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1. Introduction

Sensing technology has experienced a 
rapid growth, by extending the power of 
natural senses, over the past decades.[1–19] 
In particular, measurements of external 
mechanical force or pressure at a surface, 
inspired by human sense of touch, have 
already been employed in a wide range of 
industrial, medical, and consumer appli-
cations. Historically, this category of the 
sensing devices has been called a pressure 
sensor when gauging into fluidic objects 
(either liquid or air), or force sensors 
in contact with solid objects.[20–34] With 
recent research and development pro-
gresses in the fields of human–machine 
interface, robotic intelligence, and bionic 
prosthetics, the term of electronic skin 
has frequently been mentioned, from 
which the force and pressure measure-
ments of the physical interaction with 
its environment, particularly in a matrix 
format, has been also referred to as tac-
tile sensing, even though tactile sensing 

can include other modalities of sensing upon physical contact, 
such as temperature and humidity.[35–47] Herein, we consider 
pressure sensors, force sensors, and tactile sensors are all 
equivalent terms and would use these terms interchangeably 
under this context.

In general, the pressure and tactile sensors can be catego-
rized into electrical- and optical-based devices, depending on 
the measurement principles.[48,49] The electrical-based sensing 
devices converts the mechanical loads into electrical readouts, 
such as the change of resistance, capacitance, or voltage. While, 
the optical-based devices can convert the external stimuli into 
modulations of the wavelength or phase angle of a light beam, 
for instance, the classic fiber Bragg gratings and the interfero-
metric sensors.[50–55] In comparison with the optical counter-
parts, the electrical sensors can typically possess high system 
flexibility, small footprint, easiness-to-integrate and straight-
forward signal conversion. It has become preferred sensing 
modalities in many recent implementations of medical and 
flexible electronics.[56–61] Based on the mechanisms of the 
mechanical-to-electrical signal conversion, we can further clas-
sify the pressure sensors into the types of resistive, capacitive, 
piezoelectric, and triboelectric-based devices.

Specifically, the resistive sensors, in a broad sense, measure 
the variations in electrical resistance of a conductive, a 

Over the past decade, a brand-new pressure- and tactile-sensing modality, 
known as iontronic sensing has emerged, utilizing the supercapacitive nature 
of the electrical double layer (EDL) that occurs at the electrolytic–electronic 
interface, leading to ultrahigh device sensitivity, high noise immunity, high 
resolution, high spatial definition, optical transparency, and responses to 
both static and dynamic stimuli, in addition to thin and flexible device archi-
tectures.  Together, it offers unique combination of enabling features to tackle 
the grand challenges in pressure- and tactile-sensing applications, in par-
ticular, with recent interest and rapid progress in the development of robotic 
intelligence, electronic skin, wearable health as well as the internet-of-things, 
from both academic and industrial communities. A historical perspective 
of the iontronic sensing discovery, an overview of the fundamental working 
mechanism along with its device architectures, a survey of the unique mate-
rial aspects and structural designs dedicated, and finally, a discussion of the 
newly enabled applications, technical challenges, and future outlooks are pro-
vided for this promising sensing modality with implementations. The state-of-
the-art developments of the iontronic sensing technology in its first decade 
are summarized, potentially providing a technical roadmap for the next wave 
of innovations and breakthroughs in this field.
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semiconductive, or an ionic conductive material induced by 
an applied mechanical load due to the intrinsic piezoresis-
tive effect presented in certain crystal-structured materials, or 
the contact area change at interfaces, or the pressure-induced 
shape change of the sensing element.[62–71] The nonlinear 
responses between the resistive changes and the pressure 
applied can lead to substantial reduction in the device sensi-
tivity as pressure increases. Moreover, the thermal noises due 
to the resistive measurement principle can be of substance 
to influence the final signal qualities in a dynamic and noisy 
environment.[72,73] Alternatively, the capacitive sensors become 
popular due to the simple device architecture, which utilizes 
a pair of parallel electrodes with a deformable dielectric layer 
in between. The capacitive readouts would rise along with 
the induced change of the separation distance under a pres-
sure load. However, the limited permittivity of the dielectric 
layer and the restricted physical separation distance (typically 
greater than 1µm due to prevention of the electric breakdown 
and pull-in effect) makes the capacitive values to be measured 
on the order of tens to hundreds of pF cm−2,[47,71,74–81] which is 
highly subject to parasitic charges and environmental electro-
magnetic noises (on a similar or higher order of magnitude). 
The piezoelectric modality serves as another widely researched 
pressure-sensing mechanism for its ultrasensitivity to dynamic 
stimuli. The piezoelectric sensors, utilizing a special property 
from certain crystalline materials with aligned dipole moments 
as the base material, generate an electrical voltage as the load 
induces a mechanical deformation on the crystalline struc-
ture.[82–86] Compared with the long histories of the resistive, 
capacitive, and piezoelectric sensing technologies, the triboelec-
tric sensing concept has been recently introduced by Wang and 
co-workers, which relies on the charges transfer mechanism 
that occurred during the contact and release of two objects con-
taining opposite charges.[87–96] Although both of these sensing 
modalities are highly sensitive to dynamic pressure changes, 
the piezoelectric and triboelectric sensors would unfortunately 
not respond to any static mechanical loads due to their physical 
detection principles, which highly limited their applications to 
any absolute pressure measurements.[37,97,98]

A brand-new pressure- and tactile-sensing modality, known 
as interfacial supercapacitive sensing or iontronic sensing, uti-
lizing the supercapacitive nature of the electrical double layer 
(EDL) occurred at an elastic electrolytic–electronic interface, 
was originally proposed and demonstrated by Pan’s group in 
2011.[99] Such a unique liquid-solid sensing structure, unlike the 
aforementioned counterpart sensors made from all solid-state 
materials, needed to be highly elastic to detect the mechanical 
deformation when the external loads were applied. This had 
been initially achieved by loading an electrolytic or ionic droplet 
onto a chemically modified electrode surface with an ultrathin 

layer (on the order of a single molecular size) of highly hydro-
phobic coating.[99–101] Remarkably, this device had successfully 
exhibited ultrahigh unit area capacitance (UAC) immediately, 
which was on the order of several µF cm−2 in a sub-MHz spec-
trum, more than a 1000 times greater than that of the conven-
tional parallel-plate capacitive sensors, ranging from tens to 
hundreds of pF cm−2.[74–81] The significantly improved UAC of 
the sensing interface was then directly correlated to the detec-
tion resolution, as well as the overall device sensitivity from the 
measurement consideration. In particular, both the parasitic 
influences along the transmission line and the electromagnetic 
noises (typically within a range of µF cm−2) from the ambient 
environment became negligible from substantial.[99,100,102] More-
over, it also offered high noise immunity, high spatial definition, 
and responses to both static and dynamic stimuli in addition 
to its unique optical transparency. Since then, development of 
the iontronic sensing had been accelerated. The comparison 
of different mechanisms used for flexible pressure sensing is 
shown in Table 1. Herein, we will survey the up-to-date develop-
ment on this emerging research directions since its inception, 
with in-depth discussions on various aspects of the theoretical 
sensing models, a new category of iontronic materials, device 
architectures and structures, as well as an array of novel ena-
bling applications, as shown in Figure 1. Specifically, the ion-
tronic interfacial sensing principles with its brief historical 
discovery will be introduced in Section  2 from its original 
droplet-based format to various system architectures devel-
oped consecutively. As the key to iontronic sensing implemen-
tation, the new category of iontronic materials for the sensing 
purpose will be surveyed from the literature in Section  3, 
including liquid state ionic materials, solid state ionic mate-
rial, and nature ionic materials. In Section 4, we will introduce 
the latest research discoveries over the geometrical influences, 
physiochemical properties and design considerations of the 
sensing interfaces, for instance, the shape of the elastic contacts  
(e.g., spherical or cylindrical contacts) and the substrate formats 
(e.g., fibers or films). Afterward, novel applications utilizing the 
unique and combined features of the iontronic sensing, such as 
environmental interaction, health monitoring and motion iden-
tification, will be included and exhibited in Section  5. Finally, 
Section  6 will conclude the current challenges and the future 
prospects for the iontronic sensing research, which can provide 
a technical roadmap for the next generation of innovations and 
breakthroughs in this promising direction.

2. Mechanisms and Historical Perspective

The term “iontronic” or “ionotronic” has already been used 
in a few research fields, describing a variety of devices that 

Table 1. Comparison of different mechanisms used for flexible pressure-sensing.[35,37,72,97,98]

Mechanism Resistive Capacitive Piezoelectric Triboelectric Iontronic

Sensitivity Low/medium Low High High High

Noise High Low Low Low Low

Anti-interference High Low High High High

Static force response Yes Yes No No Yes
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use ions as charge carrier, as a counterpart of the term “elec-
tronics”. Similar to electronics, iontronic conductors, resistors, 
capacitors, transistors, and diodes have also been widely repo
rted.[74,79,103–112] Herein, we intend to only focus on a narrower 
definition of iontronic devices, which utilizes a new pressure-
sensing mechanism based on the interfacial EDL. Since the 
formal introduction of the “iontronic” term to the field of flexible 
pressure sensors in 2014,[100] its definition becomes gradually 
accepted by more and more researchers. The inception of the 
iontronic interfacial sensing has in fact been intriguing, which 
has benefited from research advances of several emerging but 
not directly related fields, including superhydrophobic chem-
istry, droplet microfluidics and flexible electronics,[113–115] while 
based on one long-known interfacial phenomenon in elec-
trochemistry, that is, EDL.[116–128] In particular, the iontronic 
sensing was originally devised and demonstrated through a 
droplet-based elastic interface of the electrolyte–electrode con-
tact in 2011.[99] This sensing implementation primarily relied 
on both the formation of EDL at the interface as well as the 
interfacial deformability to be reversible. The supercapacitive 
EDL of the electrolyte–electrode contact had been long known 
(since 1879),[129] and also extensively investigated both in early 
electronics to be utilized as capacitive components,[130–133] and 

in lately energy research to store electrochemical energy.[133–135] 
However, due to the lack of mechanical control of such a 
liquid–solid interface, the EDL capacitance had not been 
explored as a mechanical unit till recently, despite its successful 
implementation as an ion-selective field-emission transistor for 
molecular detection.[136–138] Benefiting from the rapid progress 
in another seemingly irrelevant research field of superhydro-
phobic surfaces, also known as lotus effect, Pan’s group was 
once investigating in the mechanical instability of the liquid–
solid interface for surface microfluidic manipulations.[139–142] 
Specifically, it was observed that the droplets, under the capil-
lary length, would be highly subject even to slight mechanical 
disturbance, such as mechanical vibration or ariflow, at the 
remarkable nature-inspired superhydrophobic surfaces. Such a 
mechanical instability at the interface can be potentially utilized 
as a novel liquid-sensing mechanism, and can be electrically 
measured. Though this type of deformation can be detected 
through either classic resistive or capacitive means,[143–146] it was 
soon realized that the direct liquid–conductor contact with fine 
interfacial manipulation would enable the supercapacitive EDL 
of the liquid–solid contact to become a reversibly mechanical 
sensing structure.[99] In comparison to the conventional capaci-
tive sensing, the EDL-based measurement scheme was found 
to exhibit an ultrahigh UAC on the order of several µF cm−2, 
more than a 1000-fold improvement in capacitive values, and 
as a consequence, it immediately eliminated the major tech-
nical challenge presented in the capacitive sensing methods, 
that is, sensitivity to parasitic noises and environmental elec-
tromagnetic fields. Notably, the significantly improved UAC of 
the sensing interface was then directly correlated to the detec-
tion resolution, as well as the overall device sensitivity from the 
measurement perspective. It was initially referred to as inter-
facial supercapacitive sensing, but later renamed to iontronic 
sensing, fused by the words of ionic and electronic, since the 
electrode configuration indispensably required one side to be 
electronic-conductive while the other ionic-active. Since then, 
this essential discovery has paved the way for accelerated devel-
opment of the iontronic sensing and its newly enabled features 
and applications in the following decade, which will be dis-
cussed in detail in the following sections.

