial IFS.
Different from classic gels, Hydrogel is a gel with water as dispersing medium. It has a
hydrophilic three-dimensional network structure, which can rapidly swell in water and retain
a large volume of water without dissolution. The water absorption is closely related to the
crosslinking degree of hydrogel. As the crosslinking degree decreases, the water absorption of
hydrogel will increase, even reaching 99%. The three-dimensional network of hydrogel has a

mesh size of ~10 nm, which is much larger than the size of a water molecule, allowing water



molecules in the hydrogel to maintain the same chemical and physical properties as in liquid
water. Dissolving salt in the hydrogel, which change the resistivity of the hydrogel from
~18.2MQm to ~10"'Qm, depending on the type and concentration of the salt [®). When
applying a voltage, the ion current will form inside the hydrogel, which will make the
hydrogel become a conductor. In addition, the resistance of the hydrogel changes with the
stretch length, and follow a square-law relationship (that is, the change in resistance is
proportional to A%, and A means stretch ratio) *°. Compared with classic gels, hydrogel has
better stretchability and biocompatibility, which can work more several times than the initial
length. Therefore, it has great advantages in many fields, such as artificial skin 8¢ 871 artificial
axons, ion-electronic liquid crystal devices, touch panels, etc. #¥%. Yoon et al. shows a type
of IFS with ionic hydrogel membranes, in which the carbon nanotube/polydimethylsiloxane
composites was used as the matrix and [EMIM] [TFSI] was used as the ionic electrolyte 1,
This kind of IFS with the sensitivity of 9.55 kPa™! and ultra-low response limit of less than
5Pa can be used to monitor muscle movement, respiratory and arterial pulse waveform in real
time, showing good biocompatibility. In addition, Sun ef al. used sodium chloride electrolyte
and acrylamide to prepare IFS with highly sensitive hydrogel, and attached VHB to the
surface of the sensor to isolate the external environment. There is a broad dynamic range
under the external stimuli for this sensor. Even under the pressure of less than 1 kPa, it still
had a very high sensitivity ?]. However, the water molecules in the hydrogel are very volatile,
it is usually necessary to package a layer of elastomer on the outer surface of IFS for electrical

insulation and against water loss, such as PDMS, VHB, etc.
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silicon sandpaper mold. Reproduced with permission.'®?) Copyright 2018, American Chemical
Society. b) IFS with renewable mesoporous cellulose membrane. Reproduced with
permission.l'%2] Copyright 2017, Wiley-VCH. c¢) Edible supercapacitive interfacial IFS.
Reproduced with permission.l!'® Copyright 2016, Wiley-VCH. d) Biodegradable IFS.
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hydrogel. Reproduced with permission.['?!]' Copyright 2019, Elsevier. f) Self-healing
mussel-inspired multi-pH-responsive hydrogels. Reproduced with permission.!'??] Copyright
2013, American Chemical Society. g) Crosslinking complexes by mixing strong ligands and

weak ligands. Reproduced with permission.['?®! Copyright 2016, Macmillan.



Biodegradable polymer matrixes. Biodegradable polymer matrix is usually composed
of organic materials, which can be decomposed by microorganisms or organisms, such as
enzymatic reactions of microorganisms or hydrolysis reactions in a non-enzymatic
environment. The specific mechanisms of biodegradation can be different depending on the
materials, and they can be digested by many animals and microorganisms, and even dissolved
in water. In recent years, a few well-known biodegradable materials have been developed,
such as agarose ), cellulose acetate ¥, and chitosan >, Among them, cellulose with the
special crystal shape, surface structure is one of the oldest biodegradable materials, which is
frequently used as a matrix or modified matrix for flexible electronic equipment [**%8I,
Meanwhile, because of its convenience, low cost, easy degradability and environmental

s 991001 For example,

friendliness, it has been used as biodegradable matrixes in many studie
Zhang et al. used nano-cellulose-derived hierarchical porous carbon (HPC) as the ionic
polymer matrix to prepare supercapacitive interfacial IFS with excellent electrochemical
performance, and the capacitive value of which reached 10.84 F cm™ under a load of 0.25 A

I [0 Nano-cellulosic carbon, composed of interconnected nanofibers, has a

.
three-dimensional porous structure, nanofibers of which have an ultra-high surface area (2046
m?.g"). These properties help ionic electrolytes migrate quickly. Moreover, nano-cellulose
carbon has good reproducibility and biodegradability, and can be used in bio-friendly ionic
sensors. For example, Zhao et al. prepared a flexible, transparent, and renewable mesoporous
cellulose membrane through a simple and scalable liquid-solid phase inversion method
(Figure 5b). This matrix membrane had a uniform porous of about 24.7 nm and an ultra-high
porosity of 71.18% 1%l The activated carbon and potassium hydroxide were used as the
electrodes and the ionic electrolyte, respectively. Experimental results showed that this IFS

exhibited a high areal capacitance of 153.34 mF-cm™ at 10 mV s

as well as high flexibility
without any performance degradation when bent in 180°. In addition, this kind of IFS had a
service life of 10,000 cycles and a capacitance retention rate of 84.7%. Although the
cellulose-based matrix has good sensing sensitivity and biodegradability, the prepared
supercapacitive interfacial IFS lacks stretchability due to the tight entanglement of the

cellulose molecular structure, which severely limits the applications of the sensor.

Although cellulose-based biodegradable matrix has good biodegradability, they often



need to use some organic solvents, acid-base solvents, or other hazardous substances when
preparing them. The cellulose-based matrix cannot be directly digested and absorbed by the
human body, and cannot be used as an implantable electronic device [19%1%41 To solve this

(1051 As shown in Figure

problem, some researchers have used edible materials to prepare IFS
Sc, Wang et al. used cheese and seaweed as the polymer matrix, and used edible activated
carbon and egg white as electrodes to prepare edible supercapacitive interfacial IFS %1, This
sensor exhibited an excellent capacitive value of 78.8 F g under 1A g'!. In addition, this
sensor had a service life of 1000 cycles and a capacitance retention rate of 92.3%. Besides
cheese and seaweed, Hu et al. mixed flour and edible activated carbon to prepare essentially
self-healing, biodegradable stacked supercapacitive interfacial IFS, which can be rapidly

degraded in gastric juice [1°7],

Although the edible matrix shows stretchability and
harmlessness, its mechanical strength is low and its stability is poor, which brings difficulties
to practical application. Meanwhile, the hydrolyzed matrix has also been developed, such as
silk, poly (1,8-octanediol-cocitrate) (POC), PVA, and poly(lactic-co-glycolic acid) (PLGA),

108, 109

etc. 1. Lee et al. used water-soluble metal electrodes, PLGA-based matrix and hydrogel

electrolyte (agarose gel) to prepare a hydrolyzed miniature supercapacitive interfacial IFS [0,
This sensor showed stable operation for 6 hours in PBS at 37°C, and then degraded after 7
hours (Figure 5d). It is particularly surprising that during repeated charge/discharge cycles,
electrochemical corrosion will produce a metal oxide coating, which promoted the formation
of pseudocapacitance phenomenon at the interface between the water-soluble metal electrode
and the matrix. As a result, the sensing signal was significantly enhanced, which made the
sensor still having a very high sensitivity after many cycles. However, the use and storage of
hydrolyzed matrix are greatly affected by environmental factors, especially environmental
humidity, so a good packaging strategy is very necessary.

Self-healing polymer matrixes. IFS will be damaged when they are overly stretched or
bent. Therefore, self-healing is an important function for IFS to prolong its service life, and
reduce production costs. According to different self-healing methods, self-healing matrixes

can be categorized into two types, namely external self-healing matrix and internal

self-healing matrix. The external self-healing matrix needs to use external conditions to

) (1L 112] 141

, catalyst 1131 solvent !

achieve the self-healing, such as energy (heat or light r



plasticizer 1%

, etc., which severely limits the use of external self-healing matrix. White et al.
injected capsules and catalysts into the polymer matrix. When the polymer matrix was
damaged, the damaged capsules would release the reagents to fill and repair the damaged
surface under the action of the catalyst 1'% However, because the repair process will
consume the capsules in the polymer matrix, this self-healing ability is limited, which makes
this material undesirable when used as a self-healing matrix for IFS.

