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clothing,[23–25] human motion detection 
and sports performance monitoring,[26–30] 
soft robotics with advanced sensing capa-
bilities,[31–34] and human–machine inter-
faces.[35,36] Several factors, such as material 
type, biocompatibility, low cost, ease of 
implementation, simplicity of fabrication, 
wireless connection capability, dimension, 
and power consumption, were considered 
in the evaluation of the strain sensors. 
In addition, their sensing performance 
was characterized based on the sensi-
tivity or gauge factor (GF), stretchability, 
hysteresis, linearity, durability, overshoot 
behavior, response, and recovery time. In 
particular, stretchable strain sensors based 
on electrical signal variation require a 
simple electronic read-out system, making 
them suitable for various applications.

Electrical signal variation is often cre-
ated by changing the conductivity of the 
material under deformation. Piezoresis-

tive strain sensors made of a compliant flexible polymer or 
rubber charged by conductive nanomaterials have been devel-
oped. The conductive filler may comprise carbon nanotubes 
(CNT),[37–40] carbon grease,[41] graphene[42–44] nanowires,[45–47] 
nanoparticles,[48] conductive fabric,[49] ionic liquid,[50] or conduc-
tive acrylic elastomer.[51] However, the sensitivity of piezoresis-
tive strain sensors needs to be further improved. To increase 
the GF of resistive strain sensors, various mechanisms have 
been employed, such as the tunneling effect,[48,52,53] crack gen-
eration in thin films,[37,54,55] and disconnection between sensing 
elements.[43]

Moreover, another electrical property influenced by strain 
is capacitance. In this study, the mechanisms of capacitance 
variation are presented in detail. Numerous studies have been 
conducted to compare the performances of resistive and capaci-
tive strain sensors.[56–58] In particular, capacitive sensors provide 
high linearity,[59] small hysteresis,[60] and fast response time,[61] 
making them suitable for applications where sensors undergo 
repeated dynamic strains.

In this review article, recent developments in capacitive strain 
sensors are evaluated, including operation mechanisms, fabri-
cation processes, and materials used for generating capacitance 
variation under very high or low strain. Importantly, capacitive 
strain sensors can cover a large area by creating a sensor array 
system. Here, we highlight the ability of the signal capacitive 
sensor sheet to identify different locations strain arrays. More-
over, capacitance-sensing methods as well as efficient and scal-
able electronic measurement systems for small capacitance 

Sensing the motion of objects and humans is essential for various applica-
tions, including human-machine interfaces. Over the past few years, motion 
sensing has been extensively studied using capacitive strain sensors that can 
be utilized for wireless communications. The performance and functionality 
of capacitive strain sensors have been improved by achieving high sensitivity, 
large-area sensing, ultra-stretchability, and simplicity in design, measure-
ment methods, and wireless integration. This review article highlights recent 
developments in capacitive strain sensors, including their characteristics and 
applications. First, the mechanisms and techniques employed to enhance 
the sensitivity of capacitive strain sensors are reviewed. Then, the notable 
features of this sensing strategy are highlighted, such as its ability to cover a 
wide area, properties of the required electronic interface, and sensor imple-
mentation inside a remote measurement system via an oscillating circuit. 
Therefore, a global review of the capacitive strain sensor that has been previ-
ously attempted can participate in developing an effective sensing method to 
meet the market need.
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1. Introduction

The collection of mechanical information, such as stretching, 
bending, pressure, and impact, is necessary for various appli-
cations. In the last decade, several methods based on optical, 
chemical, and electrical phenomena have been developed to 
detect mechanical effects from the environment. Fiber Bragg 
grating (FBG),[1–4] liquid metals,[5,6] Raman shift,[7,8] and piezoe-
lectricity[9,10] have been used for strain sensing. The integration 
of these types of strain sensing in some applications remains 
challenging owing to their sophisticated measurement equip-
ment, low flexibility, and poor resolution and performance.[11–14] 
Thus, this research has been oriented toward systems that 
respond to mechanical strain by changing their electrical 
properties.

Recently, stretchable and wearable strain sensors have been 
investigated owing to their potential applications in structural 
health monitoring,[15–18] personalized healthcare,[19–22] smart 
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variation are reviewed. We introduce commercial capacitance-
sensing integrated circuits (ICs) and the methods that consider 
the capacitive sensor as a lumped equivalent circuit with high 
electrode resistance and leakage. These methods are considered 
as computational intelligence when an embedded system based 
on capacitive strain is released. Under numerous operational 
conditions, wired connections between a sensor and its IC 
cannot be established. Capacitive strain sensors are especially 
important for designing wireless systems for in situ moni-
toring. Further, we discuss the importance of capacitive sensors 
in remote sensing without the need for a power source using 
an oscillating circuit. We address the features, characteristics, 
and applications of capacitive sensors important for designing 
novel technologies in various fields. This article comprehen-
sively and concretely summarizes the work related to capacitive 
strain sensing in recent years. The sensing methods, the elec-
tronic interface, the capacitive sensor’s ability to detect strain 
over a large surface down to its use in wireless strain detection 
are extensively presented for the first time.

2. Mechanisms and Sensitivity

Conventional flexible capacitive sensors consist of a parallel-
plate capacitor, which comprises two conformable electrodes 
with a dielectric layer in-between,[62–64] as presented in Figure 1. 
Stretchable dielectric materials are commonly used as flex-
ible supports for soft strain sensors, such as rubbers (e.g., 
natural rubber and thermoplastic elastomers (TPEs))[65–71] and 
silicone-based elastomers (e.g., Ecoflex, Dragon Skin, and poly-
dimethylsiloxane (PDMS)).[72–80] A huge difference in Young 
modulus between the thin metallic film (gold, aluminum, 

and platinum) and flexible elastomer or rubber causes cracks 
and buckling under stretching. The inhomogeneity between 
these two superposed layers decreases the conductivity of the 
metallic film.[81,82] Thus, conductive elements for a conven-
tional capacitive sensor are fabricated by designing the geom-
etries of traditional materials, such as percolating network,[83] 
wavy geometry[84,85] serpentine[86] and helical structure,[87] and 
mesh shapes.[88] In addition, the flexibility of the electrode can 
be achieved through the incorporation of conductive materials, 
such as graphene,[89,90] carbon black,[91] metal nanowires,[60,92] 
metal nanoparticles,[93] and CNTs,[62,94,95] into a polymer matrix. 
Recently, some studies introduced secondary fillers to improve 
the mechanical, chemical, and electrical properties of the 
stretchable composite electrodes. Yun et  al.[96] presented the 
design, the fabrication process, static and dynamic conductivity 
analysis, and recent applications of the hybrid filler electrodes. 
Sometimes, this type of electrode exhibits low conductivity or 
high resistivity that causes a voltage drop across the sensor 
length. In this case, the electrode resistance needs to be con-
sidered in an equivalent circuit with a variable capacitance. In 
addition, defects and impurities in the dielectric material estab-
lish resistance. The lumped circuit model constitutes the virtual 
electronic component that represents the conventional capaci-
tive strain sensor, as presented in Figure 1b.

The first mechanism of capacitance variation is based on the 
geometric effect. If we consider a parallel-plate capacitor with 
a width (ω0), initial length (l0), and thickness d0 (i.e., the dis-
tance between the two electrodes), the initial capacitance can be 
obtained using the following equation:

0 0 r
0 0

0

ω
=C e e

l

d
	 (1)
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Figure 1.  A schematic illustrating the parallel-plate capacitor, where a dielectric layer is sandwiched between two flexible electrodes, a) in a relaxed 
state and after stretching. b) Typical equivalent circuit for a capacitor. C denotes the central element of the capacitor; Relectrodes, the residual resistance 
of the electrodes; Rdielectric, the current leakage in the dielectric material; and L, the inductance in the lead wires.
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where e0 and er denote the vacuum permittivity and dielec-
tric constant for the dielectric layer. Under uniaxial strain, ε, 
the active area of the sensor increases, whereas its thickness 
decreases due to Poisson’s fraction, which results in capaci-
tance variation. In general, the electrode and dielectric material 
are assumed to have the same Poisson’s ratio. Then, the capaci-
tance under stretching is calculated as follows:

(1 ) (1 )

(1 )
(1 )0 r

0 0

0
0

ε ω ε
ε

ε=
− +

−
= +C e e

v l

v d
C 	 (2)

where ν denotes Poisson’s ratio for the dielectric layer and 
stretchable electrodes.