EDL has been long known to present extremely high UAC for 
holding opposite charge carriers, that is, electrons on the elec-
trode surface and ionic charges in the liquid phase, at an inti-
mate distance.[116–128] The physical principle of the interfacial 
physics and EDL properties, known as Gouy–Chapman–Stern 
model, have been well established based on the consideration 
of electrostatic interactions and thermal motions of the charge 
carriers.[147–150] In general, the excess electronic carriers held at 
the electrode surface would lead to strong electrostatic interac-
tions with the ions in electrolyte at the liquid–solid interface. 
As a result, the counter-ions would be attracted to the electrode 
surface, while the homogeneous ionic charges are repelled from 
the interface, giving rise to a region at the electrolyte–electrode 
interface called EDL. The immediate interfacial layer in the elec-
trolyte holds and immobilizes the majority of the counter-ions 
is known as Helmholtz layer, and its thickness is assumed to be 
the radius of a single solvated ion, which is limited to nanometer 
ranges. Therefore, the electronic model of Helmholtz layer can 
be analogous to conventional parallel-plate capacitance, which 

Figure 1. Mechanisms, materials, structures, and applications of the 
iontronic sensing technology. Image for “Interfacial Iontronic Sensing”: 
Reproduced with permission.[101] Copyright 2014, Royal Society of Chem-
istry. Image for “Liquid droplet”: Adapted with permission.[99] Copyright 
2012, Royal Society of Chemistry. Image for “Soft-matter”: Reproduced 
with permission.[190] Copyright 2017, American Chemical Society. Image 
for “Natural materials”: Reproduced with permission.[160] Copyright 2018, 
Wiley-VCH. Image for “Bio-inspired”: Reproduced with permission.[191] 
Copyright 2018, Wiley-VCH. Image for “Fibrous”: Reproduced with permis-
sion.[207] Copyright 2017, Wiley-VCH. Image for “Micro–nano”: Reproduced 
with permission.[190] Copyright 2017, American Chemical Society. Image for 
“Interaction” and the inset figure: Reproduced with permission.[207] Copy-
right 2017, Wiley-VCH. Image for “Motion Identification” and the inset 
figure: Reproduced with permission.[204] Copyright 2017, Wiley-VCH.
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holds opposite charges separated by the layer distance. Mean-
while, the next adjacent layer is commonly referred to as diffuse 
layer, in which both the electrostatic interactions and diffusion 
effects of the counter-ions reach equilibrium following the 
Poisson–Boltzmann relationship.[123–128] The electrical behavior 
of this diffuse layer can be considered as an additional capaci-
tive component, described by Debye length of the electrolyte. 
As a result, both Helmholtz and diffuse layers can be simply 
mode led as individual capacitive elements, CH and CD, respec-
tively, according to the classic EDL model. Overall, the equiva-
lent model of the interfacial EDL can be expressed as the two 
interfacial capacitors connected in series. Considering CH and 
CD are both proportional to the change of the contact area (A), 
the EDL capacitance can be derived into the following format:

C
C C

d C T A A1 1 · , , , , · UAC·AEDL
H D

1

η ϕ ε φ( )= +






 = =

−

 (1)

where ϕ(d,ε,C,f,T) is a combined parameter which can be 
theoretically influenced by A) the properties of the electrolyte, 
including the dielectric constant (ε) and the thickness of Helm-
holtz layer (d), in addition to ionic species and concentrations 
(C); B) the interfacial properties related to both the electrolyte and 
electrode, such as surface potential (f); as well as C) the environ-
mental factor, that is, temperature (T). Moreover, ηA is defined as 
a roughness ratio between the actual and ideally smooth surface 
area. Notably, the product of ηA and ϕ represents the EDL capaci-
tance per unit surface area, which is referred to as UAC as afore-
mentioned, and it can be experimentally determined.

As mentioned previously, the iontronic sensing is established 
upon both the formation of the EDL layer between ionic–electronic 
contacts and the variation of the contact area. In order to achieve 
the detection of the capacitive changes in the sensory architecture, 
it becomes necessary to employ mechanically induced changes 
in the contact area. Therefore, the delicate control of the ion-
tronic interface with mechanical elasticity and reversibility has 
been the key consideration in this type of sensor design. Based 
on the fundamental mechanisms utilized to induce the change of 
the interfacial area, we have divided the existing iontronic device 
architectures into the following categories of mechanical-struc-
tural models: 1) the structural-bending model; 2) the material elas-
ticity model; and 3) any combinational model of (1) and (2).

2.1. Structural-Bending Model

As an example of the structural bending model, the original 
droplet-based iontronic sensors, as illustrated in Figure 2a, have 
been devised with an electrolytic droplet sitting between two 
highly hydrophobic electrode surfaces. A normal force applied 
to the flexible membrane would cause its structure to deform, 
and thus, squeeze the droplet inside. Given its elastic modulus 
(Young’s modulus), this membrane deformation follows the 
classical thin-plate deflection theory which relates the mechan-
ical loading on an elastic solid structure to its corresponding 
small longitudinal deflection.[150] Under the membrane defor-
mation, the droplet would also experience longitudinal com-
pression first but lateral expansion in its shape, assuming it 
is an incompressible fluid with unaltered volume. It is worth 

Figure 2. a–d) Schematic diagrams and equivalent circuits of: a–c) the structural-bending model with the droplet format (a), the film format (b), and 
the fibrous format (c), along with d) the material-elasticity model for iontronic sensor designs.
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noting that for the droplet-based sensor design, in particular, 
surface-tension-induced Laplace pressure may be present inside 
the droplet under its sandwiched shape; however, it is gener-
ally negligible (typically less than a few hundreds of Pascals), 
in comparison with that induced by structural deflection. Thus, 
the mechanical resistance to the external loads mainly attrib-
utes to the elasticity of the bending membranes, which leads to 
the shape change of the droplet, and therefore, the alteration in 
its contact area with the hydrophobically modified electrodes. 
Under the relatively constant UAC, the interfacial variation 
of the contact area would lead to a proportional change in the 
overall capacitance to be detected in the sensor. An equivalent 
circuit diagram of iontronic droplet sensors has also been exhib-
ited in Figure 2a, in which the EDL capacitances (CEDL) at the 
interfacial contact areas can be modeled as two variable capaci-
tors connected through a variable resistive element of the bulk 
conductance of the material (RBULK), which is mainly controlled 
by the geometric shape of the droplet, as well as the chemical 
composition of the electrolyte and the environmental factors. 
Moreover, additional capacitive change (CPE) could result from 
the electric coupling of the two electrode surfaces in parallel, 
similar to the classic parallel-plate capacitance,[99,100] which is 
mainly related to the distance between electrodes, though its 
magnitude is typically marginal as compared to that of the EDL 
capacitance. Therefore, the key electrical performance of the 
iontronic sensors is dominantly determined by the pressure-
controlled EDL capacitance of CEDL.

The droplet-contact format has its limitation to be further 
expanded, for example, packaging and durability concerns.[153] 
Moreover, the ionic materials contain typically a polymeric-
based matrix, which can cause a certain degree of mechanical 
hysteresis, adding another undesired feature to the sensor per-
formance. As a result, the later interest for iontronic sensing 
shifted to the solid–solid contact. An alternative structural 
bending architecture has been extended from the classic plate-
bending theory to adopt the material change, which relies on the 
physical contact of the top membrane and bottom plate,[150–152]  
as shown in Figure  2b. Notably, a similar approach has been 
employed in the force-sensitive resistor design, one common 
type of resistive pressure sensors.[154–156] As can be seen, the 
film iontronic sensors can be simply configured in a parallel-
plate setting, with an electrode membrane and an ionic mate-
rial coated film facing opposing to each other. With a built-in 
spacer layer, the two functional membranes can approach 
each other under an external load and come in contact once 
the load exceeds a threshold pressure. As the force increases, 
the contact region between the two plates would continue to 
expand. Within the small deflection limit, its mechanical 
behaviors, including the contact area between the two plates, 
can be mathe matically determined by the thin-plate deforma-
tion theory. This topic has been previously well established in 
the solid-state pressure sensors. In particular, a mechanical 
membrane bending model developed by Ko and co-workers has 
been well adopted in the literature.[157–159] Under this model, 
it is assumed once the top ceiling comes into contact with the 
bottom surface under the external pressure (P), the equiva-
lent bending plate can be considered as a plate with a reduced 
surface area, which continues following the classic thin-plate 
deformation. As a consequence, the area of contact can be 

considered as the difference between the actual and equivalent 
surface of the bending membrane, from which the EDL capaci-
tance can be determined accordingly. Specifically, a mathemat-
ical expression for an iontronic sensor with a squared mem-
brane has been derived as follows:[160]

C a a
hD

NP
UAC·EDL 4= −









  (2)

where a and h stands for the side length of the square mem-
brane and the height of the spacer in the sensor design, respec-
tively. D is the flexural rigidity of the membrane, while N is 
defined as a geometrical constant related to the boundary con-
ditions of the bending structure. According to this model, the 
sensors are only able to generate EDL capacitance after the plate 
contacts, which leads to a non-response zone under a relatively 
low pressure. Also this model is only applicable to the small 
deflection of the plate because a significant decrease of sensi-
tivity can occur when the bending enters into the large deflec-
tion. As illustrated in Figure 2b, the equivalent circuitry of the 
film iontronic sensors under the structural-bending model can 
be depicted as a serial connection of the contact sensing EDL 
capacitor and one fixed EDL capacitor presented at the ionic-
coating–electrode interface, in addition to one variable contact 
resistance (RCONT), while a parallel-plate capacitor induced by 
electrode coupling is connected in parallel.