The inside of internal self-healing matrix usually has dynamic cross-linking chemical
bonds, which can reestablish intermolecular bonds in the polymer matrix, so that the damaged
surface can be repaired [''7]. Such chemical bonds are usually non-covalent bonds [!!% 111
such as hydrogen bonds, disulfide bonds, coordination bonds 2% etc. For example, because
dopamine and Fe(Ill) can easily form new coordination bonds, the researchers mixed
dopamine and amine functionalized polymers to prepare a self-repairing hydrogel [12!-123]
(Figure Se). Specifically, the strength of coordination bonds between dopamine and Fe(III)
depends on the PH level. When the PH level increases from acidic to alkaline, the hydrogel
will heal quickly. Therefore, the self-healing speed of the hydrogel can be controlled by the
PH level (Figure 5f). In addition, supramolecular gel based on peptide/amino acid is also an
important field of current research about internal self-healing matrix. Such supramolecular
gels can form metallo-gels with various transition metals, including cholesterol derivatives,
pyridine complexes, and various metal organic frameworks and so on. Due to the presence of
transition metals, metal ions in the supramolecular gel are held near the ligand through strong
interaction, which allows the coordination bond to be reformed '?*. Basak et al. developed a
series of multi-stimuli responsive self-healing metallo-hydrogels with peptide/amino acid 12!,
This type of hydrogel exhibited responsiveness to heat, mechanical vibration, PH level and
external chemicals. It is worth noting that the self-healing property and the stiffness of these
metallo-hydrogels can be tuned by varying the chain length of the corresponding gelator
amphiphile. However, polymer matrix that relies on weak bonds for self-healing often cannot
provide sufficient mechanical strength. The combination of strong ligands and weak ligands
can not only achieve self-healing functions, but also have excellent extensibility. For example,

Li et al. prepared crosslinking complexes by mixing strong ligands and weak ligands. These

crosslinking complexes consist of 2, 6-pyridinedicarboxamide ligands, which coordinate to Fe



(IIT) centres through three different interactions, including a strong pyridyl—iron one, and two
weaker carboxamido—iron ones through both the nitrogen and oxygen atoms of the
carboxamide groups. As a result, the iron—ligand bonds can readily break and re-form, while
the iron centres still remain attached to the ligands through the stronger interaction with the
pyridyl ring, which enables reversible unfolding and refolding of the chains ['?6], as shown in
Figure 5g. Experiments showed that the IFS prepared by this method can be stretched to 45+2
times of its original length and recover when the strain is released. Even in the absence of any
external conditions, such as plasticizers or solvents, or external energy, this matrix still
showed excellent self-healing performance at a low temperature of 20°C.

Other polymer matrixes. In daily life, many materials can also be used as the matrix of

127, 128] " and fabric > 121 and so on, because of their similar

ionic sensors, such as paper |
structure to macromolecular polymer or large amount of ions in them. The plant material is a
3D cell wall network which plays like a compressible metamaterial that elastically collapses
upon pressing plus some specific surface structures, and thus the device can sensitively
respond to pressure. Wan et al. have directly used plant materials including flowers and leaves
as the dielectric material in supercapacitive interfacial IFS 3% The device works over a
broad-pressure range from 0.6 Pa to 115 kPa with a maximum sensitivity of 1.54 kPa™!, and
shows high stability over 5000 cyclic pressings or bends, as shown in Figure 6a. Moreover,
Paper is composed of cellulose with unique porous structures and has natural hydrophilicity.
The cellulose can absorb water molecules through the capillaries and diffuses into the interior.
In addition, because cellulose can be functionalized, paper can be modified by adding some
functional additives, such as carbon-derived materials, conducting polymers, and metal
nanocomposites, to produce unique sensing properties. For example, Tao et al. mixed paper
with graphene oxide solution to obtain graphene oxide paper !'3!!. Experiments showed that
the performance of IFS based on thin paper has been greatly improved, and the value of
sensitivity is as high as 17.2 kPa™! during the pressure range of 0-20 kPa. In addition, Gong et
al. prepared IFS with high sensitivity and flexibility by sandwiching thin paper impregnated
with ultra-thin gold nanowires between two sheets of thin polydimethylsiloxane ['*2]. This IFS
can work at the voltage of 1.5V, which had low energy consumption (<30uW) and can sense

pressures as low as 13 Pa. Meanwhile, This IFS had a fast response time (<17 ms), high



sensitivity (>1.14 kPa™) and excellent stability (>50,000 load-unload cycles). Although recent
research has successfully demonstrated the advantages of paper-based matrix such as high
sensitivity, low cost, and simple process, other unique advantages of paper have not been fully
demonstrated, such as printability, cutability, and foldability. As shown in Figure 6c, Li et al.
printed ionic electrolyte and conducting patterns on paper to prepare ionic sensing paper,
which can be cut at will and used as a flexible sensor [*%]. This method makes full use of the
unique advantages of paper, such as printability, cutability and foldability, and provides
conditions for large-scale production. Although paper-based matrix has made great progress,
the use of paper for IFS is still in its infancy. The same as the structure of paper, the inside of
the fabric also has a unique porous structure, which can also be used as the polymer matrix for
IFS, as shown in Figure 6b. Thanks to its softness, deformability and durability, many
fabric-based ionic sensing devices have been realized, such as monitoring temperature and
cerebral oximetry by attaching stretchable polyimide electrodes onto a textile substrate 1331,
sensing both cardiac and respiratory signals using a piezoelectric film attached onto
conducting fabrics ['*¥] blending conducting fibers in textile to assess body movements or

135, 136] and so on.

gesture detections by strain levels !

The skin of animals and humans is rich in ionic electrolytes and is also one of the natural
ionic polymer matrixes. As shown in Figure 6d, Zhu et al. successfully fabricated an
epidermal 1onic pressure sensor that perfectly fitted human skin by using human skin as the

1271 This sensor used human skin as driving voltage to achieve high

signal interface of IFS [
pressure sensitivity and high signal-to-noise ratio, which can sense ultra-low amplitude
fluctuations of the body and the stimulation of external mechanical strain. In addition, the
ability to monitor various vital signals of human body, such as blood pressure waveform,
respiratory waveform, muscle contraction, and tactile perception, has been verified as well.
Therefore, it has broad prospects in emerging wearable applications. In general, IFS using
human skin as the signal interface simplifies the device structure and reduces related

manufacturing complexity. Meanwhile, it can be attached to the human body to provide safer

and more comfortable solutions for long-term wearable applications.
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permission.'?”! Copyright 2018, Wiley-VCH.
3.1.2 Polymer matrixes for piezoelectric IFS

The ionic polymer matrixes used in piezoelectric IFS are usually made up of

polyelectrolytes, which can be categorized into commercial polymer matrix and customized



polymer matrix. Currently, commercial polymer matrixes include Nafion (perfluorinated
polymers) produced by Dupont Company, Flemion produced by Asabi Class Company, and
Aciplex produced by Asabi Chemical Company. Customized polymer matrixes include recast
commercial polymer matrix, doped polymer matrix and synthetic polymer matrix 137,
Macroscopically, the ion concentration and diffusivity of the polymer matrix have an
important influence on sensing performance of piezoelectric IFS. Therefore, improving the
existing polymer matrixes have always been one of the research hotspots for piezoelectric IFS.
At present, the most used polymer matrixes is Nafion. Nafion ionic matrixes can be obtained
by solution casting method, which is greatly beneficial to the direct modification of Nafion
ionic matrixes 38149 Kim et al. firstly proposed to obtain Nafion matrixes with different
thicknesses by the casting process, and prepared Nafion ionic matrixes ranging from

(141] 'In addition, Sang et al. obtained Nafion ionic matrixes with

millimeters to centimeters
different thicknesses by the heating and pressure-bonding process ['**. Except for increasing
the thickness of the polymer matrix, an improved Nafion ionic matrix can also be obtained by

S [143, 144

doping functional particles in the Nafion solution and casting proces 1. For example,

Nguyen 1% et al. mixed Nafion and surface-modified fumed silica, which improved the ion

1471 ot al.

concentration and water retention of the ionic polymer matrix. Lee ! and Zhang |
improved the ion diffusivity of Nafion ionic matrix by doping carbon nanotubes (CNT). Khan
and Jung improved the elastic modulus of the polymer matrix by doping graphite and
fullerene (14319 There are still many doping studies based on Nafion ionic matrix, but the
results are not always able to improve the sensing performance due to the limitations of
doping process. Doping process improves the sensing performance of ionic sensors by
improving the ion concentration and diffusivity of ionic polymer matrix. However, there is no
relevant theoretical investigation from these two aspects, which need to be further clarified.
Besides polymer matrix obtained by casting and doping technology, developing novel
ionic polymer matrix is also an important research direction for the improvement of