The relationship between the capacitance variation and 
strain is denoted by GF, which provides the sensitivity of the 
strain sensor where a high GF is required to distinguish small 
deformations. The capacitive GF is calculated by dividing the 
relative capacitance variation by strain, ε:
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In theory, the GF associated with the geometric effect in 
a parallel-plate capacitor strain sensor is 1,[97–106] which is 
very limited compared with those of resistive strain sensors. 
Numerous studies have been conducted to investigate capaci-
tive strain sensors based on the geometric mechanism, as 
presented in Table 1. These works mostly focus on the enhance-
ment of the performance of a structure or realization of spe-
cific applications. Some studies were aimed at validating a 
new fabrication technique or type of electrodes exhibiting high 
stretchability and conductivity.[62,98,99,102,103] Others have dem-
onstrated specific applications, such as developing a particular 
structure that can be easily integrated into particular locations 
in the body (finger, elbow, or ankle) for motion tracking.[60,96,100] 
Other studies have developed high-performance capacitive sen-
sors that exhibit high stretchability, linearity, low hysteresis 
under cyclic loading, and high repeatability.[62,101] Resistive and 
capacitive sensors were also compared.[101] Multifunctional sen-
sors that can detect strain, pressure, finger touch, and pressure 
mapping were developed.[60]

However, some applications, such as electrophysiological 
signals (pulse, record electromyography, and electrocardio-
grams), generate very low strain, thus requiring ultra-sensitive 
sensors. Recently, there has been a dramatic increase in the 
studies on the improvement of the capacitive strain sensor 
sensitivity.

In addition to the conventional parallel plate capacitor 
(Figure  2a), researchers create new shapes or modify the 
mechanical properties of materials to adopt the increasing sen-
sitivity of capacitive strain sensors. For example, Kim et al.[107] 
fabricated an interdigitated capacitive strain sensor based 
on AgNW electrodes embedded onto the PDMS substrate 
(Figure  2b). The interdigitated pattern design achieves higher 
sensitivity compared with the parallel-plate model as the two 
electrodes and the dielectric layer are placed in the same plane. 
When the strain sensor is stretched perpendicularly to the comb 
direction, the spacing between the comb, d0, increases to (1 + ε) 
d0. However, the initial length, l0, and the initial thickness, t0, 

which are perpendicular to the stretching direction, decrease to 
(1 − νε)l0 and (1 − νε)t0, respectively, due to Poisson’s ratio (ν). 
The below equation expresses the capacitance after stretching 
as a function of the initial capacitance:

(1 )(1 )

(1 )
0

ε ε
ε
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− −

+
C
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Poisson’s ratio increases the GF up to −2.0, exceeding the GF 
limit for conventional capacitive strain sensors (GF = 1).

Nur et al.[109] proposed a new structure based on a wrinkled 
electrode film (Figure  2c). They created natural wrinkling in 
the parallel-plate capacitor to introduce an additional degree of 
freedom so that a higher sensitivity can be achieved. They mod-
ified the classical capacitive formula of the parallel-plate model 
(Equation (1)) while keeping the dielectric Poisson’s ratio in the 
equation:
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+
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They created this structure by transferring ultrathin gold 
electrodes to a pre-stretched dielectric layer. They achieved a GF 
of 3.05, with a stretchability of up to 140% strain with high lin-
earity and negligible hysteresis.

Shintake et  al.[108] demonstrated the integration of hier-
archical auxetic structures into a flexible capacitive strain 
sensor to improve sensor sensitivity (Figure  2d). Auxetic 
arrangements are a type of metamaterial with a negative 
Poisson’s ratio that influences the capacitance upon an 
applied strain. Unlike the classical parallel-plate sensor, the 
distance between the electrodes increases when stretching 
the sensor in its plane. They demonstrated that the sensi-
tivity of the capacitive strain sensor doubled while other 
characteristics are maintained, such as repeatability, low hys-
teresis, and high linearity.

Another mechanism working at the nanoscale with nano- 
or microcapacitance is the acquisition of a considerable 
number of small capacities that result in capacitance vari-
ation at a large scale. Nesser et  al.[110] realized a capacitive 
strain sensor based on gold nanoparticles deposited between 
interdigitated electrodes on a flexible substrate (Figure  2e). 
This approach is based on the interparticle electronic cou-
pling. The total capacitance of the nanoparticle assemblies 
can be derived from the tunnel junctions presented by a par-
allel R–C electrical model between two metallic nanoparti-
cles. An analytical expression is given for the capacitive GF 
defined as follows:

ln 1
= −

+



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d

l
d

l

	 (6)

This model shows a new representation of the capacitance 
GF that depends on the nanoparticle size (d) and the distance 
between nanoparticles (l). In the case of 14-nm gold nano
particles, a GF of approximately −3.5 was obtained.

Yuan et al.[111] reported a new type of nanocomposite material 
composed of a PDMS matrix charged with reduced graphene 
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oxide (rGO) (Figure 2f). The anisotropic flakes were assembled 
into locally aligned structures, which are liquid crystals with long-
range orientational order. Extended microcapacitors that achieve 
a very high permittivity can be widely formed by this ordered 
structure. Yuan et al.[111] demonstrated that due to the graphene 
microcapacitors within the PDMS, this nanocomposite material 

could induce an enormous change in the permittivity within a 
small strain range. They obtained a capacitive GF of −13.6 with 
a decrease in capacitance under applied strain. Another study 
based on the variation of the permittivity was also developed by 
establishing a near-percolated network of a conducting filler in 
an insulating polymer matrix.[114]

Adv. Electron. Mater. 2021, 2100190

Table 1.  State of the art of capacitive strain mechanisms and properties.

Reference Mechanism Material and structure Sensitivity (GF) Stretchability [%] Point of interest Limitation/drawback

[97] Geometric AgNWs/Ecoflex 0.99 150 Using finger kinematic tracking Sensitivity

[98] Geometric Silver-buckled surfaces 0.9 80 Increasing the stretchability of metallic electrode 
by laser rastering of elastomer surface

Sensitivity

[99] Geometric Conductive knit  
fabric/silicone elastomer

1.23 100 Developing a new batch of manufacturing  
technology (laser cutting) GF > 1 because  

velectrode < vdielectric

Sensitivity, linearity

[100] Geometric Ionically conductive  
fluid-silicone  

elastomer

0.34 250 Multicore-shell fiber sensor Sensitivity,  
repeatability/lifetime,  

liquid material

[101] Geometric Planar capacitor with 
carbon black composite

0.98 500 Improving the stretchability and performance 
compared with the resistive sensor

Sensitivity

[62] Geometric PDMS-CNT 1 300 Improving the stretchability, performance, and 
transparency of the sensor

Sensitivity

[102] Geometric Dragonskin-graphite 0.54–1.13 250 Combining screen-printing and direct writing to 
fabricate the sensor

Sensitivity, accuracy

[103] Geometric CNTs-Ecoflex 1 150 Developing a stretchable electrode based on 
contact-transfer patterning of carbon nanotube 

forests

Sensitivity

[62] Geometric CNTs-silicone elastomer 0.99 100 Developing a high-performance sensor based on 
stretchable percolated CNT electrode by vacuum 

filtration

Sensitivity

[60] Geometric AgNWs-Ecoflex 0.7 50 Detecting strain, pressure, and finger touch for 
several wearable applications