Another sensing architecture receiving much attention 
recently is based on the structural bending of the fibrous 
and woven materials, such as fabrics and papers, due to 
increasing interest in wearable health and monitoring technolo-
gies.[76,78,80,161] The fabric sensing structure can be devised as 
simple as distributed fiber assemblies sandwiched in between 
two electrodes as shown in Figure 2c. As the external pressure 
applied to those fiber assemblies, it would mainly cause fiber 
bending and compression at the contact points. The equivalent 
circuitry of this fibrous architecture is identical to that of the 
droplet format, of which two variable capacitors represent the 
sensing EDL interfaces at both fabric ionic–electrode contacts, 
as shown in Figure 2c. A classic model based on this observa-
tion, known as van Wyk theory, has been extensively used in 
textile industries to analyze the mechanical behaviors of the 
fabric materials,[162–164] which can also be applied to the case of 
the iontronic sensing using fibrous materials. Recently, a theo-
retical equation has been derived from the van Wyk theory to 
describe the relationship between the external loads and the 
resulted EDL capacitance for the fabric sensing architecture, 
and expressed as follows:

C
V KE

AP
f

UAC
6

EDL
0

2
0π

=  (3)

where K and E are the spatial distribution parameter and the 
elastic modulus of the fabric, respectively. Moreover, UAC0 
stands for the initial UAC of the iontronic fiber assemblies, 
while 0Vf  represents the initial volume fraction of the fibers 
assembly at zero load. It is worth noting that this model does 
not take into consideration the material elasticity of the fibers, 
and also the fibrous twisting, slippage and extension have been 
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ignored at large deformation. It has further assumed that the 
fiber elements are oriented randomly and all the frictional 
forces are negligible. All the mentioned assumptions may 
lead to deviation from the actual deformation in textiles. For 
example, this model cannot be applied to formal woven/knitted 
fabrics and cannot accurately predict the response at large pres-
sure when fiber deformation cannot be neglected.[163]

2.2. Material-Elasticity Model

Alternatively, the material elasticity with different shapes has 
been investigated for controlled mechanical deformation, 
which can also increase the surface area of the contact under 
external pressure, resulting in an improved UAC and the corre-
sponding device sensitivity. In theory, this type of problem can 
be analytically modeled and derived from the original elastic 
contact model, which takes into account the elastic deformation 
of a spherical object with a changing contact radius under a 
load. Though the original format of Hertz model only describes 
normal deformation of spheres, its later extensions add vis-
cosity and shear response including friction and adhesion and 
have been extended to various contact geometries.[165,166] This 
useful extension can be utilized to model various structural 
geometry. Nevertheless, one of the popular sensing designs 
resembles a spherical topology in contact with a planar surface, 
as shown in Figure 2d. This design requires a structured ionic 
elastomer prepared onto one side of the electrode, with another 
electrode serving as the interfacial sensing contact. As a result, 
the equivalent circuitry of this sensing modality is identical 
to the solid–solid contact in the structural bending model, 
with a fixed capacitor presented at the ionic-coating–electrode 
interface.

2.3. Combined Mechanics

Though plenty of examples of the iontronic structural designs 
have been shown, which solely relies on one of the individual 
mechanical models we have described above, others have uti-
lized the multiple physical principles combined to achieve its 
variation in the interfacial contact area, which is also highly 
dependent on its material and structural selections.[160,167] 
Some of these combinations of different models generate a 
new horizon to further develop the sensing technology into 
more comprehensive practical materials or applications. 
As this section is intended to focus on the understanding of 
the fundamental models for the mechanical performances 
of the iontronic sensors, we would continue to discuss more 
multiphysics-based sensor designs in the following sections.

3. Experimental Section

As aforementioned, the iontronic sensors have originally uti-
lized the intrinsic ionic property of the liquid electrolytes to 
establish interfacial EDL. In order to achieve mechanical sta-
bility of the sensing devices, the recent development has been 
emphasized toward other soft-matter formats, such as ionic 

gels and other polymeric compounds. Most of these soft-matter 
materials have been designed to extend certain physical proper-
ties similar to solids to simplify the manufacturing process and 
improve the mechanical stability, while maintaining the ionic 
property of the materials with the charged EDL layer formed 
upon the immediate liquid-electrode contact. In this section, 
the different material options ranging from liquid ionic mate-
rials, solid-state ionic materials, to natural ionic substances will 
be surveyed up-to-date to build the iontronic sensing devices 
(Figure 3). Moreover, the relevant material properties will be 
incorporated into the discussion, such as UAC, Young’s mod-
ulus, and composite fractions, and therefore, the corresponding 
device performance will also be discussed accordingly.

3.1. Liquid Ionic Materials

Historically, liquid ionic materials have been a popular material 
option to establish the EDL layer for the remarkable interfacial 
capacitance, benefiting from their wide availability and easy 
preparation, in addition to the economic factors.[168,169] Intui-
tively, a similar material strategy has been extended to the orig-
inal iontronic sensing devices using the droplet format. In fact, 
liquid ionic materials represent a large family of chemicals, 
which is typically ionic conductive in a liquid phase, including 
almost all the aqueous and non-aqueous electrolytes.[168,169]

3.1.1. Aqueous Electrolytes

Aqueous electrolytes can be acidic, alkaline, or neutral, 
depending on the concentration of H+ and OH− ions. In gen-
eral, the aqueous electrolyte exhibits a higher ionic conductivity, 
of at least an order of magnitude, than that of the non-aqueous 
counterpart, benefitting from the high ionic mobility of the 
small solvated ionic species.[170,171] This could potentially lead to 
higher interfacial capacitance as well as a broader working fre-
quency spectrum. On the other hand, aqueous electrolytes may 
only exhibit a narrow window of electrochemical stability, which 
limits the voltage ranges from the input signals, and further 

Figure 3. The category of the materials used in interfacial iontronic pres-
sure sensors.
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complicates the acquisition of electronic designs.[169] When 
the applied voltage exceeds the electrochemical window, poten-
tial reactions can cause electrical breakdown of the sensors 
and chemical corrosion of the electrodes. Moreover, most of 
aqueous electrolytes are subject to environmental evaporation, 
which can influence the long-period stability of the sensor, even 
though it could be hermetically sealed, due to local evaporation 
and condensation. As a result, this common type of electrolytes, 
although widely employed in supercapacitive devices, has not 
been a popular choice for long-term sensing applications with 
stability requirements.

3.1.2. Non-Aqueous Electrolytes

As an emerging alternative to the aqueous electrolytes, the non-
aqueous counterparts can be categorized as organic electrolytes, 
ionic liquids (ILs) and their mixtures.[169] In particular, the non-
aqueous electrolytes can potentially withstand a considerably 
broader window of electrochemical stability, resulting in a 
higher tolerance in input voltages and electronic designs as well 
as more choices of electrode materials, even though they may 
possess a lower UAC and slower iontronic responses.[169,172,173]

Organic electrolytes are typically made of solid electrolytes 
dissolved in organic solvents, such as carbonic ester solu-
tion of lithium hexafluorophosphate, commonly used in the 
lithium-ion battery industry.[172] It is worth noting that in order 
to reduce the evaporative effects, the original iontronic sensors 
have used the organic electrolyte of 1.1 m NaCl water/glycerol 
mixture solution to form the sensing droplet,[99] as illustrated in 
Figure 4a. The electrolyte solution containing NaCl has shown 
extremely high UAC of around 4.5 µF cm−2, while adding glyc-
erol to the electrolyte solution can reduce water evaporation 

for the decline of the vapor pressure of water, as well as the 
moisture absorption from the atmosphere,[174] in order to keep 
the UAC stable. However, it has resulted in an increase in the 
viscosity of the liquid from 1.0 to 60.1 Pa s, which can signifi-
cantly extend the mechanical response time of the sensors from 
20 to 280 ms. In principle, a high boiling point solvent with a 
low viscosity would be highly desired accordingly. However, the 
two physical properties are both rooted from and positively cor-
related to intermolecular interactions, and therefore, it is chal-
lenging to identify such a combination. Moreover, even certain 
organic solvent possesses a high boiling point, for example, 
glycerol, can reduce the evaporative problem, the organic elec-
trolyte still faces related environmental issues, such as hygro-
scopicity when exposing to environment. This can also lead to 
unpredictable interfacial properties for the iontronic sensing 
architecture.[175]

As a relatively new family of organic materials, ILs are 
molten salts with melting points well below 100 °C, which con-
tain organic ions with a high degree of structural variability that 
can be controlled by the molecular design.[169,176,177] Importantly, 
ILs have offered many valuable properties, including low vapor 
pressure, a broad temperature window in the liquid state, high 
chemical and thermal stability, a wide electrochemical poten-
tial window, high ionic conductivity, and good solubility in 
various organic or inorganic solvents. Recent development in 
IL research has shown that ILs can possess comparable ionic 
conductivity with many organic electrolytes, an extremely high 
boiling point up to 300–400 °C and an absence of decomposi-
tion with a wide electrochemical window up to 6 V.[176] These 
unique properties of ILs combined make them a particularly 
promising candidate for iontronic sensing applications. In 
recent IL designs, organic salts, such as imidazolium, pyrro-
lidinium, pyrrolidinium, and quaternary ammonium salts, as 

Figure 4. a) The first iontronic pressure sensor which using glycerol/water solution of NaCl as the ionic material. Reproduced with permission.[99] 
Copyright 2012, Royal Society of Chemistry. b) Commonly used cations and anions in ionic liquids. c) The droplet-based iontronic pressure-sensing 
array using 1-ethyl-3-methylimidazolium tricyanomethanide as the functional material, for which the fast response of the sensor benefits to the precise 
detection of pulse wave. c) Reproduced with permission.[100] Copyright 2014, Royal Society of Chemistry.
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well as their derivatives are commonly considered as cations, 
while bis(trifluoromethanesulphonyl)imide, methanesulfonate, 
tricyanomethanide, and hexafluorophosphate are mostly used 
anions,[178,179] as shown in Figure  4b. In the first publication 
that has incorporated the ILs into the iontronic sensing design, 
Pan and co-workers have investigated the effect of electrochem-
ical window, melting point, vapor pressure, molar weight, con-
ductivity and viscosity on sensor performances of four different 
imidazolium-based ILs, including 1-butyl-3-methylimidazolium 
hexafluorophosphate, 1-butyl-3-methylimidazolium tetrafluor-
oborate, 1-ethyl-3-methylimidazolium tetrafluoroborate and 
1-ethyl-3-methylimidazolium tricyanomethanide ([EMIM]
[TCM]).[153] Their results have indicated that the IL selection 
using [EMIM][TCM] has exhibited the highest electrical con-
ductivity (18 mS cm−1) and the lowest viscosity (18 Pa s) as the 
droplet sensing material. As a consequence, the iontronic sen-
sors have been made from [EMIM][TCM], illustrating an ultra-
high mechanical-to-electrical sensitivity of 0.43  nF kPa−1 and 
fast mechanical response up to 100 Hz, as shown in Figure 4c. 
Overall, with high ionic conductivity, wide electrochemical 
window, low evaporation and high environmental stability, 
ILs could be one of the most promising sensing materials to 
choose in the liquid-based iontronic pressure sensors.