1501321 " Some researchers in Korean institutions have made outstanding

piezoelectric IFS [
progress in this field. //-Kwon et al. have successively developed SSEBS, SPSE, SPEI,
PSMI-PVDF copolymers and SPEEK-PVDF copolymer ionic matrixes !53] Jeong et al.

developed a new matrix material by synthesizing a series of fluorinated acrylic ionic polymers



134 Jang Yeol Lee developed new matrix materials such as PVDF-co-HFP, PE-co-TFE, and
PTFE-co-HFP through radiation grafting U>°l. Besides the above materials, some new
materials with excellent performance can also be got through blending or crosslinking. For
example, PVA can be a crosslinker for sulfonated polymer due to lots of OHs existing in its
main chain, such as with PVA and poly (styrene sulfonic acid-co-maleic acid) (PSSA-MA)
compounds. Recently, Wang et al. "°® synthesized a crosslinked PVA/SPTES ionic
exchangeable matrix with direct copolymerization and post-heating method, as shown in
Figure 7a. At 120°C for 1h, the hydrophilic (OH) and (SOsH) groups were changed into the
less hydrophilic (OSO;) sulfonic ester groups during the dehydration (Figure 7b). The
crosslinking bonding of PVA and SPTES molecules not only causes the whole matrix to be
less swelling, but also alters the hydrophilic—hydrophobic balance inside the matrixes. Overall,
researchers have carried out tremendous research on the new type of ionic polymer matrixes,
but the sensing performances of piezoelectric IFS based on new types of ionic polymer
matrixes was not able to significantly exceed those based on Nafion. It is because the research
on developing new ionic polymer matrixes with the goal of comprehensively improving
various parameters of electrical performance is challenging. Meanwhile, the influencing
factors of the sensing performance are multifaceted and extremely complex. Therefore, the
development of new ionic polymer matrix to improve the sensing performance of

piezoelectric IFS has not made substantial progress.
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3.2 Electrodes

Generally, two strategies can be used to prepare the stretchable electrodes of IFS. The
first one is that flexible conducting materials are used to fabricate stretchable electrodes on
ionic polymer matrix. Among them, more attentions are paid to the physical and chemical
properties of the flexible conducting materials and the preparation process !°7]. The second
strategy is to adapt the deformation of IFS by the spatial hierarchical structure, in which the
material properties and the formation method of the spatial hierarchical structure are the

(1591 kirigami

research directions, mainly including fold structure 3% wave-like structure
pattern "%and so on. The performance of the electrode prepared by the first strategy mainly

depends on the properties of the electrode material, including high conductivity, excellent



[161]

flexibility, low cost, and good stretchability Recently, several high-performance

162, 163 164,

conducting materials have been developed, including carbon nanotubes [ 1 graphene !
1651 ‘metal nanowires 11681 percolating networks of NWs 19172 conducting polymers [73!
and conducting composites !'74177] etc. Compared with conventional metal electrodes, these
conducting materials have excellent flexibility and stretchability, and many conducting
materials are soluble or dispersed in various solvents, which provides preparation conditions
for stretchable electrodes by some classic preparation methods, including coating techniques,

printing techniques, template-assisted assembly techniques, vacuum filtration techniques,

gelating techniques and electrospinning techniques 11781391,
3.2.1 Metal-based electrodes

Electrodes formed by metal-based nanomaterials generally have good stability and
conductivity. These metal-based materials can be deposited or printed on the surface of ionic
polymer matrix using a micro/nano manufacturing process, which generally include 0D metal
nanoparticles, 1D metal nanowires, and 2D metal percolating networks. For example, silver
nanoparticles can be physically deposited on the surface of ionic polymer matrix and form a

[181] " However, it is difficult to overlap among individual

dense permeable electrode
nanoparticles, so the kind of electrode has poor flexibility and stretchability. Therefore, many
researchers investigated metal-based nanomaterials with different shapes and sizes to achieve
better performances. For example, metal nanowires were considered to be ideal materials for
stretchable electrodes %21, Compared with metal nanosheets or metal nanoparticles, metal
nanowires have better overlapping performance, which can maintain a good conductivity
within a certain strain range. Gao et al. optimized the overlapping performance by preparing
ultra-long silver nanowires !®. The long silver nanowires were obtained by a continuous
multi-step growth method based on silver nitrate and polyvinylpyrrolidone in ethylene glycol
solution. Compared with short silver nanowires, long silver nanowires have a more effective
percolating network and a lower density. Therefore, this type of electrodes achieves a high
stretchability greater than 460%, as shown in Figure 8a. However, electrodes made of

metal-based nanowires cannot maintain a relatively low sheet resistance under tensile strain.

This is due to the fact that the wire-to-wire overlapping will be broken when being overly



stretched, which cause the sheet resistance increasing greatly from several Q/sq to tens of
Q/sq. Recently, many researchers have also researched electrodes based on metal-based

184,185 For example, Guo et al. fabricated highly stretchable and transparent Au

nanomeshes
nanomesh electrodes on elastomers made by grain boundary lithography. The sheet resistance
of these electrodes had changed from 21Q per square to 67 per square under 160% strain, or
after 1,000 cycles at a strain of 50%. Cui et al. prepared an interconnected metal-based
nanomeshes based on the nanogroove as well. This electrode completely eliminated the
problem of high sheet resistance and shows the stretchability of up to 50%, as well as good

(1861 In addition to preparing metal-based nanomeshes

conductivity and optical transparency
by grain boundary lithography or nanogroove, researchers also tried to weld metal-based
nanowires to form completely interconnected metal-based nanomeshes by sintering or
electroplating process. For example, Su et al. used high intensity pulsed light (HIPL)
equipment to sinter the copper nanowires spin-coated on the flexible polymer matrix. The
copper nanowires were welded to each other to form completely interconnected nanomeshes,
which improved the conductivity and stability of the electrode. In addition, the strong light
emitted by the HIPL equipment effectively removes the oxides and hydroxides on the surface
of the copper nanowires, and make the copper nanomeshes maintain excellent performance
for a long time !'¥"), Moreover, Liu et al. prepared the silver nanomeshes sprayed on the
flexible polymer matrix by capillary-force-induced cold welding process. Experiments
showed that the nanoscale, capillary force is a powerful driving force that can effectively
cause self-limited cold welding of the wire—wire junction for AgNWs. The
capillary-force-induced welding can be simply achieved by applying moisture on the AgNWs
film, without any technical support like the addition of materials or the use of specific
facilities. The flexible stretchable electrodes prepared by this method can still maintain high
electrical conductivity after 5000 bending cycles !'®®), as shown in Figure 8b.

Liquid metals (such as gallium indium alloys, eutectic gallium indium alloys) are widely
used in flexible electronic devices due to their high conductivity, good electrical stability, and
high surface tension. Recently, a liquid metal electrode with good optical transparency and
stretchability has been prepared by laser-based microfabrication technique, which has a low

sheet resistance of 2.95Q/sq and a strain limit more than 100% [, Benefiting from the good



conductivity and fluid properties of liquid metal, Wang et al. prepared a highly stretchable
electrode by masked liquid alloy printing, which showed a good stability under the 10,000
times cyclic tensile deformation %! (Figure 8c). However, the liquid metal electrode has some
defects such as low chemical stability ['°!1 and complex preparation process, which severely
limits its application for IFS. Besides the direct use of metal-based materials to prepare
stretchable electrodes, in recent studies, many researchers have mixed metal-based
nanomaterials and polymers to form conducting inks, and used various simple preparation
processes to generate stretchable electrodes, such as electrospinning, inkjet printing and spin
coating. For example, Shin et al. used spin coating process to prepare flexible electrodes by
mixing gold nanomaterials, polyelectrolyte gels and nanofibers, which can still maintain
excellent conductivity even more than 1500 tensile cycles °?! as shown in Figure 8d. In
addition, Song et al. designed a simple strategy to directly print highly conducting and
stretchable flexible electrodes %), In this method, the metal precursor solution is printed on the
matrix by an inkjet printing technology, and a large number of metal nanoparticles are
generated on the surface of flexible polymer matrix by a chemical reduction method. This
strategy can easily form flexible electrodes on the surface of various complex structures, which