Sensitivity

[104] Geometric CNT/Ecoflex 0.49 50 Improving the electrode’s stretchability. The 
electrode is a carbon nanotube film deposited 

by spray coating

Sensitivity

[105] Geometric MXene/PVA  
hydrogel-BHB

0.4 200 Realizing a stretchable electrode with high 
sensor performances

Sensitivity

[106] Geometric Vertical graphene-PDMS 0.97 80 Developing stretchable electrodes based on 
vertical graphene (VGr)

Sensitivity

[107] Interdigitated 
electrode

AgNWs-PDMS 2 30 Improving the GF: Electrode and substrate in 
the same plane (no influence of Poisson’s  

ratio in the out-of-plane direction)

Linearity, negative  
variation

[108] Hierarchical  
auxetic 

structures

Silicone/acrylic  
elastomer-liquid metal

1.61 50 Improving the GF by modifying the  
mechanical properties

High thickness,  
limitation on the 

application

[109] Wrinkled 
electrode

PDMS-Au film 3.05 150 Improving the GF by creating a high degree of 
freedom in the out-of-plane direction

Linearity, hysteresis

[110] Tunneling 
junction

Polyimide-Au  
film/Au NP

3.5 1.5 Improving the GF by using an assembly of 
nanoparticles (detect low strain)

Low initial capacitive

[111] Permittivity 
variation

Silver  
greases-rGO/PDMS

13.6 4 Improving the GF by creating a microcapacitor 
with the rGO plate in a PDMS matrix

High electrical loss of 
dielectric material

[112] Transmission 
line model

CNT-PDMS 37 50 Improving the GF by using fragmented and 
highly resistive electrodes

Need AC voltage

[113] Planar  
electrodes

Ionic  
hydrogels- AgNFs

165 1000 Nanometer-thick EDL Limitation on the  
mobility of ions
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A recent study by Nesser et  al.[112] presented a new struc-
ture based on a dielectric elastomer (DE) layer laminated 
between two fragmented CNT papers that experience a sig-
nificant change in resistance (from Ω to MΩ) when stretched 
(Figure  2g). The capacitance variation results from the pen-
etration of the interrogating signal, which strongly depends on 
the strain and the interrogating frequency, and is well beyond 
the classical geometric factor. Based on the transmission line 

theory, a new relationship between the sensor capacitance and 
strain is expressed by the following equation:

ln
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min
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0 0

0
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ε
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Figure 2.  Mechanism of capacitive strain sensor: a) Geometric effect: a parallel-plate capacitor consisting of electrode (carbon black) layers and 
dielectric layers (elastomer) (GF = 1). Reproduced with permission.[100] Copyright 2018, Wiley-VCH. b) AgNWs/PDMS interdigitated capacitive strain 
sensor (GF = 2). Reproduced with permission.[107] Copyright 2017, American Chemical Society. c) Ultrathin wrinkled Au film strain sensor before and 
after stretching (GF = 3.05). Reproduced with permission.[109] Copyright 2018, American Chemical Society. d) Sensor with and without auxetic structure 
fabricated with elastomer and EGaln (GF = 1.61). Reproduced with permission.[108] Copyright 2019, Frontiers in Robotics and AI. e) Interdigitated elec-
trode including gold nanoparticle assemblies (GF = 3.5). Reproduced with permission.[110] Copyright 2018, The Royal Society of Chemistry. f) Schematic 
illustrating the distribution of graphene liquid crystal monodomains with and without external strain (GF = 13.6). Reproduced with permission.[111]  
Copyright 2018, American Chemical Society. g) Fragmented electrode-based sensor as the transmission line model as an infinite series of lumped circuits  
(GF = 37). Reproduced with permission.[112] Copyright 2021, American Chemical Society. h) Schematic illustration of a hydrogel structure representing 
the reduction in the electrical double-layer area at the conductive and ionic materials with strain and capacitive reactance change (GF = 165). Repro-
duced with permission.[113] Copyright 2019, The Royal Society of Chemistry.
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where V0 denotes the magnitude of the input voltage; Vmin, the 
minimum voltage, which is negligible; R0 and C0, the initial 
electrode resistance and capacitance without strain; µ, the GF 
of the electrode resistance; and f, the frequency of the sensing 
signal. The high sensitivity of this sensor is demonstrated by a 
GF exceeding 37 at a strain of 3%.

Interestingly, recent studies have reported new types of 
capacitive sensors based on electrical double-layer (EDL) struc-
ture formed by ionic liquids between two electrodes.[115–118] The 
EDL structure is formed between the electrodes when they 
are exposed to an external signal. This approach is based on 
the accumulation of electrons in metals and ions (opposite 
polar with electrons). The ultra-large interfacial capacitance 
is achieved after the appearance of a nanometer-thick EDL, 
resulting from the interfacing between the ionic hydrogel and 
metals (electrodes). In this case, the capacitive value of the ion 
gel between the two electrodes is significant.[119–121] A small vari-
ation in dimension induces a considerable variation in capaci-
tance. Based on this mechanism, Xu et  al. fabricated a new 
capacitive strain sensor based on a nanocomposite containing 
ionic hydrogels and silver nanofibers (AgNFs), as presented in 
Figure 2h. Under strain, the interface between the hydrogel and 
metal is reduced, and a variation in capacitance is formed. They 
achieved a capacitive GF of 165.[113]

With these innovative methods and mechanisms that 
improve the sensitivity, the traditional GF value of capacitive 
strain sensors (limited to 1) was exceeded; however, it remained 
much lower than that of the resistive sensors, which reaches 
106 for some applications.[38,122] Sometimes, the overlarge GF 
for resistive stretchable strain sensors yields a large error (50% 
for some sensors).[123]

3. Achieving Local Detection and Large Area 
Coverage
Most mechanical sensors can detect pressure, strain, and 
touch by a single measurement, although the methods vary. 
Some applications require the distribution of the sensing 
capability over a large area and recognition of multiple pres-
sures or touchpoints without limitation. Different approaches 
have been proposed for monitoring strain over a large area, 
including resistive sensing sheets,[124] series transistor cir-
cuits,[125,126] printable conductive polymer,[127] micro-hollow 
structures,[128,129] electric field tomography,[130] patch antenna 
sensors,[131,132] and soft elastomeric capacitors.[133–135] Networks 
of independent sensors[136–139] and arrays of flexible sensing 
substrates[71,140–145] are typical methods for locally detecting 
or monitoring large areas with high spatial resolution. In the 
early stage, touchscreen technologies have been investigated for 
sensing contact location on a display surface.[146,147] For that, the 
existing scalable sensors based on conventional technologies 
are mostly rigid and require a large object that touches the sur-
face. For example, in 2007, Apple has released its first mobile 
device using multi-touch technology, which used capacitive 
coupling techniques.[148] Capacitance-sensing technology has 
been widely studied to obtain a spatially distributed high special 
resolution over a large area that can reach the limits of square 
centimeters. The resistance variation was measured in arrays of 

conductive microchannels[136,149,150] for strain sensing. However, 
the resistive approach does not provide high performance due 
to the overlap between cells; however, this drawback is avoided 
with the capacitive sensor array.