3.2. Solid-State Ionic Materials

Development of the liquid iontronic sensors face a twofold 
technical challenge: low mechanical stability and poor material 
processability, despite the original sensing devices have been 
established all by the liquid means.[153] The solid format of the 
active ionic materials has recently attracted intensive interests 
in research. A similar trend has been also observed in the field 
of battery and supercapacitor research, in which the solid-state 
ionic materials are commonly referred to as solid electro-
lytes.[180–182] Following a similar categorization method, the 
solid-state ionic materials were divided into ionic gels (a.k.a., 
gel polymer electrolytes), polyelectrolytes, as well as ionic com-
posites (a.k.a., composite polymer electrolytes), in addition to 
natural ionic materials. Herein, intentionally excluded were dry 
polymer electrolytes and inorganic electrolytes, two subtypes of 
the solid-state electrolytes, in the discussion. The former mate-
rials, consisting of a polymer matrix and a solid salt without 
any solvent, have been known for poor ionic conductivity, while 
the latter ones, as ceramic materials in nature, suffer from 
technical difficulty in material fabrication and assembly for the 
sensing devices.

3.2.1. Ionic Gel

Ionic gel has been an attractive topic in academic research 
recently due to the demand for soft ionic conductors with the 
development of flexible electronics. It represents a family of 
soft-matter materials, composed of liquid electrolytes confined 
within a polar polymeric matrix with potentially high ionic 
conductivity.[183,184] Specifically, the polymeric chains form a 
spatial network structure by crosslinking and tangling, while 
the liquid electrolytes fill in the interspace and considerably 

reduce their fluidity. As discussed in the previous section, 
IL has been a popular choice to devise iontronic sensors, as 
its combined advantages of low evaporation, high ionic con-
ductivity, low corrosion and high stability. Ionic gels can, 
therefore, be prepared by two straightforward approaches to 
incorporate IL in a crosslinked polymeric matrix. The first 
method is to chemically crosslink a mixture containing an IL 
and a crosslinkable monomer base to form the ionic gel. For 
instance, acrylate monomers, such as poly(ethylene glycol)
diacrylate (PEGDA) and hydroxyethyl methylacrylate (HEMA), 
can be used in the crosslink method to form the polymeric 
matrix.[102,153,167,185] Whereas, the second one employs direct 
mixing of an IL with a thermoplastic polar polymer showing 
high compatibility, such as poly(vinylidene fluoride)–hexafluo-
ropropylene (PVDF-HFP), thermoplastic polyurethane (TPU), 
and poly(vinyl alcohol) (PVA), followed by a curing step.[186–195] 
In order to achieve material ionicity in the composite, the 
selection of the polymeric matrix is determined strongly upon 
the polarity of materials. Only polymers with high polarity 
can possibly be well blended with ILs, because of the ionic 
charges carried by ILs, which excludes a large group of soft 
matter materials with intrinsically poor polarity, including 
poly(dimethylsiloxane) (PDMS). Combining the high ionic 
conductivity and stability of the IL with the mechanical flexi-
bility and processability of the polymeric matrix, the ionic gels 
have become widely adopted in the iontronic sensor design.

The first pressure sensor using ionic gel with IL as the 
filler was introduced by Pan and co-workers for wearable 
health monitoring applications.[153] According to their report, 
the ionic coating was prepared by mixing ultraviolet (UV) cur-
able polymer PEGDA with hydrophilic IL [EMIM][TCM] and 
2-hydroxy-2-methylpropiophenone (HOMPP) as photoini-
tiator to form a flexible, smooth, and transparent ionic gel 
in between two spaced indium tin oxide (ITO) electrodes, as 
shown in Figure 5a. The device presented an ultrahigh UAC 
of 5.4 µF cm−2, as well as an ultrahigh capacitance-to-pressure 
sensitivity of 3.1  nF kPa−1. In addition, this flexible sensing 
device also exhibited fast response speed, together with 
less than 3% variation in device sensitivity upon repeated 
bending/release at a bending radius of 50–200  mm for 
30  000 cycles. In a successive report from the same group, 
the authors applied the same formula of the ionic gels to fab-
ricate elastic droplets into the sensing structure, instead of 
coating it as a thin film, followed by a UV curing step,[167] as 
shown in Figure  5b. From their observation, the ionic elas-
tomer droplet exhibited similar sensing performance with a 
high device sensitivity of 0.2  nF mmHg−1 and a millisecond 
response time as its liquid counterpart, while bypassing the 
challenges associated with the liquid sensing units. Impor-
tantly, the curing step of monomers in the ionic mixture 
was relatively fast and environmentally friendly without any 
evaporation step of the organic solvent. However, UV curing 
required an oxygen-free environment to prevent oxygen inhi-
bition from free radical polymerization, making it difficult to 
be mass-produced later.[186] Another interesting fact of this 
report was that the ion-gel sensor was successfully incorpo-
rated into a medical wearable to monitor applied pressure 
loads from compression wraps for chronic venous disorder 
patients.[167]
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As mentioned before, an alternative route to prepare the 
ionic gel modality is directly mixing of thermoplastic polymers 
with ILs. It has been reported that this type of ionic gel can 
function as an ionic coating in a pressure sensor design based 
on the aforementioned structural bending model, or an ionic 
elastomer in the design based on materials elasticity model. 
Figure  5c demonstrates an iontronic pressure sensor using 
ionic coating in which PVA serves as the polymeric matrix 
and [EMIM][TCM] as the liquid electrolyte. In particular, the 
ionic gel sensor has exhibited a device sensitivity of 1  nF 
mmHg−1 with a detection range from 1 to 200  mmHg, and 
has been applied to real-time monitoring of muscular move-
ment, respiratory activities, and arterial pulse waveforms by 
integrating into an athletic shoe.[186,187] Moreover, PVDF-HFP 
has been reported as another widely studied thermoplastic 
polymer as the polymer matrix to form an ionic gel. Recently, 
Guo and co-workers reported a PVDF-HFP-based ionic gel 
for iontronic pressure-sensing, in which PVDF-HFP was dis-
solved in acetone, with adding 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]) to form a 
blended solution. The ionic gel shaped into uniform micro-
cone array was replicated from a Calathea zebrine leaf. It was 
used as the dielectric layer sandwiched in between two silver 
nanowire electrodes,[191] as shown in Figure 6a. The sensor 
exhibited a maximum sensitivity of 54 kPa−1, which was sub-
stantially higher than that of the non-iontronic sensors. Fur-
thermore, the mixture of TPU and IL using a similar prepara-
tion method was reported by Kim and co-workers to establish 
a microstructured ionic gel film.[193] The authors used a dif-
ferent molding template from the previous study, in which a 
periodically arranged microhemisphere array was prepared by 
photolithography, as shown in Figure 6b. Compared with the 
sensor using non-structured ionic gel, the sensitivity of the 
sensor using a microstructured one presents about 2.5 times 
increase to 1.4 nF kPa−1 over 10 kPa. In addition, by precisely 
tuning the voltage, frequency of the driving signal, ionic gel 
film thickness and electrode material, the sensitivity could be 
improved to 25.8 nF kPa−1.

Figure 5. a) Flexible and transparent ionic gel coating prepared by UV crosslinking of PEGDA in [EMIM][TCM]. Reproduced with permission.[153] 
Copyright 2015, Wiley-VCH. b) Ionic gel droplet prepared by UV curing of PEGDA and [EMIM][TCM]. Reproduced with permission.[167] Copyright 2015, 
Biomedical Engineering Society. c) Ionic coating prepared by thermal drying of PVA and [EMIM][TCM] aqueous solution on a polymer substrate for 
on-feet pressure detection. Reproduced with permission.[186] Copyright 2019, IEEE.
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3.2.2. Polyelectrolytes

Polyelectrolytes represent a family of long-chain polymers with 
potentially ionizable groups. Depending on the polarity of ioniz-
able group, it can be further divided into anion and cation poly-
electrolytes, for instance, poly(acrylic acid)s, polystryrenesulfonic  
acids, and perfluorosulfonic acids (also known as Nafion) as 
anion polyelectrolytes, while polyacrylamide, polyquaternium, 
and poly(vinyl pyridine) as cation polyelectrolytes.[169,180–182] 
One major advantage of polyelectrolytes is that the mobile 
ions available in polyelectrolyte are chemically linked to its 
polymeric chains, without the potential issue of ionic leakage 
from its network. Therefore, its long-term chemical stability 
has been improved inherently. Specifically, polyelectrolytes 
can be prepared into a solid-state thin-film coating as well as 
be spun into a fibrous format. Based on the desired charac-
teristics of the polyelectrolyte, Sun and co-workers developed 
a washable iontronic sensing device by incorporating a poly-
IL nanofibrous membrane (PILNM) with a fibrous structure, 
which was synthesized through free radical polymerization of 
1-butyl-3-vinyl-imidazolium bis(trifluoromethanesulphonyl) 
imide ([BVIM][TFSI]), followed by electrospinning into a 

nano-fabric format.[197] (Figure 7a). Notably, the PILNM sensor 
exhibited remarkably stable sensing performance under a mois-
ture environment (up to 70%) even after repetitive washing 
steps (over 10 times), which could be a critical feature for wear-
able devices in the future. However, the ionic conductivity of 
polyelectrolyte is typically determined by the mobility of the 
ionized species, such as H+, in its polymer matrix. The poly-
electrolyte materials are subject to similar challenges to the 
other solid-state counterparts. First of all, the low ionic conduc-
tivity has to be addressed, and secondly, the chemical stability 
sensitive to environmental humidity needs to be considered.[180]

3.2.3. Ionic Composites

In order to achieve combined properties from two or more dis-
tinct constituents or phases, a number of composite approaches 
have been investigated for ionic material development. Spe-
cifically, one component is typically added to an ionic base to 
improve its mechanical or electrical performance, to which 
similar approaches have been established for supercapacitors 
and batteries.[198] Kim and co-workers recently reported an ionic 

Figure 6. a) Ionic gel film with bioinspired micromorphology prepared by PVDF-HFP and [EMIM][TFSI] using a natural leaf as mold. MIG indicates 
microstructured ionic gel. Reproduced with permission.[191] Copyright 2018, Wiley-VCH. b) Ionic gel film of TPU and [EMIM][TFSI] with micro–nano 
structures. Reproduced with permission.[193] Copyright 2017, Wiley-VCH.
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mechanical sensor using a hydrogen-bond-linked composite 
film, which is composed of IL, silica and TPU,[199] as shown 
in Figure 7b. In particular, introduction of silica nanoparticles 
into the TPU/ionic gel could increase the tensile strength and 
elongation at break for the interaction between TPU chains 
and silica through H-bonds. Interestingly, it could improve 
the device sensitivity by squeezing additional IL adsorbed onto 
silica surfaces to the iontronic interface under external voltage. 
As a result, the flexible sensor built upon the ionic composite 
film demonstrated a high sensitivity of 48.1–5.77 kPa−1 over a 
wide spectrum of pressure ranging up to 135 kPa.