provides alternative for the preparation of IFS with complex 3D structures.
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Figure 8. Metal-based electrodes. a) electrode based on long silver nanowires. Reproduced
with  permission.'83  Copyright 2012, Wiley-VCH. b) Silver nanomeshes by
capillary-force-induced cold welding process. Reproduced with permission.!'3¥! Copyright
2017, American Chemical Society. c¢) Liquid metals electrode by masked liquid alloy printing.
Reproduced with permission.l'”) Copyright 2018, American Chemical Society. d) Flexible
electrodes by mixing gold nanomaterials, polyelectrolyte gels and nanofibers. Reproduced with

permission.!'”?! Copyright 2014, Wiley-VCH.
3.2.2 Non-metal-based electrodes

Although metal-based materials have good conductivity, there is still the challenge of
poor stretchability for practical applications. Recently, researchers have developed several
non-metal-based materials as the electrode of IFS with good stretchability, including carbon

nanotubes, graphene, conducting polymers, etc. Carbon nanotubes were firstly used in flexible



electrodes in 2004, and since then they have been widely used in flexible energy storage devices
[194,195] and flexible sensors 1'% 171, However, carbon nanotubes have some drawbacks, such as
high sheet resistance and low stretchability, which severely limit their practical applications in
flexible electronics. Recently, some researchers have discovered that by arranging carbon
nanotubes in particular directions, the conductivity and stretchability of carbon nanotube
electrodes can be effectively improved. As shown in Figure 9a, a solution-free self-dispersion
process was used to prepare carbon nanotube electrodes with vertical and parallel arrangement.
During the stretching process of the electrode, the vertical arrangement in the carbon nanotube
array would be transformed into a horizontal arrangement to form an overlapping layer, which
could withstand a strain of 35%, had a transmittance of 83.4% and a sheet resistance of 24€Q/sq
(198] However, the deformability of carbon nanotube electrode seriously depends on the
direction of the carbon nanotube. Liu et al. cross-stacked carbon nanotube layers on a square
frame to prepare the flexible electrodes, in which the direction of first layer is perpendicular to
the second layer ['°°!. This carbon nanotube electrode was isotropic in conductivity, but the
mechanical properties depend on the stretching direction. In order to further improve the
stretchability of carbon nanotube electrodes, wavy carbon nanotube electrodes have been
developed, which are usually prepared on the pre-stretched polymer matrix. When the polymer
matrix is restored, the carbon nanotube electrode will form a wave shape. For example, Zhang
et al. prepared a carbon nanotube flexible electrode on a 50% pre-stretched polymer matrix,
which can withstand a strain limit more than 50% [2°°. Meanwhile, to further improve the
conductivity of carbon nanotube electrodes, it is also an effective method to combine carbon
nanotubes with conducting metals. As shown in Figure 9b, Xu et al. transferred the carbon
nanotube electrode with gold/palladium metal to a pre-stretched flexible matrix to prepare a
wavy carbon nanotube electrode. The electrode has a sheet resistance as low as 72Q/sq with an
excellent stretchability. When the tensile strain reaches 100%, the sheet resistance only
increases by 4.1% 201,

Since being firstly proposed in 2004, graphene has a huge application potential in IFS due
to good mechanical flexibility and chemical stability [2°?), Ideally, carrier mobility of graphene

is as high as 200,000 cm?-V!'-s™!, which is higher than carbon nanotubes. Its resistivity is about

10Q-m, which is below most metals including silver and copper. However, actually, graphene



generally contains many grain boundaries and defects, which make its conductivity much lower
than the theoretical value. During the stretching process, the original graphene electrode
produces a large amount of cracks, which will result in a sharp decline in conductivity. Because
graphene itself cannot be stretched as much as polymer, the graphene electrode needs to be
modified by other materials or structural optimization to achieve the good stretchability. For
example, the graphene electrode can withstand a strain of up to 120% by adding nano molecular

2031 Moreover, a buckled structure or non-coplanar serpentine structure can be used to

bridges !
enhance the deformability of graphene, as shown in Figure 9c. The preparation method of
buckling structure or non-coplanar serpentine structure is the same as that of the wavy carbon
nanotube electrodes. In addition to the stretch/release preparation process, a graphene electrode
with a particular structure can also be grown by chemical vapor deposition on a patterned
copper foil 142941 which has good conductivity and retractability. However, these advantages
have been offset by complex manufacturing processes, high cost and low yield.

The conducting polymer achieves the abilities of high electrical conductivity by electron
flow or ion migration. Because of its good mechanical properties and electrical conductivity, it
is considered to be a very promising electrode material in IFS. There are many kinds of
conductive polymers, including polyacetylene, polythiophene, polypyrrole, polyphenylene,
polyaniline, and PEDOT [2952%7] In particular, poly (3, 4-ethylene dioxythiophene) polystyrene
sulfonate (PEDOT-PSS) can was made into stretchable electrodes only by the spin coating
process 12%%1. The sheet resistance of the PEDOT: PSS is 46€/sq, which has been widely used in
PLEDs 2% organic transistors ?! and flexible sensors 1*!%. However, the PEDOT: PSS
electrode exhibits relatively low conductivity, which limits their further applications in IFS. In
recent research, researchers usually used the doping process to improve the electrical
conductivity of PEDOT: PSS electrodes *!') For example, LiPomi et al. produced a stretchable

(2121 Azazolol can

electrode using PEDOT: PSS solution with azazolol and dimethyl sulfoxide
increase the phase separation between the polyimetarhent acid ethylene glycol ester and the
polystyrene chain to produce additional conducting paths. In addition, the mixture of PEDOT:
PSS and metal-based nanomaterial can also effectively improve the conductivity and

stretchability of the electrode. Compared to the original NWs electrodes, the surface roughness

of the mixed electrode is significantly reduced, and the contact performance between NWs is



improved. As shown in Figure 9d, Choi et al. prepared a large area, smooth and flexible
AgNW-PEDOT: PSS composite electrode ?!*!. The electrode had a transmittance of 84.3% and
a sheet resistance of 10.76€Q/sq. After 200 cycles of stretching and folding, the sheet resistance
of the composite electrode is only reduced by 5.3%. Recently, some researchers have also
developed conductive polymers electrodes with electromagnetic shielding performance to
shield electromagnetic interference and improve the stability of sensing performance !, For
example, ultrathin flexible PVDF composite electrodes with MXenes and AgNWs were
prepared based on solution casting method, which have good electrical conductivity, thermal
conductivity, and electromagnetic shielding due to the synergistic effects induced by

MXene/AgNWs network 12161,
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Figure 9. Non-metal-based electrodes. a) Carbon nanotube electrodes with vertical and parallel
arrangement. Reproduced with permission.!'”®! Copyright 2010, Wiley-VCH. b) Carbon
nanotube electrode with a wave shape. Reproduced with permission.?°!l Copyright 2012,

Wiley-VCH. c¢) Graphene electrode with a wave shape. Reproduced with permission.!!%¥



Copyright 2016, American Chemical Society. d) Electrode based on conducting polymer.

2131 Copyright 2012, Royal Society of Chemistry.

Reproduced with permission.!

In recent years, some non-metal-based electrodes, such as ionic hydrogel and carbon
nanotubes, also show some new characteristics, such as self-healing. 7). Ionic hydrogel is
often used as stretchable self-healing electrodes. Although the sheet resistance of ionic
hydrogel is higher than that of metal conductors in general, it is still much lower than most of
metal or non-metal conductors in stretched state. The nanopores inside the hydrogel are much
larger than water molecule, and electrolytes or ionic liquids can flow inside it to achieve
electrical signal transmission with high frequency [>'% 2" In addition, there are dynamic
cross-linked chemical bonds inside the hydrogel, which can re-establish the molecular bond to
achieve self-healing function. For example, Te et al. combined high-polar fluoroelastomers and
fluorofluidic fluids to prepare a stretchable electrode with good self-healing function 227
(Figure 10a). Due to the interactions of ion and dipole, the electrode exhibited self-healing
performance in dry and moist environments. Meanwhile, the electrode can operate at a strain of
30% and can repair the damaged area.

Besides the ionic hydrogel electrodes, the carbon nanotubes can also achieve self-healing
function through a stacking process. Single-walled carbon nanotubes can be moved laterally in
the surface of polymer matrix to repair the damaged area. Thus, single-walled carbon
nanotubes are applied to the surface of polymer matrix with titanium dioxide nanospheres to

form a self-healing electrode [2*!]