Most artificial skins that are capable of detecting localized 
deformation while covering a large area consist of an array of 
distributed pressure and tactile sensors. Several conditions 
are required for the adoption of large-area sensors in various 
applications, such as structural health monitoring, robots, 
and motion detection. They must exhibit sufficient flexibility 
to cover a 3D area and have an adequate spatial resolution 
(e.g., when high resolution is needed to manipulate struc-
tures) and low overlap between cells, the ability to protect the 
sensor itself and absorb external impact, and reliable sensor 
response. The common approach uses two flexible layers with 
rows and columns of conductive strips separated by a dielectric 
layer.[149,151–157] The conductive strips on the flexible layers are 
placed in an orthogonal direction to create pixels at the inter-
sections. Each crossing point of the conductive strips forms 
a parallel-plate capacitor cell in an array. The compression or 
stretching of this cell by an external mechanical effect gener-
ates capacitance variation in a local cell and can be separately 
detected using a programmable electronic system.
Figure  3 presents the conceptual diagram of a conven-

tional skin sensor for large-area deployment using a network 
of multicapacitive array systems. One sensor module in this 
traditional system consists of an n × n cell array and connects 
through interconnection lines. Every capacitive cell is created 
by an interaction between the lower and upper electrodes that 
form an array of cells. Figure  3a presents a modular expand-
able capacitive sensor for robotic skin applications.[158] A sensor 
module is composed of 16 × 16 cells with a spatial resolution 
of 1 mm, where the cell itself is composed of copper electrodes 
and an air gap encapsulated by a PDMS membrane, forming 
a parallel-plate capacitor. Other examples demonstrate the con-
struction of the capacitive matrix on a large area presented by 
Li et  al.[151] They fabricated two sets of PDMS microchannels 
(8 × 8 channel array) filled with a conductive liquid (eGaIn), 
forming a capacitance-sensing array (Figure  3b). The entire 
system has a large area of several square centimeters and can 
detect strain and pressure distributions over a large area with 
a 1-mm−1 spatial resolution. As the system is extremely flexible, 
it can readily achieve stretchability higher than 500%, as pre-
sented in Figure  3b-ii. The capacitive sensor arrays are now a 
well-developed technology with multiple commercially available 
devices (Sensitronics, SureTouch, TakkTiles, Sensing Tex, and 
BodiTrak Tekscan).

Some examples of capacitive large-area strain, choose 
according to the application domain, are presented in Figure 4, 
such as making gloves for virtual games (Figure  4a), robotic 
skin (Figure 4b), following hand and biceps motion (Figure 4c), 
monitoring cracks in reinforced concrete (Figure 4d) and meas-
uring the reaction of forces in the human body (Figure  4e) 
monitoring cracks in reinforced concrete (Figure  4e). A soft 
elastomeric capacitor sensor has been developed to monitor 
damages in large-area structures.[134] This capacitive sensor net-
work is used in numerous structural health monitoring appli-
cations, including the evaluation of wind turbine blades,[159] 
dynamic nondestructive testing,[160] in-plane strain map 
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reconstruction,[161] sensing distortion-induced fatigue cracks 
in steel bridges,[162] and crack detection in a concrete plate.[163] 
The last two examples are presented in Figure 4d where dense 
sensor network configurations can monitor the strain and crack 
of large areas.

In capacitive array systems, the number of pixels per unit 
length is still limited. For obtaining well-defined pixels, fabri-
cating sensor systems can be complicated and requires accurate 
patterning. For this reason, new methods are being developed 
to expand the sensing area using novel fabrication methods or 
flexible materials. For example, Zhu et al.[170] developed a multi-
touch capacitive sensor that can identify multiple touches on 
different locations using only four independent channels. Their 
objective was to decry the number of connections and wires on 
the array systems by combining four capacitive sensors that 
have partially overlapping areas. This device is convenient for 
emerging wearable technologies and humanoid devices.

Moreover, a capacitive sensor with a single ion gel layer 
and copper electrodes was reported by Joon Park et  al.[171] for 
detecting pressure positions, as presented in Figure  5a. The 
electric field variation in the ion gel layer enables pressure 
detection.[162,172,173] Moving away from the electrodes decreases 
the electric field, thus influencing the relative capacitance 
variation at different positions, where the capacitance further 
decreases, as presented in Figure 5a. Yoon et al.[174] employed 
a similar principle for detecting localized pressure. They used 
ionic liquids in microchannels acting as electrodes to realize 
a microfluidic multifunctional capacitive sensor, where the 
dielectric layer is the CNT/PDMS composite. The ion is 
dense near the electrical sensing input, and its concentration 
decreases along the lateral direction from the electrodes, ren-
dering the capacitance variation nonuniform over the whole 
area of the structure. Figure 5b presents the capacitance vari-
ation that follows finger sliding motions along the sensor. 
It should be noted that the ionic capacitive sensor can also 
be implemented as a sheet of distributed sensors (array of 

sensors) to demonstrate its capability of detecting the location 
and pressure of touch.[117,152]

Recent articles have proposed a new sensing method for local 
strain detection within non-ideal capacitive sensors.[175–178] The 
sensing input attenuates along the capacitive sensor length with 
high resistive electrodes, leading to the measurement of dif-
ferent regions of the capacitive sensor by changing the sensing 
frequency. In this method, the sensor behaves as a transmis-
sion line. The dielectric sensor can be idealized as a distrib-
uted chain of small capacitors and resistors (Figure 6a).[178] The 
resistance of the electrodes significantly affects the distance a 
sensing signal can reach. The signal distance can also be con-
trolled by increasing the sensing frequency to limit the penetra-
tion of the signal into the sensor. As presented in Figure  6b, 
within the area of a single capacitive sensor body, the relative 
capacitance variation is affected by the sensing regions cre-
ated by applying multiple sensing frequencies to the capaci-
tors.[176,177] The use of the transmission line model makes it 
possible to measure local capacitance variation and, therefore, 
local pressure within the same sensor sheet. Sonar et  al.[175] 
employed the transmission line model to detect pressure in 2D. 
Figure  6c presents the pressure location prediction with high 
accuracy. The advantage of the multifrequency capacitance-
sensing approach is that it reduces the number of interfaces 
and supports electronics compared with discrete sensor arrays 
and eliminates the need for multiple sensors.

4. Interrogation Circuit and Sensing Methods

Various types of electronic test equipment can be used to 
measure signals and capture responses from electronic devices 
under test (DUTs). The capacitance variation of a capaci-
tive sensor is generally on the order of pF; this value can be 
measured using a conventional capacitance meter, LCR meter, 
or impedance analyzer. The replacement of this macroscale 
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Figure 3.  a) Schematic illustrating a conventional large-area capacitive array sensor: i) assembly of module array covering a robot hand, ii) single-
cell structure: the intersection between two conductive lines isolated by an air gap, forming the parallel-plate capacitor. Reproduced with permis-
sion.[158] Copyright 2006, IEEE. b-i) Typical capacitance-sensing array. ii) Single capacitive element of the sensing array and optical image showing a 
4 cm × 4 cm × 3 mm flexible silicone rubber membrane containing 8 × 8 sensor arrays. Reproduced with permission.[151] Copyright 2006, IOP Publishing.
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expensive equipment with a small interface circuit became 
increasingly attractive in numerous consumer applications. As 
a definition, an interface circuit is a signal conditioning circuit 
used to bring the signal from the sensor to a format compatible 
with the load device or read out the data for a display system. 
For such capacitive sensors, reading a capacitive difference is 
the fundamental function of an interface circuit. A conven-
tional electronic system used for the capacitive sensor consists 
of a capacitive measurement circuit, microprocessor, or micro-
controller (µC), in addition to an analog-to-digital converter 
(ADC), digital-to-analog converter, and memory. A typical block 
diagram of sensor elements, including the electronic interface, 
is presented in Figure 7. In either case, an IC is at the heart 
of the product designed to perform real-time computing. The 
electrical signal detected from the sensor can be wirelessly sent 
to the interface circuit.
Figure  8 shows some examples of the capacitance 