Besides the particular format, fibrous materials become alter-
native additive options, allowing the ionic composite to estab-
lish fabric and textile structures. Fabric and textile materials 
are known for their mechanical stability, simple preparation, 
nature coarse surface, fast rebound as well as high surface-to-
volume ratio,[76,161] and therefore, incorporating these combined 
properties into the ionic formula can be highly desired for the 
sensing applications. For instance, combination of ionic gel 
and polymer fiber leads to the ionic-gel-coated fibers, and thus, 
forms ionic fabric, which possesses highly ionic conductivity 
derived from the ionic gel, and flexible, air-permeable, wearable 
features derived from fabric framework. In another report, Kim 
and co-workers developed a sheath–core structure microyarn 
with carbon nanotube (CNT) core and ionic-gel shell, via direct 
dip-coating of pre-prepared conductive core into the dimethyl 
formamide solution of TPU/[EMIM][TFSI]. The sensing textile 

was made by weaving the CNT yarns and the ionic CNT micro-
yarns together,[200] as shown in Figure  7c. In addition, a low-
cost and easy-operating approach was recently developed to 
fabricate wearable tactile sensors based on either commercial 
or synthesized textiles, for which the textile itself acted as the 
substrate material for sensing following depositing conduc-
tive electrodes, while an IL solution of 1-butyl-3-methylimida-
zolium hexafluorophsphate was directly loaded into the fabric 
substrate.[201] As a consequence, the IL-textile composite sen-
sors utilized the structural elasticity with a rapid response (on 
the order of tens of milliseconds) to the external mechanical 
loads, exhibiting a device sensitivity up to 10 kPa−1, and could 
be potentially utilized as smart clothing for health monitoring 
and activity detection.[201] In a recent study, Chang, Pan, and 
co-workers proposed two ionic composite methods, employing 
desired properties, such as foldability, printability, and cutta-
bility, from the paper materials, to devise iontronic pressure 
sensors in a 3D but low-cost manner.[202] Two approaches were 
reported to form the ionic papers. The first one, analogous 
to industrial paper-making process, added PVA and 1-ethyl-
3-methylimidazole trifluoromethanesulfonate ([EMIM][OTF]) 
into a pulp containing natural wood cellulose fibers, followed 
by a drying step. The second one was to directly coat an IL solu-
tion, made from PVA and [EMIM][OTF], onto a regular paper 
substrate, as shown in Figure  7d. Both led to an ionic cellu-
lose fiber assembly with ionic gel covered on the fiber surface. 
Following the standard printing and folding operations, the 

Figure 7. a) Washable poly-IL fabric prepared by electrospinning of [PBVIM][TFSI]. Reproduced with permission.[197] Copyright 2019, American Chemical 
Society. b) IL, TPU, silica composite mimicking the ion pumping effect of human cell under stimulus. Reproduced under the terms of the CC-BY 
Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[199] Copyright 2019, The Authors, published by 
Springer Nature. c) Sheath–core structured ionic mircoyarn with a carbon nanotube core and an ionic gel sheath composing of TPU and [EMIM][TFSI]. 
Reproduced under the terms of the CC-BY Creative Commons Attribution 3.0 Unported license (https://creativecommons.org/licenses/by/3.0).[200] 
Copyright 2017, Royal Society of Chemistry. d) Ionic paper made of PVA, [EMIM][OTF], and natural wood cellulose fiber. Reproduced with permission.[202] 
Copyright 2019, Wiley-VCH. e) Epidermal iontronic pressure sensor using human skin as one ionic layer. Reproduced with permission.[160] Copyright 
2018, Wiley-VCH.
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iontronic sensing paper can be made into 3D pressure sensitive 
origami structures, demonstrating multiplexed and multidirec-
tional pressure-sensing capacity. Overall, the iontronic sensing 
paper illustrated a notable UAC measured at 26.7 µF cm−2, a 
linearity response with R2 > 0.996 and a high sensitivity up to 
10 nF kPa−1 cm−2.

3.3. Natural Ionic Materials

Interestingly, aqueous solutions and electrolytes present ubiqui-
tously across all the living creatures, from bacteria to plants and 
animals, where life-sustaining biochemical and biological reac-
tions occur continuously, along with many non-living objects. 
Remarkably, most of these materials obtained from nature are 
ionic, for example, woods, animal tissues, and blood. Notably, 
one of the most accessible natural ionic materials is skin. The 
animal and human skin contains abundant interstitial fluids 
with various electrolytic ions, making it a highly conductive 
material. Recently, Pan and co-workers presented a unique epi-
dermal pressure-sensing device which utilized human skin as 
part of the iontronic sensing mechanism,[160,203,204] as illustrated 
in Figure 7e. Specifically, a Nafion-based polyelectrolyte coating 
was first deposited on an ITO electrode, and subsequently, two 
sheets of biocompatible double-sided tapes amounted with the 
electrodes were applied to attach onto human skin in order to 
establish a cantilever bending architecture. When loaded with 
the mechanical stimuli either internally (from inside body) or 
externally (from the environment), it would affect the contact 
area between the electrode and the skin. As a result, this simple 
epidermal iontronic device was capable of acquiring minute sig-
nals, such as muscular movements, arterial pulse waveforms, 
respiratory activities, and contact force loads. Interestingly, 
the UACs from different parts of human skin were confirmed 
to be on the order of 10 nF cm−2, while fingers possessed the 
highest UAC,[160] possibly due to high density of the sweat 
glands. According to this report, the epidermal iontronic device 
exhibited a comparable sensing performance with their artifi-
cial counterparts, with a high device sensitivity of 5 nF kPa−1, a 
sub-millisecond mechanical response, and a long-term stability 
over 10  000 loading cycles. Overall, employing skin as part of 
the iontronic sensor, simplifying the device architecture and 
reducing the relevant fabrication complexity, would further 
allow ultrathin and imperceptible packaging while attaching to 
human body, enabling a safer and more comfortable material 
solution for long-term wearable applications.

The summary and comparison of the iontronic pressure  
sensors based on different materials and mechanisms are 
shown in Table 2.

4. Structures

The structural engineering of the sensor is another essential 
for controlling the pressure response performances in addition 
to materials design. In order to achieve the ideal performances 
for a given application, the architecture of the elastic element 
should be optimized according to its model. In this section, 
different structure designs and corresponding performances 

will be discussed based on the structural bending model and 
the material elasticity model. Moreover, the discussions on the 
structure design for multifunctional sensors, such as a 3D force 
detectable sensor, will also be involved.

Sensitivity is one of the most essential parameters in evalu-
ating the accuracy and effectiveness of the pressure sensor. 
The sensitivity of a capacitive-type pressure sensor is normally 
defined as

/ /0S C C Pδ δ( )= ∆  (4)

where  ΔC = C − C0 refers to the capacitance change. A higher 
sensitivity implies a larger output-to-input ratio which in gen-
eral necessitates a larger ΔC for a small change in P while mini-
mizing C0. It is worth noting that Young’s modulus (E) plays 
a critical role in modulating pressure-sensing performance. 
Based on the dimensional analysis, the sensitivity of a pres-
sure sensor should scale with the normalized pressure P/E. 
Although materials with a lower E appear to produce higher 
sensitivity in low-pressure regimes, the lower stiffness also 
leads to a smaller pressure response range because the satu-
ration of deformation takes place earlier in softer materials. 
In practice, a highly sensitive device with a broader detection 
range is always desired, and such a demand can be met nicely 
by employing iontronic sensing mechanism and optimizing 
the structure, instead of lowering the elastic modulus of the 
material matrix.

4.1. Structure Design for Structural Bending Model

As introduced in Section  2.1, the structural bending model 
can be categorized into droplet format, film format, and fiber 
format based on their pressure response architectures. The 
original droplet format iontronic pressure sensor is constituted 
of top and bottom electrodes with an electrolytic droplet sand-
wiched in between. As the mechanical response process occurs 
from the deformation of the top membrane, followed by the 
squeeze of the droplet, the geometrical properties of the top 
membrane and the droplet, for instance, the membrane thick-
ness, membrane length (chamber length), chamber thickness, 
and droplet volume, will affect the sensor performances, espe-
cially the sensitivity of the sensor. According to the classic thin-
plate mechanic theory,[150–153] a small deflection (ym) of circular 
membranes under external force (F) can be mathematically pre-
dicted via the following equation:

m

2

3
y k

R

t
F=  (5)

where R and t represents the radius and thickness of the mem-
brane, respectively, and k is a parameter determined by Young’s 
modulus and Poisson’s ratio of the sensing membrane. Obvi-
ously, the membrane deformation under pressure decreases 
with the rise of the membrane thickness, while increasing with 
the decline of membrane radius. Therefore, a thinner top mem-
brane and a wider chamber lead to a larger deformation of the 
membrane at a fixed pressure. The chamber thickness (h) and 
the droplet volume (v) do not affect the deformation of the top 
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Table 2. The summary and comparison of the iontronic pressure sensors based on different materials and mechanisms.

Material type Compositions Sensing mechanism UAC Sensitivity Response/
recovery time

Limit of 
detection

Characteristics Ref.