, as shown in Figure 10b. In addition, for the linear capacitive
ionic sensor, the electrode is obtained by directional carbon nanotubes. When the
microstructure of electrode is broken, the mutually aligned carbon nanotubes are reconnected
by the lateral movement (2221, Recently, a self-healing electrode with liquid characteristics has

2231 An SH conductor comprising nickel flakes, eutectic

been reported, as shown in Figure 10c !
gallium indium particles (EGalnPs), and carboxylated polyurethane are used as electrode
materials. The hydrogen bond between the nitrogen hydride group and the carbon oxygen group
promotes the self-healing and tensile properties, so that good conductivity can still be

maintained under 700% tensile strain. Once being damaged, the liquid-metal particles are

released from the oxide layer, and the nickel filler is attached to restore conductivity.
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with self-healing function. Reproduced with permission.[??!1 Copyright 2014, Wiley-VCH. c)
Self-healing electrodes with liquid characteristics. Reproduced with permission.*?*] Copyright

2018, Wiley-VCH.

4.Structural optimization

According to the sensing model in the Section 2, the structure design and optimization of
IFS is also crucial for the improvement of sensing performances, especially for the
supercapacitive interfacial IFS. According to formula (1), the sensing performance depends
on the contact area between electrode layer and ionic polymer matrix, which indicates that
IFS need to have better compressibility for obtaining a broader contact area change. It is
worth noting that although materials with a lower Young’s modulus can provide outstanding
flexibility and compressibility for IFS, the saturation of deformation takes place at a
deformation in the material with a lower Young’s modulus, which will result in smaller
pressure range. Therefore, in practical, high sensitivity and broad pressure range are usually
achieved through structural design and optimization of IFS, rather than reducing the Young’s

modulus of polymer matrix. Although there are many design methods for the structure



engineering of IFS, they can be roughly categorized into the surface structure and the internal
structure, the purposes of which are to make IFS to achieve excellent flexibility and

compressibility.
4.1 Polymer surface structure

Surface structure engineering refers to using the surface microstructure design of ionic
polymer matrix to improve the sensitivity and response range of the sensor. These
microstructures create the gaps between ionic polymer matrix and the electrodes to obtain
good compressibility. First of all, the gaps reduce the rigidity of IFS. When the sensors are
subjected to an external mechanical force, the contact area between the ionic polymer matrix
and the electrodes is more likely to change. Secondly, because of the gaps, the initial contact
area is very small, which makes the initial capacitive value of IFS very small. Therefore, IFS
with the surface microstructures can further amplify the capacitance change, and improve the

sensitivity and pressure range. In recent years, a variety of surface microstructures have been

[224, 225 228,229]

reported, such as pyramidal structure 1 columnar structure 222271, fold structure !
and so on. These microstructures usually employed the similar preparation process. Firstly, a
patterned silicon mold is made by photolithography, and then a wet or dry etching process is
performed to form recessed microstructures. Then, the mixed liquid of gel and ionic
electrolyte are casted on the silicon mold. Next, after vacuum degassing and annealing, an
ionic gel film with surface microstructures is formed. As shown in Figure 11al, Cho et al.
used photolithography and KOH etching to prepare a mold with a pyramid array. Then a
mixed solution of ionic liquid and PVDF-HFP polymer was poured into the mold. After
vacuum degassing and annealing, a kind of ionic gel matrix with pyramidal microstructures
on the surface was obtained. This ionic gel membrane showed excellent pressure sensing
performance, including a broad pressure range (4 Pa~50 kPa), low working voltage (0.25V).
Moreover, this sensor can achieve a sensitivity of 41kPa™! below 400 Pa [23°. The reason is
that each pyramidal tip has a square base with edges that are micrometers in length, tapering
to a tip with a diameter of several hundreds of nanometers, which decreases elastic resistance,

in turn improving sensitivity to pressure (Figure 11a2). Therefore, when the pyramidal

microstructure is continuously compressed, the contact area between ionic polymer matrix



and the electrodes will continue to expand, which will result in the increase in capacitances.
These IFS can effectively response to various pressures, including sound pressure, human
pulse, and finger touch and so on. However, the preparation process of silicon molds is very
complicated and expensive, so it cannot be effectively applied in practice.

Besides preparing the surface microstructures of ionic polymer matrix by using a silicon
mold, many natural materials with microstructures on the surface can also be used to prepare
the surface microstructures of ionic polymer matrix, such as petals [2*!l plant leaves 2], and
fabric 12321 The lotus leaf is a natural material with super-hydrophobicity and self-cleaning
performance, and its surface has a large number of micro-fuzz structures. Wan et al. used a
cheap lotus leaf as a mold, and used polydimethylsiloxane (m-PDMS) to prepare a flexible
matrix membrane. The surface of the membrane was covered with a large number of
microstructures with high aspect ratios and low-density characteristics ?*! (Figure 11b).
Experiments showed that this sensor had ultra-high sensitivity (1.2kPa™) and ultra-low
pressure response limit (0.8 Pa), which was an order of magnitude higher than the IFS with
stable microstructures, such as columnar structure and pyramidal structure. The reason is that
the compressibility of ionic polymer matrix is usually poor. As the sensor is compressed, the
stable microstructure inevitably undergoes structural hardening. At this time, when higher
pressure is applied, the sensor will undoubtedly decrease sensitivity. Instead, the surface
microstructures with high aspect ratios will form height differences. When the sensor is
subjected to external mechanical force, the electrode layer first contacts the highest layer of
microstructures. Then as the pressure increases, the lower layer of microstructures will
gradually contact the electrode layer, which will provide adequate space for further
compression of the sensor. Therefore, IFS with the surface microstructures with high aspect
ratios still have ultra-high sensitivity in a broad pressure range **), as shown in Figure 11c.
According to the same theory, Bai et al. used sandpaper as a mold to produce an ionic gel
membrane with high aspect ratios and fillable structures. This structure presents fractal
surface, which are easily compressed, deformed, and then fill in the groove when subjected to

external mechanical force [23!

(Figure 11d). The groove provides space for further
compression of the sensor by accommodating the deformed microstructures. This IFS has a

higher sensitivity (220-3300 kPa™) and high pressure resolution (about 10 Pa) in a broad



pressure range of up to 360 kPa.
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Figure 11. The surface structure engineering. a) IFS with pyramidal structure. Reproduced
with permission./>*) Copyright 2017, American Chemical Society. b) IFS using a cheap lotus
leaf as a mold. Reproduced with permission.**3] Copyright 2018, Wiley-VCH. c¢)
Deformation mechanism of surface microstructures with high aspect ratios. d) IFS using a
cheap sandpaper as a mold. Reproduced with permission.[?*>! Copyright 2020, Macmillan.

The surface microstructure design can not only effectively improve the sensitivity and
pressure response range of IFS, but also make the sensor sense multiple types of strain [236-237)
and forces in different directions ?*8]. Recently, researchers used the ionic gel to prepare a
kind of multi-modal tactile IFS with inverted pyramidal microstructures *3°!. This sensor can
respond to a variety of external mechanical forces, such as normal pressure, tangential force
and torsion force. As shown in Figure 12a, when ionic polymer matrix is compressed by

vertical pressure, the ionic gel is in contact with the bottom electrode. When the sensor is

subjected to a shear force, ionic polymer matrix deforms and moves along the direction of



force, and finally contacts the side of the bottom electrode. When the sensor is subjected to a
torsion force, ionic polymer matrix is in contact with the four sides of the bottom electrode.
Compared with other classic sensors, the multi-modal tactile IFS does not need a complex
integrated system or layered array structure, which indicates that the tactile IFS may replace
various mechanoreceptors as an ideal sensing system for full-range tactile sensing.