measurement circuit starting with the conventional 

capacitance-measuring method that is based on injecting an 
input signal to the sensor and recovering the output varia-
tion of the signal in the form of voltage, current, pulse-width 
variation, or frequency. In this configuration (Figure  8a), the 
capacitance variation represented by the voltage or current 
signal transforms into a digital word via an additional ADC. 
Several series of circuits that can measure small capacitive vari-
ations have been developed and commercialized in the last few 
years, including the capacitance-to-digital converter (CDC). The 
sigma-delta (Σ−Δ) conversion technology is one of the sensing 
methods developed for a precision capacitive sensor interface 
circuit.[179,180] Figure 8b presents the structure of a conventional 
first-order Σ−Δ converter consisting of a switched-capacitor 
modulator with a digital filter. Over time, this converter bal-
ances a known reference charge of variable polarity with an 
unknown charge.[181] Moreover, the successive approximation 
register (SAR) is a capacitance-measuring technique used in the 
CDC and is well known for its excellent energy efficiency.[182–185] 
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Figure 4.  Large-area strain covering for various applications: a) Gaming: capacitance-sensing array mounted on a palm for remote-controlling a toy 
car. The inset of each image shows a contrast diagram of relative capacitance variation for open (left) and closed (right) hand Reproduced with permis-
sion.[164] Copyright 2017, American Chemical Society. b) Schematic illustration of a capacitive sensor array system as an artificial electronic skin on a 
hand (scale bar: 1 cm). Reproduced with permission.[165] Copyright 2019, Nature Research. c) Motion capture: i) glove based on a stretchable capacitive 
silicone sensor array capturing hand poses in real-time with high accuracy. Reproduced with permission.[166] Copyright 2019, Association for Computing 
Machinery. ii) Flexible capacitive sensor arrays composed of 92 sensor cells, forming an extensive area sensing system and live capturing of the biceps 
with silicone-based capacitive sensor arrays. Reproduced with permission.[167] Copyright 2019, Association for Computing Machinery. d) Structural 
health monitoring: i) network of capacitive sensors implemented on the back of the cement-paste plate where thick and thin green lines highlight the 
cracks. Reproduced with permission.[163] Copyright 2018, International Society for Optics and Photonics, ii) optical image of steel bridges implanted 
with a dense capacitive sensor array for monitoring distortion-induced fatigue cracks. Reproduced with permission.[168] Copyright 2018, International 
Society for Optics and Photonics. e) Health monitoring: Capacitive touch panel with 5 × 7 pixels deposited on the arm to monitor external touch with 
high resolution. Reproduced with permission.[169] Copyright 2019, American Chemical Society.
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Figure 8c presents an example of CDC implementation based 
on a capacitive array of a SAR ADC connected to a capaci-
tive sensor (C). C is measured by compensating it with the 
digital input of the programmable capacitor array (CR), which 
is adjusted using the SAR logic where the resolution is deter-
mined through the smallest capacitor unit in the array.

Reverter et  al.[187] proposed a simple capacitance-sensing 
method where the direct capacitance-to-digital conversion is 
based on timing and voltage comparison. They connect an RC 
circuit, including the capacitive sensor, to a µC that calculates 
the charging and discharging time where the capacitance can 
be deduced (Figure 8d).

Dietz et al.[189] proposed an alternative sensing method based 
on charge transfer. Figure 8e presents the implementation cir-
cuit of the charge-transfer method and its operating principle, 
where VS denotes the source voltage; Cr, the reference capaci-
tance; and C, the unknown capacitance.[188] The sensor capaci-
tance can be identified by counting the number of charge-
transfer cycles required to charge the reference capacitance to a 
threshold voltage through the capacitive sensor.

The µC itself can act as a CDC for the measurement of 
capacitive sensors without any external component. Some µC 
contains internal capacitance and analog-to-digital voltage con-
version, allowing them to act as a charge-transfer circuit. The 
direct connection of the capacitive sensor to a µC is the sim-
plest way to implement an interfacing circuit for capacitive 
sensors.[110]

Numerous CDC converters based on these techniques exist 
on the market. The “analog” system developed several CDC 
models frequently used for measuring small capacitance vari-
ation, including AD7745,[190] AD7147,[191–193] AD7152,[194–196] 
and AD7746.[197] Figure  9 presents some examples of flexible 
capacitive sensors used in the conventional capacitance-meas-
uring circuit to calculate pure capacitance. Figure  9a presents 

the packaging of an interface circuit of a capacitive wearable 
sensing system comprising of a group of capacitive strain sen-
sors to monitor the joint movement of the human body. In this 
example, the authors use a 24-bit CDC (Analog AD7746) with 
a 32-bit microcontroller IC (STM32) as an interface circuit.[198] 
The commercial CDC chips were utilized in various capaci-
tive strain applications to convert sensor capacitance levels to 
a digital signal. The CDC (AD7147, Analog Devices) was used 
by Guo et al.[145] (Figure 8b) on a portable measurement system 
for planar pressure distribution with a wireless transmission 
module. Gerratt et  al.[145] interfaced a 16-bit CDC (AD7147, 
Analog Devices) with a stretchable capacitive tactile sensor 
skin for a dorsal side of a robotic hand, where the CDC is inte-
grated on custom printed circuit boards (PCBs), as presented 
in Figure 9c.

We can find other types of ICs that can be used for meas-
uring capacitance as MPR121 (NXP Semiconductor), an off-the-
shelf component intended for use in 12-digit-style capacitive 
touchpads and keypads. This chip was used by Farrow et al.[146] 
and was integrated into a flexible PCB to detect the capacitance 
variation in a soft capacitance array (Figure 9e).

Some sensing boards that are capable of wirelessly trans-
mitting data to the display system have been designed. As 
presented in Figure  9d, the PCB connected to five flexible 
capacitive sensors can send data about capacitance to a Blue-
tooth-enabled device. Then, a mobile application translates the 
data to give the user information about the hand motion, thus 
resulting in a smart wireless glove that can detect hand motion, 
as realized by StretchSense.[200] Yang et  al.[201] present a novel 
wireless transmission data system based on an effective bridge-
type impedance readout circuit. By using an on-board micro-
controller, the sensor signal is read out locally and transmitted 
wirelessly. This electronic system is able to measure capacitance 
and resistance over a wide temperature range (20–180 °C) and 
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Figure 5.  a) Schematic of the signal-layer ionic gel sensor for detecting local pressure where an external object is pressed on a specific position, the graph 
showing the capacitance variation in real-time for the single-layer ionic gel sensor, depending on the pressing position. Reproduced with permission.[171] 
Copyright 2019, Royal Society of Chemistry. b) Schematic of microfluidic capacitive sensors pressed in a different location, the graph shows the relative 
capacitance changes of microfluidic capacitive sensors with finger sliding. Reproduced with permission.[174] Copyright 2017, Royal Society of Chemistry.
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various dielectric mediums (e.g., air, epoxies). This circuit can 
be used as an electronic interface for sensor systems requiring 
in situ, continuous impedance measurements.

The example presented in Figure  9f demonstrates how the 
capacitance of each cell of a large-area capacitive sensor array 
can be measured with a small interface circuit. One selected 
tactile sensor is charged by a voltage Vstep before transfer-
ring its stored charge to the feedback capacitance (Cf). It 
should be noted that a row decoder makes the input selection, 
whereas a column decoder selects the output cell. Finally, the 
output voltage is recorded using the equation presented in 

Figure  9f.[163] The number of channels in the capacitive array 
sensing system can be increased by combining them with mul-
tiplexers, through which some of the commercial CDCs have 
256 channels.[169,202]

Other measurement methods were employed to calculate a 
pure capacitor with a small-scale circuit; for example, Figure 9g 
presents a complete measurement setup for a soft capaci-
tive sensor realized by Glauser et  al.[167] In this measurement, 
the sensing circuit based on NE555 timer IC has indirectly 
measured the capacitance by timing the charging of a capac-
itor to a threshold voltage since the charging time is linearly 
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Figure 7.  Classical block diagram of the capacitive sensor system, recovering a mechanical deformation from the environment by a sensor, exploiting 
the signal by an electronic interface, and finishing by displaying information for the recipient.