Non-aqueous 
electrolyte

NaCl/glycerol/
water

Structural bending–droplet 
format

4.4–4.7 µF cm−2 1.58 µF kPa−1 100 ms – High sensitivity [99]

Non-aqueous 
electrolyte

[EMIM][TCM] Structural bending–droplet 
format

≈8 µF cm−2 0.43 nF kPa−1 <10 ms 33 Pa Sensing array [100]

Non-aqueous 
electrolyte

[EMIM][TCM] Structural bending–droplet 
format

≈5 µF cm−2 29.8 nF N−1 12 ms – 3D measurement [101]

Non-aqueous 
electrolyte

Glycerol Structural bending–droplet 
format

– 7.2 pF N−1 – 20 mN Remote tactile sensing [205]

Aqueous 
electrolyte

Saline Structural bending–droplet 
format

– 4.59 pF mmHg−1 – – Ultraminiature sensor [206]

Ionic gel [EMIM][TCM]/
PEGDA

Structural bending–film 
format

5.4 µF cm−2 3.1 nF kPa−1 <1 ms – Solid transparent 
iontronic sensor

[153]

Ionic gel [EMIM][TCM]/
PEGDA

Structural bending–droplet 
format

– 0.2 nF mmHg−1 <10 ms – Stable solid droplet [167]

Ionic gel [EMIM][TCM]/
PEGDA

Structural bending–film 
format

– 0.13 µF N−1 – – Insensitive to parasitic 
noise

[102]

Ionic gel [EMIM][TCM]/PVA Structural bending–film 
format

– 1 nF mmHg−1 – – Solid film without UV 
curing

[186]

Ionic gel [EMIM][TFSI]/
PVDF-HFP

Material elasticity – 54.31 kPa−1 29 ms 0.1 Pa Biomimetic 
micromorphology

[191]

Ionic gel [EMIM][TFSI]/
PVDF-HFP

Material elasticity – 41 kPa−1 <20 ms <1 Pa Pyramidal micropat-
terned ionic material

[190]

Ionic gel [EMIM][TFSI]/
PVDF-HFP

Material elasticity – 131.5 kPa−1 43 ms 1.12 Pa Randomly distributed 
microstructured ion-

tronic film

[188]

Ionic gel [EMIM][TFSI]/
PVDF-HFP

Material elasticity – 9.55 kPa−1 <52 ms <5 Pa Inverse ionic/conduc-
tive/ionic sensing 

structure

[189]

Ionic gel [EMIM][TFSI]/TPU Material elasticity – 25.8 nF kPa−1 47 ms 10.2 Pa TPU-based ionic 
elastomer

[192]

Ionic gel [EMIM][TFSI]/TPU Material elasticity – 1.93 kPa−1 69 ms 100 Pa Pressure, shear force 
and torsion detectable

[193]

Ionic gel H3PO4/PVA Material elasticity – 3300 kPa−1 9 ms/18 ms 0.08 Pa High sensitivity with 
ultrabroad-range

[194]

Fibrous ionic gel [EMIM][TFSI]/
PVDF-HFP

Structural bending–fibrous 
format

– 114 nF kPa−1 4.2 ms 2.4 Pa All-fabric iontronic 
pressure-sensing

[207]

Fibrous ionic gel [EMIM][TFSI]/
Spandex

Structural bending–fibrous 
format

– – – – Low hysteresis [208]

Ionic composite [EMIM][TFSI]/
TPU/carbon 

nanotube

Material elasticity – 1 nF kPa−1 78 ms/312 ms 15 Pa Sheath–core structure 
fiber level sensor

[200]

Polyelectrolyte [PBVIM][TFSI] Structural bending–fibrous 
format

– 0.49 kPa−1 30 ms 20 Pa Washable [197]

Ionic composite [EMIM][TCM]/
PEGDA/cellulose 

fiber

Structural bending–fibrous 
format

– 20 nF N−1 – – Ionic paper material [209]

Ionic composite [EMIM][OTF]/
PVA/cellulose fiber

Structural bending–fibrous 
format

26.7 µF cm−2 10 nF kPa−1 cm−2 5 ms/4 ms 6.25 Pa High linearity, 3D 
sensing

[202]

Ionic composite [EMIM]
[OTF]/P(HEMA)/

cellulose fiber

Structural bending–fibrous 
format

3.2 µF cm−2 1 nF kPa−1 cm−2 6 ms/4 ms 5.12 Pa Pressure-sensing 
origami

[210]

Nature ionic 
materials

ITO/Nafion/skin Structural bending–film 
format

≈20 nF cm−2 
(finger)

5 nF kPa−1 <1 ms – Epidermal sensor, 
simple structure

[160]

Ionic composite [EMIM][TFSI]/
TPU/silica

Material elasticity – 48.1 kPa−1 – – Mimicking ion pumping 
effect of cell

[199]

Ionic composite [EMIM][TFSI]/PU 
sponge

Structural bending–fibrous 
format

– 5.28 nF kPa−1 – – High linearity and 
sponge material

[211]
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membrane, but they can influence the expansion of the droplet 
under the same membrane deformation. Assuming that the 
infinite small membrane deformation (Δym) will not affect  
the droplet curvature, the volume decrease of the droplet at 
height direction (Δym·A, where A means the contact area 
between the droplet and the top membrane) equals to the 
volume increase at the horizontal direction (ΔA·h, where ΔA 
represents the change of A). Therefore, ΔA, which shows a 
linear relationship with the sensitivity, can be expressed as

mA
y A

h
∆ =  (6)

As a result, a thinner chamber and a larger droplet, which 
leads to a larger A, can also be a desired design for higher sen-
sitivity. A similar effect is seen if a larger chamber radius and a 
thinner top membrane are used.

The structure design for the sensors based on film format, 
which is also derived from the membrane deformation, is sim-
ilar to the one based on droplet format. [102,153,186] According to 
Equation (2), the sensitivity of the sensor has a positive correla-
tion with its geometrical shape, that is, the length and width of 
the sensing membrane. Meanwhile, the height of the spacer, 
which can be recognized as the thickness of the chamber in 
droplet format, and the thickness of the sensing membrane 
show a negative relationship with the sensors’ sensitivity. As 
a result, in order to improve the sensitivity of the film format 
sensor, a larger geometrical shape of the sensor, a thinner 
sensing membrane, as well as a thinner spacer, are recom-
mended. In addition, by following the same design criteria, the 
non-response zone of the film-format pressure sensor under a 
relatively low pressure can also be reduced.

The demand for high-performance wearable devices calls 
for ultrasoft fabric iontronic sensors. By changing the prepara-
tion process, ionic gels can be modified into ionic fiber through 
direct spinning or mixing with fabric substrate to form a com-
posite, which has been discussed in Section 3. The structure 
design of fiber format sensor can also follow the theoretical 
Equation (3), the sensitivity of the fiber format sensor is con-
trolled by the UAC and Young’s modulus of the ionic fiber, as 
well as the initial fiber volume fraction in the assembly. Cur-
rent researches mainly focus on the material modification of 
the ionic fiber to control its UAC or Young’s modulus. As pre-
dicted by the theory, a higher UAC and a lower Young’s mod-
ulus of the ionic fiber lead to a higher sensitivity of the sensor, 
which was experimentally corroborated by Pan and co-workers. 
They prepared the ionic fabric by electrospinning of the ionic 
gel containing PVDF-HFP and [EMIM][TFSI], followed by 
sandwiching the ionic fabric between two conductive fabric 
to form the sensing fabric,[207] as shown in Figure 8a–c.  
The sensitivity of the sensor can be controlled by modifying 
the weight ratio between PVDF-HFP and [EMIM][TFSI]. A 
higher IL content results in a larger UAC and a lower young’s 
module of the ionic fiber, correspondingly, the sensitivity of 
the sensor (below 15  mmHg) increases from 1.05  nF kPa−1,  
38.3 nF kPa−1, to 114 nF kPa−1 when the weight ratio between 
PVDF-HFP and [EMIM][TFSI] changes from 2:1, 1:1, to 1:2, 
agreeing well with the theoretical prediction (Figure  8d). 
Another factor for controlling the sensitivity of the sensing 

fabric is the initial fiber volume fraction. The fiber format 
sensor using the fiber assembly with a lower initial fiber 
volume fraction, that is, a lower fiber density, presents a higher 
sensitivity, as evidenced by experiments (Figure 8e).[202]

4.2. Structure Design for Material Elasticity Model

When we talk about the structure design for material elas-
ticity model, it is of great significance to differentiate the 
distinctness between conventional flexible parallel plate 
capacitive sensors and emerging iontronic sensors. Conven-
tional capacitive pressure sensors usually consist of a bulk 
dielectric material sandwiched by two electrodes. The capaci-
tance can be calculated as C  = εr ε0A/d where εr is the relative 
permittivity of the dielectric material, ε0 is the permittivity 
of vacuum, A is the electrode area, d is the thickness. The 
application of external pressure reduces the thickness, giving 
rise to an increase in capacitance. Based on the dimensional 
analysis or linear elasticity theory, the sensitivity of the bulk 
dielectric-based pressure sensor is simply given as S ≈ 1/E for 
small pressure regimes, that is, P << E. As a result, even for 
materials with skin-comparable Young’s modulus E ≈ 100 kPa 
(e.g., PDMS and Ecoflex),[212–215] when subjected to small 
pressures they would yield a low sensitivity of S ≈ 0.01 kPa−1, 
which is of limited practical use. Moreover, such a small sen-
sitivity further declines in high-pressure regimes because the 
elastomeric dielectric is usually encapsulated such that the 
lateral expansion induced by Poisson’s effect is restrained. In 
other words, the encapsulation, in general, confers a higher 
structural Young’s modulus, especially when the dielectric 
material is thin and incompressible.

In the last decade, engineering the dielectric layer with 
microstructures has shown great promises in elevating the sen-
sitivity. As has been demonstrated in the burgeoning studies, 
the microstructured surface includes a broad range of surface 
morphologies such as pyramids,[38,75,216,217] pillars,[218–220] wrin-
kles,[213,221–223] and domes.[224] A representative pyramid micro-
structure is depicted in Figure 9a to elucidate how the air gap 
boosts the sensitivity. First, the air gap lowers the overall struc-
tural stiffness, allowing for more thickness reduction at the 
same pressure compared with its bulk counterpart. Second, 
the initial capacitance C0 diminishes owing to the presence of 
air gap, which amplifies the relative capacitance change, that 
is, ΔC/C0. Third, the effective permittivity of air/dielectric com-
posite (denoted as r

eε ) increases as the air gap is filled, allowing 
for an additional rise in ΔC. The first two arguments are usu-
ally considered as the chief reasons for the sensitivity enhance-
ment, provided that the air gap often only occupies a small 
portion of the entire structure and the permittivity of widely 
used dielectric elastomer (e.g., PDMS, Ecoflex) is around 2–3, 
that is, r

e
rε ε . The microstructured dielectric layer, though 

exhibits improved sensitivity in low-pressure regime (<10 kPa), 
yet still experiences dramatically degraded response as the 
pressure grows. Such a compromised sensing performance in 
high-pressure regime is ascribed to two primary challenges:  
1) inherently limited thickness reduction (Δd) that restrains the 
capacitance increase (ΔC); and 2) low structural compressibility 
that escalates the pressure input.
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Figure 8. a) Material used for electrospun ionic fiber. b) Microfibrous structure of the ionic fabric. c) Cross-section image of the iontronic sensing fabric. 
d) Effect of the composition ratio of P(VDF-HFP):[EMIM][TFSI] of the ionic fibers on the pressure-response curve of the sensors. e) Capacitance as a 
function of pressure at different fiber volume fractions. Reproduced with permission.[202] Copyright 2019, Wiley-VCH. a–d) Reproduced with permis-
sion.[207] Copyright 2017, Wiley-VCH.