Apart from the surface microstructure design of ionic polymer matrix, the surface
microstructure design of the electrode has recently been reported [24°1. As shown in Figure 12b,
Guo's research team improved the compressibility of IFS by using soft micropillared
electrodes with large height-to-radius aspect ratios, which was unstable and easy to bend. The
micropillars undergo three stages of deformation upon loading, including initial contact (0-6
kPa), structure buckling (6-12 kPa) and post-buckling stage (12-176 kPa). Experiments
showed that the sensor could have high linearity (R?~0.999) and high sensitivity (33.16 kPa™)
over a broad pressure range of 12~176 kPa *!. The main reason is that the micropillars are
prepared by the polydimethylsiloxane (PDMS) with an elastic modulus of 1 MPa, while the
elastic modulus of the ionic gel membrane is 5 MPa. When the ionic gel membrane and the
micropillars are squeezed by mechanical force of the MPa level, the ionic gel membrane will
wrap the surface of the micropillars, which will make the contact area increase linearly.
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Figure 12. a) The multi-modal tactile IFS. Reproduced with permission.[?**! Copyright 2018,
Wiley-VCH. b) The electrode with the surface microstructure design. Reproduced with

permission.!**!] Copyright 2021, Elsevier.
4.2 polymer internal structure

Different from the surface structure, the internal structure mainly refers to preparing
microporous structures inside the ionic polymer matrix to enhance the compressibility of ionic

(2421 According to the compression theory of the microporous material, the

polymer matrix
deformation of IFS with microporous structures under the same external mechanical force can
be shown in Figure 13a. Compared with the classical supercapacitive interfacial IFS, the
Young's modulus of the IFS with microporous structures is usually low. Therefore, under the
same external mechanical force, microporous structures can cause greater capacitance change.
Furthermore, when the micropores are gradually shrunk, the effective dielectric constant will
gradually increase. During the unloading process, the intrinsic stress of the elastic materials
reopens the microporous structures and makes the capacitance of IFS to return to the initial
state. In addition, the classical supercapacitive interfacial IFS will produce the bucket
phenomenon under compression, which will cause interference to adjacent sensors in the
array sensor. However, the microporous structures can provide enough space to suppress the
bucket phenomenon. At present, many preparation methods of microporous structures have
been reported. For example, ionic gel could be prepared into ionic fibers by an
electrospinning process, which was then sandwiched between two electrodes to form
supercapacitive interfacial IFS B°! (Figure 13b). Due to the large number of microporous
structures inside the ionic fiber, it had good compressibility, excellent sensitivity and broad
pressure range. In addition, this type of ionic fiber with microporous structures can also be

c 12481 Zhou et al. demonstrated of a pressure-sensitive

obtained by mixing ionic gel and fabri
nanofiber woven fabric sensor fabricated by weaving PVDF electrospun yarns of nanofibers
coated with PEDOT. The nanofiber woven fabric sensor with multi-leveled hierarchical
structure significantly induced the change in contact area under ultra-low load. Particularly,

this wearable nanofiber woven fabric sensor showed combined superiority of high sensitivity

(18.376 kPa~!, at ~100 Pa), wide pressure range (0.002 - 10 kPa), fast response time (15 ms)



and better durability (7500 cycles) 2271,
In addition to the ionic fiber, recently researchers have also studied the preparation

process of directly generating microporous structures inside the ionic gel membrane, such as

[243 [244 [36, 245

foam %31 sponge [**¥], paper fiber 1 fabric *1and so on. Pan et al. prepared IFS with
internal microstructure through multiphase reaction ?*), The multiphase reaction made the
inside of polypyrrole hydrogel form hollow sphere microstructure, which could cause IFS to
have an ultra-low response limit (such as petals, about 0.8Pa). This had the advantages of
short response time, good reproducibility, and high stability. In addition, Kwon et al. mixed
the sugar cube and the ionic gel solution. After vacuum degassing and solidification, the sugar
cube was dissolved in water to obtain an ionic gel membrane with microporous structures 248!
(Figure 13c). The IFS had an ultra-high sensitivity of 0.6 kPa! at low pressure (< 5 kPa). It
was suitable for general tactile pressure response, and the preparation technology was simple
and low cost. In order to obtain higher sensitivity, the researchers combined the surface
microstructure design with the internal microstructures to prepare a surface convex structure
with micropores ?*1. As shown in Figure 13d, Yang et al. used a photolithography process to
prepare a pyramidal mold, then poured a mixed solution of polystyrene (PS) beads and PDMS
into the mold and solidified to form pyramidal structures with micropores. Finally, toluene

(259 Compared with the IFS with classical

was used to dissolve the polystyrene (PS) beads
pyramidal structures, this kind of IFS had a sensitivity of 44.5kPa’' under the pressure of less
than 100Pa. This may be due to the advantages of the pyramidal microstructures and the
microporous structures, which cause that the sensor has both a low elastic modulus and a

larger change in dielectric constant.
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Figure 13. The internal structure engineering. a) Deformation mechanism of internal
microstructure. b) IFS based on ionic fibers. Reproduced with permission.**) Copyright 2017,
Wiley-VCH. ¢) Hollow sphere microstructure is prepared by using sugar cube. Reproduced
with permission.?*®! Copyright 2016, American Chemical Society. d) A surface convex
structure with micropores. Reproduced with permission.[*>") Copyright 2019, American

Chemical Society.

5. Applications

IFS represent a new category of flexible sensing devices, which not only have excellent
mechanical flexibilities and high sensitivity, but also can mimic the biological mechanism of
ion migration to achieve tactile perception functions like human skin. Compared with
conventional flexible sensors, it can display more advanced biosensing interfaces, and lay a
foundation for advanced technologies such as artificial skin, human-interactive technologies,

and wearable health monitors.
5.1 Artificial skin

From the view of biological science, under external stimulation, ions in biological cells

will flow out through ion channels, which can provide electrical signals to the nervous system



to sense external environment. Actually, artificial skin has excellent biocompatibility.
However, it is a great challenge for conventional electronic skin 2°!. Recently, many ionic
materials have been used to realize artificial skin with the biocompatibility, such as ionic
liquids, ionic gels, and ionic hydrogels. Similar to the sensing mechanism among biological
cells, IFS uses movable ions to mimic the biological mechanism of ion migration [, which
can effectively sense pressure, strain, shear, torsion, and other external stimuli. Meanwhile,
compared with conventional electronic skin composed of solid sensors, the former has the
multimodality sensing capabilities and high stretchability. As shown in Figure 14, Vipin
Amoli et al. used thermoplastic polyurethane (TPU) and silica aerosol to prepare an ionic

(2521 Figure 14a depicts the ion migration process of

sensor similar to a cell structure
biological cells under external stimulation. It can be found that in the equilibrium state, the
ion channel is closed and the concentration of positive and negative ions remains balanced
inside and outside the cell membrane. When applying external mechanical force, ion channels
on cell membrane are opened, and Na" in the extracellular matrix flows into the cells, which
generates the electrical signals. Inspired by the structural and functional characteristics of
biological cells, Vipin Amoli et al. used silica aerosol to mimic the cells in skin, and
thermoplastic polyurethane (TPU) to mimic the cytoplasm in the skin (Figure 14b). In
equilibrium state, anions and cations are adsorbed around silica aerosol by the non-covalent
bonds. When IFS is subjected to external mechanical forces, the weak attraction between
silica aerosol and ions is offset by mechanical stress and attracted by electric potential in the
electrode layer to form EDL. After an external mechanical force is eliminated, free ions will
return to an equilibrium state under the attraction of silica aerosol. In this artificial skin,
breaking and rebuilding of H bonds between anions and silica and interaction of ions are
similar to the previously reported self-healing polymers >3/ and hydrogels [***. This should

be the reason for reversible movement of ions in supercapacitive interfacial IFS.
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In addition to the biocompatibility of artificial skin, how to use integration technology to
form multi-touch sensing in large-area flexible sensors is also one of the main challenges of
artificial skin [?°°]. Therefore, array integrated process has become another important research
direction of artificial skin. Array structure design can be categorized into planar point
structure and planar cross structure. The planar point structure usually refers to integration of
several flexible sensors on a plane according to a certain rule. Each sensor has an independent
surface electrode and circuit, and the sensors are relatively independent °% 232 For example,
Nie et al. used ionic liquid as matrix material to make a new type of array supercapacitive
interfacial IFS 1, in which each sensor element is relatively independent. Meanwhile, Pang et
al. also used the same preparation method to make a 4x5 cm artificial skin with array sensors
(Figure 15a). Experiments showed that tactile information, including position and pressure,

can be determined by analyzing positive electrical signals recorded in real time [>>”). However,



in this array structure, each sensor needs an independent signal transmission circuit and signal
receiver, which will be a huge challenge for the design and implementation of the electrical
system.