Figure 6.  Local strain detection by the transmission line model: a) schematic illustrating the principle of local pressure detection using the transmis-
sion line model. The sensor considers an infinite chain of capacitor and resistor segments where l and w are the length and weight of one segment, 
and the electrode and dielectric thicknesses are te and td, respectively. Reproduced with permission.[178] Copyright 2017, IEEE. b) Capacitance variation 
for a different pressed zone in high-resistance dielectric capacitor for different sensing signal frequencies. Reproduced with permission.[177] Copyright 
2016, Wiley Periodicals. c) Image representing 2D dielectric capacitive sensor segmented into 5 × 5 pixel sensor with a pressure applicator and the 
Confusion matrices for 5 × 5 sensor configurations after treatment using a multi-class support vector machine. Reproduced with permission.[175] 
Copyright 2018, IEEE.
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proportional to the capacitance. Then, the square signal of 
the charging time is read by a µC and transmitted to a display 
system.

In the selection of a suitable measurement method, several 
factors are considered, such as the required accuracy, allowed 
size of the circuit board, and minimum capacitance to be read. 
Notably, all models presented above neglect the influence of 
the electrode resistance and function with a direct current (DC) 
signal. Furthermore, the high electrode resistance of some sen-
sors with low-cost DEs renders most of the commercial capaci-
tance-sensing ICs useless and unsuitable for the measurement 
of capacitance. Unlike the pure capacitive sensor, the dielectric 
capacitive strain sensor requires specialized sensing hardware 
and algorithms to detect and measure the capacitance from a 
complex circuit model. Therefore, to accurately measure the 
capacitance, some researchers have developed new methods 
that consider the resistance of the electrode and its variation 
under deformation.

Electrical models have been proposed to accurately measure 
capacitance by considering the electrode resistance (series RC 
model) and leakage current through the dielectric membrane 
(parallel RC model) or using the combination of the two models 
with a lumped model,[202–204] as presented in Figure 1b. One of 
the popular sensing methods typically employed by numerous 

commercial LCR meters is the gain and phase method.[205,206] 
This method is based on the measurement of the current 
gain and phase shift in a series RC model with regard to the 
sinusoidal sensing voltage; the gain and phase shift occurs 
due to the presence of the electrode resistance (Relectrodes). The 
measurement of complex electrical impedance of the sensor’s 
equivalent circuit Z allows capacitance (C) to be calculated by 
simultaneously solving the magnitude and phase of the imped-
ance equation:
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Several researchers in the field of self-sensing of dielectric 
actuators have employed this technique to measure the capaci-
tance, as it is considered to be a robust way to account for the 
electrode resistance for a dielectric capacitor with low-cost 
carbon electrodes.[71,154,207,208]

Jung et  al.[209] and York et  al.[210] developed another meas-
uring method that requires the measurement of impedance 
along with a wide range of frequencies. The capacitive DE 
actuator is placed in series with an external resistor, where the 
output voltage is measured by treating the circuit as a high-
pass filter (Figure 10a). By calculating the cutoff frequency, the 
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Figure 8.  Capacitance measurement circuit: a) typical capacitive sensor interfacing method, b) simplified 1st order Σ−Δ modulator: an integrator 
adds the charge from the input leg and the reference leg, where the feedback loop contains the integrator. Reproduced with permission.[186] Copyright 
2005, IEEE. c) Simplified schematic of a capacitance-to-digital converter using a successive approximation register. Reproduced with permission.[184] 
Copyright 2014, IEEE. d) Charge and discharge method with a microcontroller interface suitable for measuring low capacitive values. Reproduced with 
permission.[187] Copyright 2004, IEEE. e) Fundamental circuit representing the charge-transfer method, where VS denotes the source voltage; Cr, the 
reference capacitance; and Cx, the unknown capacitance. Reproduced with permission.[188] Copyright 2007, IEEE.
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capacitance variation that shifts the output voltage magnitude of 
the high-pass filter can be deduced. The cutoff frequency (fc) of 
a high-pass filter is inversely proportional to the capacitance (C):

1

2
c π

=f
RC

	 (9)

Figure  10a demonstrates self-sensing of the DE actuator 
based on the high-pass filter method. The expansion of the DE 
actuator increases the capacitance from C1 to C2, resulting in a 
cutoff frequency shift from fC1 to fC2. Thus, the voltage variation 
achieved at a fixed frequency can be used to measure the varia-
tion in capacitance.

Adv. Electron. Mater. 2021, 2100190

Figure 9.  Capacitive strain sensor with their electronic interface circuit: a) capacitive strain sensors and electronic interface control integrated on 
several joints in a human body to capture motion and the installation of the sensing circuit. Reproduced with permission.[198] Copyright 2019, Springer. 
b) Image showing a small integrated electronic board that contains a capacitance-to-digital converter (the scale bar is 1 cm), managing the electrical 
signal of the capacitive sensor. Reproduced with permission.[145] Copyright 2015, Wiley-VCH. c) Network of pressure sensors integrated into plantar 
shoes and connected to a signal acquisition circuit. Reproduced with permission.[199] Copyright 2016, IOP Publishing. d) Smart glove to monitor hand 
motion, where a small PCB is used to read the electrical signal of the sensor and send the data to a mobile application via Bluetooth. Reproduced with 
permission.[200] Copyright 2021, StretchSense. e) Collection of functionalized soft capacitive sensor connected to a very small polyimide flexible printed 
circuit board (PCB). Reproduced with permission.[146] Copyright 2017, IEEE. f) Measurement setup and schematic representation of readout circuits for 
capacitive tactile sensor array. Reproduced with permission.[163] Copyright 2009, Elsevier. g) Modular measurement setup of flexible capacitive sensor 
arrays showing a microcontroller and sensing board in addition to switchboards. Reproduced with permission.[167] Copyright 2019, Association for 
Computing Machinery.
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Modeling the impedance frequency response curve is an 
alternative method employed for calculating the capacitance of 
DE sensors or actuators.[202,211,214,215] As presented in Figure 10b, 
Haus et  al.[211] demonstrated that the particular points in a 
simple impedance–frequency curve can be utilized to deduce 
the capacitance and other parameters of the lumped circuit. At 
high frequencies, the lumped model reduces to only its series 
electrode resistance (Rs) as the impedance of the capacitive 
element in the DE (Xc) approaches zero (Xc→0). Contrarily, at 
low frequencies, Xc drops out of the lumped model because it 
approaches infinity (Xc→∞). The inconstant impedance of the 
lumped model results from the relationship between Xc and 
frequency. Based on this assumption, all the parameters of the 
lumped model can be concluded with the following features: 
the 3dB cutoff frequency response, low frequency, and high 
frequency.

A new method known as hyperplane approximation was 
developed by Gisby et  al.,[212] which is also based on the 
lumped model. This method is one of the algorithms used 
for calculating the capacitance that precisely compensates for 
the leakage current and resistance of the electrodes. Here, the 
capacitance is calculated using Cramer’s rule by performing a 
linear regression on the sensor’s charge (Q), voltage (V), and 
current (I) over a given period (T) of the input sensing signal. 
Analytically, the charge (Q) of a non-ideal capacitor cannot be 
just represented as the charge stored in the sensor’s capacitive 
component (C), but the charge leaked through the membrane 
(Qleakage) will add to it. We should note that part of the total 
sensor voltage (V) is dropped across the electrode resistance 
(Relectrodes), where the capacitive component receives the rest 
of the total voltage (Vc).

electrodes
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In this case, the capacitance of the sensor can be deducted by 

the gradient =
∂
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V
 of the total charge. On the other hand, it 

can be represented by the best curve-fitting on the Q–V plane 
(Figure 10c). Using this method, Xu et al.[216] designed an inter-
face circuit to simultaneously measure multiple capacitive 
strain sensors.