Figure 9. a) Schematic of a microstructured non-iontronic capacitive pressure sensor. The capacitance change is mainly attributed to the reduction 
of the thickness. b) Schematic of a microstructured iontronic pressure sensor. The capacitance change arises from the variation in contact area where 
EDL forms.
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Distinctly, the emerging iontronic pressure sensors with 
microstructures have successfully resolved the first challenge 
by utilizing the formation of EDL. As illustrated in Figure 9b, 
two EDLs are connected in series, and the total capacitance can 
be calculated as

/EDL
Top

EDL
Bot

EDL
Top

EDL
BotC C C C C( )= +  (7)

In general, EDL
BotC  keeps constant and is much larger than 

EDL
TopC , and thus EDL

TopC C≈ , indicating that the sensitivity is largely 
contributed by the rough surface. In other words, the evolution 
in the contact area from minimally small A0 to substantially 
large A brings about the enormous capacitance change ΔC/C0 
which may roar up by several orders of magnitude. Figure 10 
showcases six iontronic pressure sensors with representative 
ionic microstructures. It can be seen from Figure 10a that the 
hemispherical ionic thermoplastic polyurethane (i-TPU) out-
performs the flat i-TPU and non-ionic counterparts to a large 
degree.[186] Park and co-workers employed a micropyramidal 

ionic gel in a pressure sensor, which shows a high sensitivity 
of S ≈ 13.5 kPa−1 when P is lower than 5 kPa. The high sensi-
tivity enables easy detection of sound (<30 Pa) and pulse signal 
(2 kPa) (Figure 10b).[190] Such a sensitivity is significantly higher 
than the similar work on micropyramidal pressure sensors by 
Bao’s group (S ≈ 0.55 kPa−1).[38] Utilizing the concave meniscus 
of pillar tip, Su et al. reported an ionic pressure sensor with a 
high sensitivity S  ≈ 10.04 kPa−1 at P  < 2  kPa (Figure  10c).[225] 
Before loading, the electrode contacts only the periphery of the 
pillar. With the pressure increases, the contact area expands, 
leading to the formation of more EDL capacitors and increasing 
capacitance.

In addition to the widely studied microstructures by photo-
lithographic processes (e.g., hemispheres, pyramids, and pil-
lars), surface patterns templated from natural structures such 
as plant leaves are also phenomenal candidates. For example, 
adopting the C. zebrine leaf as the template, Qiu et al. fabricated 
a microcone-structured ionic gel (MIG) film with the average 
height of cones ≈25 µm and intercone distance ≈ 34 µm  
(Figure  10d).[191] Such a MIG film exhibits a sensitivity of  

Figure 10. Iontronic pressure sensors with different microstructures. a) Hemisphere array. b) Pyramids array. c) Concave array. d) Cone array templated 
from C. zebrine leaf. e) Random bump templated from sandpaper. f) Graded intrafillable architecture templated from sandpaper. a) Reproduced with 
permission.[193] Copyright 2017, Wiley-VCH. b) Reproduced with permission.[190] Copyright 2017, American Chemical Society. c) Reproduced with permis-
sion.[225] Copyright 2019, IOP Science. d) Reproduced with permission.[191] Copyright 2018, Wiley-VCH. e) Reproduced with permission.[188] Copyright 
2018, American Chemical Society. f) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://crea-
tivecommons.org/licenses/by/4.0).[194] Copyright 2020, The Authors, published by Springer Nature.
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S ≈ 30.11 kPa−1 when P is lower than 10 kPa, which is notably 
higher than non-ionic pressure sensors that are templated 
from lotus leaf (capacitive-type with S ≈ 1.194 kPa at P < 2 kPa 
and resistive-type with S ≈ 1.2 kPa at P < 25 kPa).[226,227] While 
microstructures presented in Figure  10a–d involve nearly 
constant asperity heights, Park and co-workers reported that the 
sensitivity can be further boosted by incorporating height varia-
tion.[188] As shown in Figure 10e, the iontronic pressure sensor 
templated from abrasive sandpaper has produced a high sen-
sitivity of S ≈ 131.5 kPa−1 at P < 1.5 kPa, and S ≈ 11.73 kPa−1 in 
the pressure range of 5–27.7 kPa. Such an enhanced sensitivity 
is attributed to the height variation of the microstructure which 
allows for a gradually increasing contact area (A) while mini-
mizing the initial contact (A0).

By switching the underlying working principle from the 
thickness reduction (Δd) to contact area expansion (ΔA), 
existing iontronic pressure sensors have already demonstrated 
substantially improved sensitivity. However, challenge (2) still 
remains as an intrinsic obstacle that impairs the performance 
of the sensor in the high-pressure regime. Since most dielectric 
elastomers are nearly incompressible, stable microstructures 
(e.g., hemispheres, pyramids) inevitably undergo structural 
stiffening as the electrode/gel contact area increases. As a 
result, much higher-level pressure is required to form more 
EDLs, which undoubtedly attenuates the sensitivity. To achieve 
a high sensitivity over a broad pressure regime, a rational struc-
tural design with ameliorated structural compressibility is war-
ranted. Most recently, Bai et al. proposed a graded intrafillable 
architecture (GIA) that combines the unstable microstructures 
that buckles upon loading and surface undercuts/grooves 
that can accommodate the buckled structures (Figure  10f).[194] 
Consistent with the design in Figure  10e, the height gradient 
is introduced in the protruding microstructures to minimize 
the initial contact area that successfully renders a sensitivity 
of S  ≈ 3302.9 kPa−1 at P  < 10  kPa. Within the pressure range 
of 10–100  kPa, protruding structures buckle down and more 
microscale EDLs form in parallel, and the device still presents 
a high sensitivity S ≈ 671.7 kPa−1. In the high-pressure regime 
(>100 kPa), the GIA improves the structural compressibility in 
a manner that the buckled protrusions fill into surface under-
cuts and grooves. As a result, the sensor exhibits a nearly linear 
response with a sensitivity of S  ≈ 229.9 kPa−1 up to 360  kPa. 
Therefore, the unstable protrusion with the gradient in height, 
together with the surface undercuts that offer space to accom-
modate the buckled protrusions, contribute to the ultrahigh 
sensitivity over an extremely wide pressure-sensing range.

The abovementioned microstructures in different forms 
have one common characteristic—the uneven surface that 
minimizes the initial contact area A0. This is a shared advan-
tage for achieving high sensitivity in small pressure regimes 
according to Equation (4). However, based on a criterion of 
intrafilling achieved by surface undercuts or grooves, micro-
structures including hemispheres, pyramids, pillars, cones, 
and random bumps can be categorized into non-intrafillable 
structures that inevitably show structural stiffening when the 
pressure increases. In general, these microstructures do not 
have large sensitivity in the high-pressure regime. In contrast, 
by incorporating surface undercuts, a GIA still holds high 
structural compressibility at high pressures via self-intrafilling, 

thereby exhibits an ultrahigh sensitivity over a broad pressure 
range.

4.3. Structure Design for MultiFunctional Sensors

This section mainly introduces the current structure design 
of iontronic pressure sensor to achieve the function other 
than normal contact force detection. Pan and co-workers have 
reported a microfluidic tactile sensor for 3D contact force meas-
urements.[101] The sensor consists of three microfabricated 
structural layers, the bottom layer is a plastic substrate with 
four pairs of electrodes, the middle layer is a microfabricated 
elastomer layer defining the microfluidic detection channels 
and sensing chamber to trap the electrolytic droplet, and the 
top layer is a deformable sensing membrane with micropat-
terned textures to provide uniform or differential input under 
normal or shear force, respectively, as shown in Figure 11a. As 
normal force is applied to the sensor to deform the sensing 
membrane and squeeze the droplet, the uniform expansion of 
the droplet leads to a simultaneous increase of the capacitances 
measured by the electrodes at four directions. Alternatively, a 
shear force encountering the surface texture generates a torque 
on the sensing membrane, leading to a differential expansion 
of the droplet and correspondingly, the difference of the capaci-
tances measured by four electrodes, as shown in Figure  11b. 
As a result, the magnitude and direction of the 3D force can 
be obtained by comparing the output of four electrodes. Liu 
and co-workers utilized micro-/nanomachining to fabricate 
a flexible sensor for cardiovascular blood pressure detection 
by attaching it on catheter tip.[206] This sensor composes of a 
microcavity with a working electrode embedded and a counter 
electrode outside (Figure  11c). When the sensor is immersed 
into the electrolytic liquid, such as saline, the gas in the micro-
cavity is trapped inside. As the liquid pressure increases, the 
gas will be compressed and more area of the working electrode 
will contact the liquid, resulting in an increase of the EDL 
capacitance measured as shown in Figure 11d,e.

5. Applications

As noted in the previous sections, iontronic sensors contain 
numerous advantages from their unique sensing principle, 
material property, and device structure. These advantages not 
only allow iontronic sensors to meet the requirements of on-body 
wearable systems but also enabled unique sensing modalities to 
wearable sensing applications, especially in the health and med-
ical field for the unsatisfying demand on greater human body 
information. It opens up more application scenarios for flexible 
and wearable sensing devices as an electronic skin, which is a 
system to record, analyze, and identify tactile information. Three 
application fields will be discussed in this section: environmental 
interaction, health monitoring, and motion identification.

In environmental interaction applications, people are 
looking forward to a device that can provide skin-like sensing 
to reconstruct the function of the human sense of touch with 
the external environment. Pan and co-workers first started this 
approach by using an iontronic microdroplet sensing array to 
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achieve pressure mapping in a flexible multilayer film structure 
for braille identification as shown in Figure 12a.[100] The spa-
tial resolution of this very first iontronic microdroplet sensing 
array is 1mm, which is comparable with human skin sensation. 
By improving device structure and sensing material, Guo and 
co-workers improved the spatial resolution of the tactile pres-
sure-sensing array to 210 µm over a broad pressure regime of 
0.08 Pa-360 kPa (Figure 12b).[194] In addition to the high spatial 
resolution, this iontronic tactile sensor presents high pressure 
resolution in the order of 10 Pa at 3–4 atm where the acoustic 
pressure received on the sensor surface can be clearly detected 
(Figure  12c) for a flexible microphone.[193] With this improve-
ment, the iontronic sensing array has overpassed the perfor-
mance of human skin pressure sensation both in sensitivity 
and spatial resolution by orders of magnitude.