For planar cross structure, each sensing point is formed by superimposing two long strip
sensors horizontally and vertically, and each sensor only needs a set of circuits and signal
receivers. Horizontal and vertical sensors respectively determine the deformation positions in
X and Y direction, and the position of force point can be determined according to coordinates
in X and Y directions. This type of array structure is favored by many researchers 2°% 2% due
to its simple circuit and easy realization, as shown in Figure 15b. The long strip ionic sensors
are placed crosswise to form array sensors with planar cross structures, which can accurately
detect the position of pressure point **]. In addition to directly using IFS to prepare the array
sensors with planar cross structures, the cross-distributed electrodes were also prepared to
form an artificial skin with array sensors. Takei et al. prepared an artificial skin with a 19x18
pixel array with the cross-distributed electrodes on surfaces of the flexible polymer matrix by

a printing process ( Figure 15c) (260

. In order to demonstrate the function of integrated
artificial skin, research team formed a piece of polydimethylsiloxane (PDMS) with an area of
about 3 c¢cm? into a letter "C" and placed it on top of the array sensor. When applying a
pressure (about 15kPa), this artificial skin can clearly sense the shape of objects. Pixels of this
type of artificial skin are related to density of surface electrodes. In the future, pixel size can
be easily reduced to the limit of lithography (for example, below 2um) to achieve higher
spatial resolution, which provides a feasible way for practical application of artificial skin.
Robotic prostheses can effectively restore human body's motion functions, which enable
users to complete some tasks such as walking, grasping objects, and feeding. Although
various types of prostheses have been developed, most prostheses are concentrated in the
motion and lack of sensory function, which limits the tactile perception of amputees /.
Installing an artificial skin with array sensors on surface of robot prosthesis can effectively
help amputees perceive the external environment, including mechanical force, humidity 26!,
temperature [2°% 2631 and object shape. For example, researchers configured an ionic sensor

with a three-dimensional microfluidic structure as a fingertip device, which could

continuously sense the movement of fingertip, as well as magnitude and direction of external



mechanical strains [!%, In addition, with the advancement of ionic sensor technology, ionic
artificial skin surpasses the human skin in terms of sensitivity and resolution. Bai et al.
reported an intrafillable microstructure that can significantly improve sensitivity and response
range of IFS [ Such intrafillable microstructures with undercuts and grooves that
accommodate deformed surface microstructures effectively enhance the structural
compressibility and the pressure response range. The intrafillable IFS exhibited an
unprecedentedly high sensitivity (>220kPa ~!) over a broad pressure response range (0.08
Pa-360kPa), and an ultra-high pressure resolution (18Pa or 0.0056%) over the full pressure

range.
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Copyright 2012, Macmillan. b) Cross structure based on strip sensors. Reproduced with
permission.[**] Copyright 2016, Royal Society of Chemistry. c) Cross structure based on

electrodes. Reproduced with permission.?®”! Copyright 2010, Macmillan.
5.2 Human-interactive technologies

As introduced in section 5.1, the sensing function of IFS can be comparable to or even
surpass that of biological skin, and capable of overcoming a technological challenge of the

intimate communication between these flexible devices and biological systems [°!. IFS have



been used in the field of human-interactive technologies, including sports training, posture

264, 265] For

correction, gait analysis, rehabilitation training, and even for sign language [
instance, a flexible artificial skin with an inverted pyramid microstructure can be used as a
fingertip sensor. Since inverted pyramid microstructure exhibits different deformation modes
when subjected to different force, it can distinguish a variety of mechanical forces, such as

normal force, shear force, torsion force 124,

Recently, a wearable ionic sensing glove for
detecting human joints has also been reported 2. As shown in Figure 16a, the sensing glove
was composed of conducting fabric electrodes and silicone elastomer medium, which used a
thermoplastic membrane to fuse conducting filaments to the conducting fabric electrode of the
sensor. A soft and strong electrical connection was established to enable large strain range
(~100% strain). The sensing glove can monitor finger movement and sense the posture of
finger. Recently, with the development of advanced signal processing technologies, such as
modern signal technology, artificial intelligence, and deep learning, IFS can also effectively
monitor the movement angle and speed of human arms 1?7 (Figure 16b), gestures (2826
(Figure 16c¢), and braille recognition I, etc.

Wearable IFS can convert human motion into electrical signals, which can also control
robot through human motion. Various types of wearable IFS have been integrated with filter
modules, microcontrollers, power supplies and wireless modules, and have been used to
operate robotic arms or hands. As shown in Figure 16d, researchers prepared IFS with high
sensitivity by a conducting fiber with excellent electrical properties and stability *7%). Then it
was integrated into 6x6 pixel array sensors by weaving technology, and it was installed in
gloves for wireless control of UAV and hexapod robots. In addition, IFS can also be directly
used in soft grippers 27!, soft robots 272, etc. The ionic sensor can perfectly adapt complex

outer surface of the robot, adaptively deforming as robot operates, which is an advantage that

conventional rigid sensors can hardly match.
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Wearable IFS that can control robot through human motion. Reproduced with permission.

Copyright 2015, Wiley-VCH.
5.3 Wearable health monitors

Currently, IFS have been applied to biomedical fields because of their good flexibility
and biocompatibility to achieve remote and personalized health tests, including blood pressure
monitoring, pulse monitoring, respiratory monitoring, and in vivo health monitoring 273274,
In particular, IFS can be used as non-invasive sensing devices that can adapt to human skin
and obtain accurate biological and physiological signals.

In the medical field, arterial pulse can directly feedback various information about

vascular health, including human exercise intensity [27>27) physiological health, and so on.



For example, the frequency and amplitude of pulse will increase once the human are
exercising. In addition, hardening of blood vessels will cause faster pulse and reflected waves
will return early. Recently, different IFS have been used to monitor human pulse. However,
the monitoring equipment must have a very small pressure response limit and high sensitivity

[277, 278

due to low pulse amplitude of human pulse 1. As shown in Figure 17a, Zhu et al.

s (1271 This sensor

prepared an ionic flexible pressure sensor with internal hollow structure
could be placed on temples, neck, wrists, feet, chest, abdomen, and other places to monitor
human pulse. Meanwhile, B. Zhuo et al. used ITO and PET as bottom and top electrode
respectively to prepare an ionic sensor with surface microstructures by the 3D printing

e 2”1, The sensor had a sensitivity of 1.62 kPa™! in pressure

process for monitoring pulse rat
range of less than 0.2 kPa. The sensor together with data acquisition circuit has been well
designed, but it cannot realize remote and personalized monitoring due to lack of wireless
data transmission device.

Electrocardiogram can display the electrical signal of heart and provide information
about heart beating process, which is very useful for predicting a serious heart attack.
Especially patients and doctors can easily monitor the health of user's blood vessels by
integrating sensors with wireless communication devices and display units. Figure 17b shows
the monitoring system on human cardiovascular, including IFS, wireless communication

(280 'When heart rate is continuously monitored by the ECG ionic sensor,

devices and displays
alarm platform of display screen is turned on or off according to the threshold of heart rate for
the prevention and management of cardiovascular diseases. Lately, researchers have also
applied ionic sensors to human respiratory monitoring to detect early respiratory diseases,
including asthma, bronchitis, and sleep apnea [**!. As shown in Figure 17c, S. Sharma et al.
integrated IFS into a mask to monitor human breathing 2*2], Tested by subjects, it accurately
showed that respiratory rate before and after exercise has increased from 24 to 48 times per
minute. However, masks are not often needed, so it is necessary to design a more practical
respiratory monitoring system, such as embedding sensors in textile clothing or affixed to the
chest for respiratory monitoring 2812831,

Plantar pressure can provides a quantity of information for footwear design,

biomechanics, gait analysis, pre-diagnosis of foot-related diseases, and lower limb



rehabilitation (Figure 17d). However, feet bear the greatest pressure, which limits the use of
most wearable sensors. Therefore, IFS with high sensitivity and a broad pressure response
range need to have the ability to withstand maximum pressure for monitoring plantar pressure
(2841 (Figure 17¢). Recently, researchers demonstrated a plantar pressure mapping system with

(285] (Figure 17f). The intelligent insole integrates Bluetooth technology

an intelligent insole
and low-pass filtering technology to monitor plantar pressure in real time by transmitting
signal to mobile phone. This work inspired application of IFS in footwear, which is of great
significance for acquisition of human body information, injury prevention, and disease
prediction. Besides, foot pulse signal of human is closely related to the health of whole body,
which can further reflect the health information of human cardiovascular and skeletal muscle
(2862871 Pgn's research team integrated ionic sensors with shoe tongues to prepare five-unit
array sensors for monitoring foot pulse signals and muscle activity [*%8]. Heart rate and

breathing rate can be accurately recognized by capturing the foot pulse signal. Meanwhile, the

movement posture of foot can also be accurately recognized by pressure change of foot.
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Table 1. The summary and comparison of IFS with different mechanisms and materials