Matysek et  al.[213] employed a simple method for self-
sensing the dielectric actuator. The current integration 
method is based on a transient effect when charging the 
actuator. According to their work, the capacitance can be cal-
culated using the basic capacitance equation that relates the 
charge (Q) and the voltage across the capacitance (Vc) with the 
capacitance (Equation (11)). Further, the supply square voltage 
(Vs) applied to the actuator is different from the voltage across 
the capacitance only (VC) as the actuator is represented by a 
resistance (Relectrodes) in series to the capacitance (C). To calcu-
late the Vc value, the method proposes to wait 3 RC time con-
stants until the capacitance component is fully charged, and 
Vc equals the supply voltage, Vs. The quantity of charge stored 
on the capacitive component is calculated by integrating the 
current passing through the DE. This current is similar to 
the current flow into Rm, which facilitates the measurement, 
as presented in Figure  10d. In this case, the capacitance is 
expressed as follows:

c s
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Figure 10.  Sensing methods of the capacitive sensor with high electrode resistance: a) high-pass filter method: equivalent circuit of a dielectric actuator 
connected to an external resistor forming a high-pass filter; the graph shows the cutoff frequency and magnitude shift when the actuator expands. 
Reproduced with permission.[209] Copyright 2008, Elsevier. b) Schematic plot of the frequency-dependent impedance; the impedance frequency sweep 
is used to deduce the capacitance value (Rs and Rp are the series and parallel electrode resistance respectively). Reproduced with permission.[211] 
Copyright 2013, IOP Publishing. c) Hyperplane method: 3D graph representing the relationship among voltage, charge, and time data and fitted with 
a 2D hyperplane. This plan projection in the V–Q axis is used to determine the capacitance value. Reproduced with permission.[212] Copyright 2013, 
American Institute of Physics. d) Sensing circuit of the current integration method: dielectric actuator connected to an integrator and switching matrix. 
Reproduced with permission.[213] Copyright 2011, International Society for Optics and Photonics.
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The current integration can be realized using a hardware ele-
ment by implementing the Deboo single-supply integrator on 
the sensing circuit, as presented in Figure 10d. Xu et al.[217] mod-
ified this method using a constant DC voltage instead of the 
square wave sensing voltage to continuously track the charge 
movement to and from the sensors. With this modification, 
the method avoids the waiting time required to fully charge the 
capacitor and the losses caused by the resistive electrode.

5. Wireless Communication between the 
Capacitive Sensor and Interface Circuit
In some applications, the direct integration of an all-strain 
sensor package (sensor, cable, and interface circuit) is dif-
ficult. The wires that connect the sensors with the interface 
circuit render the system complex and prevent it from being 
flexible and independent. Furthermore, the electronic interface 
is generally rigid, making it susceptible to mechanical failure 
integrated into a single substrate with a flexible sensor or 
exposed to external strain. As a result, an inappropriate posi-
tion of the rigid circuit interface and the wired connection can 
reduce the lifetime and reliability of the flexible sensor system. 
These applications include sensing under harsh environmental 
conditions,[218] sensing moving or rotating parts,[219,220] creak 
detection in structures and composites,[139,215,221] and medical 
sensing inside the human body.[222,223] To avoid delamination 
and mechanical failure in the system, a physical separation 
between the stretchable sensors and silicon readout circuit 
communication is required via wireless networking. Therefore, 

the remoteness of the fragile electronic interface and elimina-
tion of its direct presence in the application may be required. 
Bluetooth Low Energy is a well-known wireless communication 
system that allows two separate electronic systems to commu-
nicate with each other and transfer data. Bluetooth can transmit 
information fast over a distance of 9 m, making it suitable for 
durable wearing and multifunctional sensing.[224] As presented 
in Figure  11a, a Bluetooth transceiver needs to be assembled 
with a rigid IC and rechargeable battery on a PCB. The addi-
tion of the battery of the sensor unit and the mechanical stiff-
ness of the Bluetooth module makes the system unfavorable 
for flexible applications. Unlike Bluetooth, which is an active 
wireless system, near-field communication (NFC) is a wireless 
technology that simultaneously enables the transfer of power 
and data.[225–227] The passive components of the NFC wireless 
system include a discrete rigid IC that limits the flexibility, as 
presented in Figure  11b.[226] NFC technology has a maximum 
delivery distance of about 10 cm, although it offers lightweight 
and low power consumption. This method also has limitations 
in terms of rigidity due to the presence of a rigid IC on both 
the transmitter and receiver sides, thus limiting its applicability 
to flexible electronics. Unlike stretchable sensor systems that 
use Bluetooth and NFC technology, passive radio frequency 
identification (RFID) technology is entirely free from rigid sil-
icon chips and batteries inside the on-application soft sensor 
tags, thus improving the robustness and conformability of the 
sensor unit. The sensing system comprises two physically sepa-
rated parts that are wirelessly coupled using RFID: a stretchable 
integrated sensor (transmitter) and a readout circuit (receiver) 
(Figure 11c).[228]
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Figure 11.  a) Bluetooth communication: image of a Bluetooth system integrated into a flexible and wearable PCB module used with an electrochemical 
sensor for human sweat analysis. Reproduced with permission.[224] Copyright 2016, Nature Research. b) Near-field communication (NFC): image of 
a battery-free NFC sensor patch that includes a rigid IC, where the sensor communicates wirelessly with a phone interface. Reproduced with permis-
sion.[226] Copyright 2019, American Association for the Advancement of Science. c) RFID wireless communication: image of a readout composed of a 
flexible printed circuit board on clothes and separated LC stretchable sensor integrated in the skin. This technology is based on an LC oscillator suitable 
for use as a capacitive strain sensor. Reproduced with permission.[228] Copyright 2019, Nature Research.
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Figure  12 presents the working principle of the wireless 
capacitive strain sensor based on RFID technology.[229] In 
general, the soft tag is made using a stretchable inductor and 
capacitive sensor to form an inductor-capacitor (LC) oscillator 
circuit.[230–232] The data transfer between the tag’s inductor and 
the external readout coil is based on electromagnetic coupling, 
where power transmission is achieved by the inductive cou-
pling of the transformer. The resonant frequency (f0) of a reso-
nator circuit is expressed[231] as follows:
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L C
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where C and L2 are the capacitance and inductance of the sensor 
tag, respectively. According to Equation  (12) and Figure  12, 
a shift in electric resonance frequency can be read when the 
capacitance of the sensor changes. To wirelessly investigate the 
LC sensor, its resonance frequency is monitored by measuring 
the return loss (S11 parameter) of the external readout coil or 
by following the impedance of the LC sensor. The resonance 
frequency appears when the sensor absorbs most of the electro-
magnetic energy, which is demonstrated by an inversed peak in 
the input return loss, S11. Therefore, the resonance frequency 
can be remotely deduced from the minimum value of S11 with 
a frequency range. This wireless method is suitable for the 
capacitive strain sensor due to the capacitive behavior of the 
sensor under strain. The capacitive strain sensor can be easily 
converted to an LC wireless sensor by connecting the capaci-
tive strain sensor using a flat spiral coil. Thus, the simplicity 
in fabricating flexible LC oscillators is an essential advantage 
for the establishment of a soft wireless sensor. Although most 
of the existing flexible wireless strain/pressure sensors rely on 
capacitance changes in the LC passive design, the mechanism 

of some sensors can be inductive-based mechanical sensing, 
which depends on inductance changes under mechanical 
deformation.[233–235] Contrarily, the LC circuit can be connected 
to an external resistive strain sensor to form an RLC circuit, 
where the resistance is the operating parameter under strain. 
In this case, wireless detection is achieved by the quality factor 
instead of the resonance frequency, depending on the three 
parameters.[228] 