Iontronic sensor has also shown great potential in 3D stimuli 
sensing on the finger to distinguish pressure and shear force in 
a flexible package (Figure  12d), which can identify the writing 
contents through a single sensing unit.[101] Utilizing the ionic 
nature of the iontronic device, Kim and co-workers recon-
structed the function of natural skin mechanoreceptor given the 
similarity between the operation principle of the mechanore-
ceptor and the iontronic pressure sensor pushed iontronic tactile 
sensation became biomimic artificial skin system for human–
machine interfaces.[199] The flexible pressure sensing array 
built using such a principle can be attached on human body 
to be used as a control unit where complexed controlled input 
signal is needed (Figure  12e). Mounting the iontronic sensor 
on human is not the only usage of the iontronic tactile sensor. 
When integrating the iontronic material with paper, researchers 
can add tactile sensation to paper as the fabricated iontronic 
paper can map out the handwriting pressure magnitudes and 
pattern (Figure 12f).[202] When integrating the iontronic material 

with fabric, the pressure distribution of a glove or face mask can 
be obtained for gripping pressure or prone position patients’ 
facial pressure relatively (Figure  12g),  preventing the vascular 
and neurovascular compression during a long-time surgery.[207] 
The 3D, high spatial resolution, high sensitivity force measure-
ments, and biomimic significantly benefit the development of 
tactile sensing applications.

With excellent sensitivity and anti-interference property, the 
iontronic device is not only satisfied by reconstructing the func-
tion of human skin but also intended to provide users more 
health-related data in a wearable format under various condi-
tions. The anti-interference property is contributed via the 
ultrahigh UAC of the EDL. This property enabled iontronic 
devices to sense pressure in various environments, including 
underwater. Pan’s group demonstrated that the iontronic film 
pressure sensing device can record human pulse pressure 
waveform on the radial artery in an underwater environment 
(Figure 13a).[153] The anti-interference property also enabled the 
sensing film to use the skin as part of the device to detect health 
information, such as pulse wave and respiration-induced chest 
expansion, directly by adhere an ultrathin iontronic film on the 
skin (Figure  13b).[160] Radial arterial pulse waveform detected 
using pressure-sensing array can also be used to access hemo-
dynamic parameters to assist early diagnosis and prevention 
of heart disease(Figure  13c).[228] Pressure distribution meas-
ured by iontronic sensing array integrated on inelastic com-
pression legging can provide real-time data for clinical staff to 
manage chronic venous disorder treatment (Figure 13d).[167] In 
a recent work presented by the Pan’s lab, the iontronic sensing 
array was integrated with a shoe to capture high-definition 
peripheral arterial pulse waveform (Figure  13e). By analyzing 
the waveforms, both heart rates and respiratory patterns can be 
extracted within medical-standard precision (Figure 13f).[186]

Figure 11. a) The structure and b) the operation principle of the microfluidic tactile sensor for 3D contact force measurements. a,b) Reproduced with 
permission.[101] Copyright 2014, The Royal Society of Chemistry. c) The structure, d) the operation principle of the flexible catheter tip sensor, and e) the 
test to verify its pressure response at different liquid pressure. c–e) Reproduced with permission.[206] Copyright 2018, IEEE.
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Motion identification is another widely studied application 
for wearable tactile sensors by recording the internal muscular 
movement induced pressure variation. The iontronic sensor 
integrated shoe, as introduced in last paragraph, can also 
identify the foot gesture by analyzing pedal tendon movement 
signal (Figure 13g).[186] From the hand gesture change induced 
interface pressure variation, sign language can be recognized 
as interface pressure variation data processed with classifier 
such as neural network, support vector machine and random 
forest (Figure  13h).[204] The accurate classification of gesture 
would provide the signers with a new tool to increase conveni-
ence. With the help of advanced signal processing techniques, 
such as modern signal processing, machine learning, and deep 
learning, more clinical conditions can be prescreened, early-
warned, and diagnosed on iontronic sensor’s merit.

Iontronic sensing has shown great potential in environ-
mental interaction, health monitoring, and motion identifi-
cation. In the above-listed applications, iontronic sensing is 
not only a fancy high-sensitivity sensor that collects pressure 
values. Data analysis under its medical application scenarios 
adds value to the data acquired, which provides healthcare 
providers and users a more powerful tool for point-of-care or 
telemedical management.

6. Conclusions and Outlook

We have discussed and summarized the progress of the 
iontronic sensing technology, including its fundamental 
mechanisms, material selections, structural configurations, 

Figure 12. Environmental interaction applications of iontronic sensing. a) Pressure mapping by microdroplet sensing array. Reproduced with permis-
sion.[100] Copyright 2014, The Royal Society of Chemistry. b) High-resolution pressure mapping for tactile sensing. Reproduced under the terms of the 
CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[194] Copyright 2020, The Authors, pub-
lished by Springer Nature. c) Acoustic pressure measurement. Reproduced with permission.[193] Copyright 2017, Wiley-VCH. d) Shear-force sensing on 
a fingertip. Reproduced with permission.[101] Copyright 2014, Royal Society of Chemistry. e) Wearable iontronic sensor array wristband for drone control. 
Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[199] 
Copyright 2019, The Authors, published by Springer Nature. f) Iontronic paper for handwriting pressure distribution mapping. Reproduced with permis-
sion.[202] Copyright 2019, Wiley-VCH. g) Hand and facial pressure distribution mapping. Reproduced with permission.[207] Copyright 2017, Wiley-VCH.
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as well as potential applications, over the past decade since 
its inception. Deriving from the EDL model proposed by 
Gouy–Chapman–Stern, the iontronic pressure-sensing has been 

evolved from a single droplet device format to various sensing 
architectures. Based on its mechanical modes of operation, 
the iontronic sensing mechanisms can be classified into the 

Figure 13. a) Radial arterial pulse monitoring under water. Reproduced with permission.[153] Copyright 2015, Wiley-VCH. b) Epidermal pulse and body 
movement monitoring. Reproduced with permission.[160] Copyright 2018, Wiley-VCH. c) Hemodynamic monitoring and analysis by iontronic sensing 
array. Reproduced with permission.[228] Copyright 2014, Springer Nature. d) Chronic venous disorder treatment management system using iontronic 
sensing device. Reproduced with permission.[167] Copyright 2016, Springer Nature. e) Feetbeat: integrating iontronic sensor on shoe. f) Feetbeat device 
to analyze heart rate and respiration. g) Foot gesture recognition using iontronic sensing array. e–g) Reproduced with permission.[186] Copyright 2019, 
IEEE. h) Hand gesture recognition. Reproduced with permission.[204] Copyright 2018, DBLP.
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structural-bending model, material-elasticity model, as well 
as their combinations. As a dominant factor, the ionic mate-
rial selection keeps playing an influential role in determining 
the device performance and properties of the sensing devices. 
Accordingly, the ionic-active materials utilized for iontronic 
sensing have been summarized up-to-date from the literature. 
Based on their physical formats and properties, they are further 
classified into liquid-state, solid-state, and nature-derived ionic 
materials, and described in detail. The structural influences and 
the design strategies for improved performance and dedicated 
characterization of the iontronic sensors have been included in 
the discussion according to different pressure-sensing modes, 
respectively. In the following section, the unique applications 
enabled by the iontronic pressure-sensing have been presented 
in the fields of environmental interaction, health monitoring, 
and motion identification. With the rapid development of the 
iontronic pressure-sensing over its first decade, it is exciting to 
see the new pressure-sensing modality has been added to the 
historical family of the piezoresistive, capacitive, piezoelectric 
and triboelectric mechanisms, which possesses the major 
advantages of extremely high sensitivity, anti-interference, low 
detection noise and dynamic/static force response.

The future research and development of the iontronic 
sensing technology may focus on utilizing its distinct proper-
ties and characteristics offered by the remarkable interfacial 
sensing mechanism. Herein, we have identified several dis-
tinguishable characteristics of the iontronic sensing for fur-
ther technological exploration and emerging applications. 
First of all, the universal ionic adaptability for material selec-
tion can lead to facilitated expansion of the ionic active mate-
rials into many traditional material categories and enable the 
classic products to be upgraded with a pressure-sensitive skin 
or have a sense of touch in a fancier term. It is because that 
the device layer of the iontronic sensing only requires to be in 
a nanometer or molecular thickness in principle. As a conse-
quence, it can be potentially directly applicable to various mate-
rial surfaces with unnoticeable chemical modification, leaving 
their desired material properties (e.g., optical appearance and 
mechanical stiffness) almost unaltered. Given the growing 
demand in the internet and intelligence of everything, it may 
offer unprecedented sensing capacities and opportunities for 
various industrial, consumer, and medical products. Biocom-
patibility represents another underutilized property of the ion-
tronic sensing. As aforementioned, most biological materials 
are intrinsically ionic, and therefore, the natural materials can 
be utilized as a part of the iontronic device architecture. We 
have demonstrated this type of hybrid sensing structure previ-
ously in an epidermal iontronic device.[152,196,197] Future studies 
utilizing its intrinsic biocompatibility are expected to drive the 
iontronic sensors toward more medical and healthcare direc-
tions through various means, such as in wearable, implantable, 
or digestible formats. Moreover, optical transparency stands 
for an alternative distinct opportunity to explore for iontronic 
sensing. Given the high level of the optical clarity and thin and 
flexible built of the device, the iontronic devices can be inte-
grated with existing optical components, such as consumer 
displays or medical endoscopies. The former integration may 
offer new interactive experience of human–machine interface 
with fine levels of tactile inputs, while the latter can be a 

critical safety feature added to the current medical diagnostic 
procedure with delicate force feedback on the remote optical 
probe. Further opportunities may present in the dedicated data 
acquisition and signal processing of the iontronic sensors. For 
instance, achieving the ultrahigh signal-to-noise ratio of the 
iontronic sensing principle in low-power electronics can be of 
extreme importance for emerging wearable monitoring and 
disposable application.

Another valuable challenge to consider is to study the limita-
tion of the frequency relaxation of the iontronic devices, due 
to the relatively slow motion of ions in response to the direc-
tional change of electrical fields.[178,179,229] Last but not the least, 
material longevity of the device constructs and electrochemical 
stability of the iontronic materials, along with other product 
requirements for sensor development, for example, tempera-
ture and humidity variations, need to be carefully investigated 
and thoroughly addressed. Consequently, the findings from 
these studies could potentially enable the accelerated trans-
lation from laboratory research to real-world implementa-
tions, to which we are looking forward in its second decade of 
development.
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