Mechanism Compositions Structure Sensitivity Response Mode of Characteristics Ref.
range sensing
Piezoresistive =~ PDES Electrode with 34828 kPa~' 0.6 Pa-2000 Pressure High sensitivity [240]
ionic sensing microstructure kPa with
by 3D printing ultrabroad-range
DMAPS/MAA < 300 kPa Pressure Self-healing [84]
monomers
[OMIM][CI] 0.1% 0.1-500% Strain Good durability [289]
[BMIM][Ntf2)/[ 40 (G.F.) < 200% Strain Fast response [290]
BMIM][Ac]
EG/NaCl Wavy-shaped 40 (G.F.) < 800% Strain [61]
hyperelastic
channel
Polyvinyl 2(G.F) < 300% Strain Good durability [242]
alcoholffibers/
NaCl
lonic hydrogel ~0.78 (G.F.) <300% Strain Stretchable and [275]
transparent
Supercapaciti  [EMIM][TFSI)/ Multilayer 11.73 kPa™ 1.12 Pa-32 Pressure [62]
ve interfacial PVDF-HFP surface (5-27.7 kPa)  kPa
ionic sensing microstructure
by Sandpaper
Paper/[EMIM][ Internal porous 10 nF kPa™' <100 kPa Pressure High linearity [36]
TRIFLATE)/ structure by
PVA paper
[EMIM][TFSI} Pyramidal 43.6 kPa™ 1 Pa-50 kPa  Pressure High sensitivity [74]
TPU microstructure
by Silicon mold
[EMIM][TFSIY/ Linear 9.62kPa™’ > 0.884 Pa Pressure ultra-low [291]
PVDF-HFP structure (0-40 kPa) Strain response limit
[EMIM][TFSI)/ Multilayer 9.17 kPa™ 0.013Pa~20 Pressure High linearity [292]
PVDF-HFP double-sided 63 kPa
microstructure
by sandpaper
[BMIM]-PF6/F Internal porous 13.5kPa’ <13 kPa Pressure High resolution [246]
abric structure by
fabric
[BMIM]PF6/PV  Internal porous 1.194 kPa™' 0.4 Pa~ 120 Pressure Good durability [21]
DF structure (0-0.5kPa) kPa
0.109 kPa™
(0.5-120
kPa)
PVDF-co-HFP/  Pyramidal 10828 kPa™' 1.1Pa~15kP  Pressure High sensitivity [79]
[EMIM][TFSI], microstructure a
by silicon mold
PVDF-HFP/ Microstructure 145 kPa ' > 0.4 Pa Pressure Fast response [234]
[EMIM][TFSI] with the high (< 400Pa)
aspect ratio by
sandpaper
RSF/ Surface 0.20 kPa™ Pressure, Good durability [232]
hydrogel microstructure (Pressure) temperatur
/CaCl, by fabric 1.54%C™" e
(0-50°C)
Melamine Internal porous 1.285 kPa™ >0.5 Pa Pressure ultra-low [243]
foam structure response limit
TPU/ 2.65nF <10 kPa Pressure All-Printed [255]
[EMIM][TFSI] kPa™’
PVA/H3PO,4 Microstructure 220 kPa™’ 0.08Pa-360 Pressure High sensitivity [235]
with a high kPa with
aspect ratio by ultrabroad-range
sandpaper
lonic hydrogel 2 kPa! <75 kPa Pressure High durability [77]
And
stretchability
PDMS/ Internal porous 0.01-0.02 10 Pa-1.2 Pressure ultrabroad-range  [244]
MWCNTs structure by kPa’ MPa
foam
Leaf/ Microstructure 54.31 kPa™ 0.1 Pa-115 Pressure High sensitivity [82]
PVDF-HFP/ with a high kPa
[EMIM][TFSI] aspect ratio by
Piezoelectric Nafion 0.798 strain, High linearity [45]
ionic sensing pC/kPa
pressure
Nafion 2.99mV Strain High stability [51]



Nafion 200mV Strain High linearity [293]

(1.6%)
NaOH/ <0.4% Strain High sensitivity [137]
Nafion and linearity
PVDF/PANI/P <5.6 kPa ! <20 kPa Pressure [294]
CTE
NaOH/ Multilayer <0.53% Strain High linearity [295]
Nafion structure

6.Conclusions and Remarks

In this review, we summarize and discuss the progress of emerging ionic flexible sensors
(IFS), including its sensing mechanisms, polymer matrix, electrodes, structural design, and
potential applications. Generally, IFS can be categorized into supercapacitive interfacial IFS,
piezoelectric IFS and piezoresistive IFS according to the sensing mechanisms and modes. The
summary and comparison of IFS with different materials, structures, type of functions, and
pressure/strain sensitivities are shown in Table 1. Firstly, as a dominant factor, the ionic
material selection plays an influential role in determining the sensing performance and
properties of IFS. Based on physical properties, they are further classified into ILs, ionic
polymers/gels, hydrogels and nature-derived ionic materials, and described in this work in
detail. In addition, the sensitivity and pressure response range of IFS could be dramatically
enhanced through the structural design of ionic polymer matrix, and the stability and
stretchability of IFS could be further improved through the optimization of ionic materials and
electrodes, which have been included in the discussion according to different sensing modes,
respectively. At the end of article, the prospects of IFS are discussed, and their challenges and
opportunities in the artificial skin, human-interactive technologies, and wearable medical
devices are intensively described. In particular, with recent interest and rapid progress in the
development of IFS, it is exciting to see the new pressure-sensing modality possesses the major
advantages of extremely high sensitivity, anti-interference, low detection noise and
dynamic/static force response, which lay a foundation for the further development of electronic
skin with good biological characteristics.

IFS have triggered the development of flexible sensors that extend beyond the natural
tactile sensory capabilities of humans, but there are still many urgent challenges that need to be
solved because they are in the initial stage of development. Firstly, although many sensing

mechanisms and models of IFS have been reported in previous studies, they can only predict



the sensing performance of IFS in a specific environment, and not universal. It is difficult to
accurately describe the mechanisms of IFS disturbed by external environment. In particular, the
researches on certain factors are insufficient, such as water content, temperature, and humidity.
Therefore, new sensing mechanisms and models of IFS should be further explored to adapt to
IFS in various environments.

Furthermore, there have been many reports on ultra-sensitive IFS, but pressure response
range of IFS needs to be further expanded, especially the ultra-low response limit, for meeting
some specific demands in various applications, such as health monitoring, artificial skin, and
prosthetics. Therefore, novel ionic materials and preparation processes should be further
researched to achieve a tunable pressure response range. In addition, the sensing performance
of IFS is affected by many factors, for example, the reduction of water content will cause
sensing performance to degrade rapidly. Therefore, the stability of IFS is also a technical
challenge. Although encapsulation process can effectively avoid the reduction of water content,
conventional encapsulation process would decrease mechanical performance of IFS. Thence,
advanced encapsulation technology should be further developed to reduce the impact of
environment on IFS. At present, although IFS has experienced rapid development, the ionic
sensing devices capable of sensing multiple forms have not been fully developed. Most of IFS
have focused on the capability to sense only a single type of external mechanical stimulus.
However, both biological skin and robot require a multimodal tactile sensing ability to sense
multiple forces at the same time, such as tangential force, normal force, and torsion force.
Therefore, structural design of IFS should be further developed or combined with advanced
machine-learning techniques to distinguish the multiple mechanical forces.

In addition, In terms of preparation technology, several methods have been reported,
including photolithography, mold, electroplating, printing, etc. Nonetheless, existing
preparation process is complicated and expensive, and it is difficult to realize mass production
of IFS. Meanwhile, the existing preparation process is not universal, which cannot prepare IFS
with the same sensing performance even if using same preparation process. Moreover, with the
rapid development of IFS over its first decade, IFS also has much additional functionality, such
as biodegradable, self-powered and self-healing. However, for the optimal application of IFS

with additional functionalities, numerous details such as the ionic materials, structure,



fabrication process, thickness, and encapsulation must be controlled to maintain the sensing
performance, since adding functionalities may limit the material selection and fabrication
process, which is also a technical challenge for the preparation process of IFS. Hence, it is
necessary to develop a simple, low-cost, and universal preparation processes to make IFS fully

develop from proof-of-concept devices in laboratory to commercial products.
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