The passive LC sensors have been proposed for the measure-
ment of pressure,[235–238] temperature,[239,240] humidity,[238,241,242] 
strain,[243–246] and chemical sensing.[247] In addition, a versatile 
approach based on multiple LC resonators was established 
for simultaneously monitoring multiple parameters (e.g., 
temperature, pressure, and humidity).[248,249] All of these sen-
sors share the same concept of wireless detection, where the 
capacitance or inductance is influenced by the quantity to be 
measured, which results in a shift in the resonance frequency 
of the LC circuit. An LC sensor has been considered effective 
in detecting mechanical effects in a sealed environment, such 
as tires and harsh environments, as well as in high-tempera-
ture applications, such as compressors and turbine engines. 
Moreover, this wireless sensing system is mainly used in the 
human body for the purposes of health monitoring and bio-
medical implants. The first wireless pressure sensor was devel-
oped for monitoring intraocular pressure (IOP);[232] since then, 
numerous implantable sensors have been developed for various 
biomedical applications. Chen et  al.[250] have created implant-
able wireless pressure sensors for patients with glaucoma and 
continuously monitored the IOP. This sensor consists of a sen-
sitive pressure capacitor embedded in a deformable diaphragm 
chamber and connected to a planer inductor fabricated using a 
spiral metal wire and supported with a flexible disk substrate. 
An external readout coil can detect pressure in a distance 
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Figure 12.  Schematic diagram of a conventional passive wireless sensor based on LC resonators demonstrating how the data and energy can be 
remotely transmitted from a flexible tag and received by an external antenna. The equivalent circuit shows the Wireless communication principle 
between the tag flexible sensor and the readout antenna. Reproduced with permission.[229] Copyright 2019, Nature Research.
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longer than 2  cm with a 1-mmHg resolution, as presented in 
Figure 13a. Recently, Kouhani et al.[242] realized a passive sensor 
implemented inside a contact lens to monitor, in real-time, the 
curvature of the cornea due to IOP fluctuations.

Other types of applications have been established to target 
different medical problems. For example, Stauffer et  al.[251] 
reported a wireless strain sensor for monitoring bladder 
volume (Figure  13b). The implantable strain sensor consists 
of a coil connected to a stretchable plate capacitor that forms 
an oscillating circuit. Stauffer et al.[242] validated the concept by 
implementing the sensor on an in vivo porcine bladder.

Boutry et al.[252] realized an LC pressure sensor to remotely 
measure the arterial blood flow. The sensor is entirely fabricated 
using biodegradable materials, and the resonance frequency 
shift is based on the capacitance variation of its capacitor 

component (Figure 13c). First, the fringe-field capacitive sensor 
is wrapped around a polyolefin tube and then they integrate it in 
vivo arterial blood. Deng et al.[238] evaluated neovascularization 
and cellular proliferation by continuously monitoring the pres-
sure of the wound site with an LC sensor embedded in a com-
mercial bandage (Figure 12d). They tested the sensor embedded 
in the bandage both on pork skin and a foam. The sensor 
detected low pressure with a sensitivity of −270.8 kHz/mmHg 
and a linearity in the range of 0–200 mmHg. Moreover, other 
works were performed to improve the performance of wire-
less capacitive sensors in various applications, such as tactile 
sensing and human motion sensing, such as hand bending and 
facial muscle movements. For example, Nie et al.[254] improved 
the performance of an LC wireless sensor for tactile application 
by integrating a droplet-based capacitance-sensing unit with 
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Figure 13.  a) Intraocular pressure (IOP) monitoring for the rabbit model using LC wireless pressure sensor; the image on the right shows the capacitor 
and the inductor parts of the sensor. Reproduced with permission.[250] Copyright 2010, IEEE. b) Schematic illustration of an LC wireless strain sensor 
implemented on the human bladder to measure large tissue deformations. Reproduced with permission.[251] Copyright 2018, Wiley-VCH. c) Schematic 
of wireless biodegradable sensors for measuring the arterial blood flow and detecting arterial occlusion. Reproduced with permission.[252] Copyright 
2019, Nature Research. d) Schematic illustration of an LC wireless pressure sensor embedded in the wound dressing for monitoring neovascularization 
and cellular proliferation. Reproduced with permission.[238] Copyright 2018, IEEE. e) LC sensor integrated on a pipeline for monitoring gas diffusion 
or water ingress: resonant frequency comparison for water- and air-filled gap volume for different breaching heights. Reproduced with permission.[253] 
Copyright 2017, Elsevier.
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two circular planar coils. The passive sensor integrated on the 
fingertips was tested by monitoring the changes in the tactile 
force in table tennis. In addition, Kou et  al.[255] improved the 
performance of the LC pressure sensor using a continuous 
wrinkled gold pattern for the inductor and the electrode of 
the capacitive part, whereas the dielectric layer was made of a 
micro-patterned Gr/PDMS composite. They wirelessly detected 
hand bending and facial muscle movements.

Monitoring of the damage and degradation in the structure 
is essential to enable early warnings about structural health. 
The wireless transmission systems for the health monitoring 
of large structures are mainly discussed in the last decades, 
especially for in situ health monitoring systems and some 
advanced industrial and engineering applications, such as 
torque sensing and point stress for ball bearings, blades, and 
rotating shafts. Various LC sensors have been developed to 
avoid catastrophic damage (in composite, steel, and concrete) 
through crack[249,256–259] and strain[254,255,260,261] sensing, thereby 
achieving reliable system monitoring, understanding material 
fatigue, and optimizing system performance. In 2005, Matsu-
zaki et  al.[262] proposed a wireless strain sensor based on the 
oscillation circuit method to monitor car tires, where the steel 
wires were employed as electrodes to measure the changes in 
tire capacitance. The LC sensor presented in Figure  13e was 
developed for real-time pipeline integrity monitoring.[253] The 
sensor monitored the external corrosion of a metal pipe, where 
a water ingress or gas diffusion in the pipe affects the distance 
between the metal pipe and the coating lift-off from the pipe-
line, thus resulting in a capacitance variation of the interdigi-
tated capacitor. These studies revealed that the LC wireless sen-
sors with a free wire, free battery, small size, long interrogating 
distance, and several advantages, such as flexibility and ease of 
production and implementation, are very promising in real-
time monitoring and data harvesting.

6. Conclusion

The present review highlights recent developments in capaci-
tive strain sensors. The strain sensors based on electrical signal 
variation offer significant advantages, making them the most 
suitable method for various applications. Different studies have 
revealed that the capabilities of the capacitive strain sensors out-
perform those of resistive strain sensors. So far, resistive strain 
sensors are more commonly applied owing to their advantages, 
such as ease of use and the low sensitivity of capacitive strain 
sensors that use the geometric effect to induce capacitance 
variation. Researchers have successfully increased the gauge 
factor (GF) of capacitive strain sensors by changing the shape 
of the electrodes using new materials, such as ionic hydrogels, 
or focusing on the variation of the permittivity of the dielectric 
material. The soft capacitive sensor demonstrated high per-
formance and the ability to measure strain over large struc-
tural areas or to detect local strain. Networks of independent 
capacitive sensors over the sensing region at the desired spa-
tial resolution and a connected capacitive array of distributed 
mechanical sensors are the two leading technologies that can 
be used for detecting local deformation and area sensing. 
Recently, many new approaches based on the capacitive sensor 

have emerged for detecting local pressure, for example, by 
using a non-ideal flexible capacitor where the sensor is con-
sidered as a transmission line or by the electric field variation 
in an ionic gel layer. We also reviewed the capacitive interface 
circuits used for collecting data from the sensor and analyzing 
it before being received by the recipient. Several circuits have 
been reported to read out the capacitance difference, such as 
the CDC. The CDC sensing techniques that can be used for 
pure capacitive sensors are charge transfer, successive approxi-
mation, and sigma-delta modulation. Other sensing techniques 
have been developed for the capacitive sensor with high resis-
tive electrodes, such as the gain and phase method, the cutoff 
frequency of a high-pass filter shift, the hyperplane approxima-
tion method, and the current integration methods. We also dis-
cussed the possibility of achieving remote sensing through the 
integration of the capacitive sensor on an oscillator circuit. The 
passive LC resonant sensors are the ideal systems for complex 
measurements in harsh environments owing to their ability to 
detect mechanical deformation without external power supplies 
or wired connections. These sensors can be easily realized by 
connecting the capacitive sensor with a spiral inductor in the 
same flexible substrate. The signal can be collected by electro-
magnetic coupling with an external readout coil. LC tags are 
highly preferred in many applications owing to their wireless 
detection capability.
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