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Abstract: Flexible sensors are low cost, wearable, and lightweight, as well as having a simple structure
as per the requirements of engineering applications. Furthermore, for many potential applications,
such as human health monitoring, robotics, wearable electronics, and artificial intelligence, flexible
sensors require high sensitivity and stretchability. Herein, this paper systematically summarizes the
latest progress in the development of flexible sensors. The review briefly presents the state of the art in
flexible sensors, including the materials involved, sensing mechanisms, manufacturing methods, and
the latest development of flexible sensors in health monitoring and soft robotic applications. Moreover,
this paper provides perspectives on the challenges in this field and the prospect of flexible sensors.

Keywords: flexible sensors; robotics; health monitoring

1. Introduction

Flexible and wearable electronics devices are usually used for detecting external sig-
nals and responding consequently. The rapid development of flexible wearable electronics
has led to the expansion of their engineering applications for health monitoring and ar-
tificial intelligence. Sensors are considered the important elements of flexible wearable
electronics. They are employed for converting physiological signals into electrical signals
in health monitoring, including joints bending, blood pressure, and heartbeat. Common
electronic sensors are typically made of metals or semiconductors and have limited sensi-
tivity and stretchability; therefore, they are not appropriate for monitoring physiological
signals. Compared to the existing conventional electronic sensors, the flexible sensor has
shown high biocompatibility and real-time monitoring, as well as further advantages.
They are the most extensively utilized in human health monitoring and human-machine
interaction [1–15] owing to their simple structural design, which converts physical motion,
including compression, bending, tension, shear, stress, and strain, into electrical signals.
These kinds of sensors can detect human quotidian activities, including joints and muscle
movement, respiration, pulses, etc. Therefore, important research efforts have been made to
develop a new generation of flexible sensors with promising sensitivity and mechanical flex-
ibility. Figure 1 illustrates some of the great challenges facing flexible sensor development,
including materials, fabrication methods, and device applications [16].

The most important factors that evaluate the sensors are sensitivity, flexibility, and
lifetime of usage. On the one hand, applications such as joints motion have higher tensile
property requirements, whereas pulse monitoring requires high sensitivity, but on the other
hand, high flexibility and large sensitivity are two parameters that are often difficult to be
achieved simultaneously. Therefore, designing sensors with high mechanical flexibility and
high sensitivity at the same time remains a big challenge [17,18], which can restrict their
engineering applications in health monitoring and human-machine interactions.

This paper gives an overview of the research evolution of flexible sensors, including
the materials employed for flexible sensors, the most commonly used fabrication meth-
ods, the sensing mechanism permitting the conversion of physiological activities into
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electrical signals, and the newest applications of flexible sensors in health monitoring and
artificial intelligence.
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2. Selection of Materials

For the fabrication of flexible sensors, the materials utilized are primarily divided into
three main categories: Metallic materials, carbon-based materials and polymers [19]. Each
of these three categories will be described below.

2.1. Metal Materials

The most common conductor used in force sensors is metal. The metals used in the
fabrication of flexible force sensors (FFS) are copper, gold, titanium, nickel, magnesium,
silvine, chrome, molybdenum, zinc, etc. [20]. Each of these metals is used in different forms
including metallic films, metallic nanomaterials, liquid, metallic oxides, and MXenes.

Metallic films come in a variety of materials such as gold, copper, aluminum, silver, and
zinc. Hogas et al. [21] proposed a manufacturing method combining thin film deposition
with electrospinning to manufacture a strain sensor. While the sensor did prove its high
sensitivity, it had low signal to noise ratio. Thus, the electrode layers of FFS are often made
of metal films.

Metal nanosheets, nanowires, and nanoparticles are types of metallic nanomaterials.
To address the requirements of high transparency and flexibility, metal nanomaterials with
different geometries are used [20]. Metal nanowires are of particular interest owing to
their high aspect ratios and thinness. Light transmittance and flexibility are their added
advantage. In addition, metal nanowires easily form percolation channels [22]. While there
are multiple metallic nanowires, those that demonstrate high conductivity and stretchability
are those made of copper, gold, and silver [23–25]. However, silver nanowires are the ones
used most widely since they offer both good conductivity and antibacterial properties.
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In contrast, copper nanowires are easily oxidized, and gold nanowires are expensive.
Dong et al. [26] used a composite network with a layered structure to develop an elastic
piezoresistive sensor. The sensitivity of the sensor was 0.016 kPa−1 in a range of 0 to 40 kPa,
and the gauge factor (GF) was 1.5. The sensor demonstrated more than 7000 load and
unload cycles and a response speed smaller than 54 milliseconds. The sensor was made of
silver nanowires that, due to their high aspect ratios, are prone to entanglement with each
other under high stress situations; this explains the reason for the sensor’s low sensitivity.
Kwon et al. [27] used nanocomposites to make a multi-axis resistance sensor with graphene
nanosheets and silver nanoparticles with polyurethane as an elastic substrate. The sensor
demonstrated a GF up to 48.2 and a response time just under 72 milliseconds.

Amorphous metals in liquid form at room temperature are called liquid metals, this
makes them suitable for ink printing. Mercury and Eutectic Gallium Indium (EGaIn) are
the liquid metals that are used the most [28]. Mercury is toxic and hazardous to health,
making it dangerous and thereby unsuitable for making wearable sensors. EGaIn, however,
is used in flexible electronics since it is biocompatible [29]. Ali et al. [30] confirmed the
linearity of average capacitance change in electrode channels of the sensor that were filled
with EGaIn liquid metal. The capacitive sensor demonstrated 0.11% sensitivity with a GF of
0.9975. Liquid metal is on its way toward mass application in the biomedical and wearable
electronics industries due to its flexibility, resistivity, and biocompatibility.

Metal oxides have gained enormous interest in the development of flexible sensors due
to their tunable band gap, low cost, large specific area, and ease of manufacturing [31,32].
They also offer good biocompatibility, high response speeds, and durability in differ-
ent working conditions. Lee et al. [1] fabricated a flexible strain sensor with zinc oxide
nanowires (ZnO NWs) on a textile substrate. The flexible sensor was found to have a
gauge factor of around 0.96 and provided channels with high conductivity and outstanding
stability toward mechanical deforming. When the nanowires were allowed to grow freely
in reduced graphene oxide RGO for 3 h, the GF rose up to 7.64. This proves that zinc oxide
contributes to sensitivity. This paves way for the application of metallic oxides in the textile
sector to create sensory systems that sense the bending strain of the human body.

MXenes are a class of inorganic compounds made of carbonitride and metal carbides.
They can be obtained by selectively etching a 3D layered compound in strong acidic or
basic solutions. MXenes are simply denoted with Mn+1Xn, where M represents a transition
meal and X can be either nitrogen or carbon. MXenes have recently captured attention
for the manufacturing of FFS. Sobolciak et al. [33] fabricated a piezoresistive sensor with
electrospinning pads using modified MXenes. The gauge factor of the sensor went up to 4.5.
MXenes demonstrate good flexibility, are resistive to oxidation, and show high conductivity.
However, increasing the range of the sensors made with MXenes is still under research.

2.2. Carbon-Based Materials

These kinds of materials are used in the manufacturing of flexible force sensors
primarily due to their outstanding conductivity, lightness, stability, and flexibility. Mostly,
these materials include carbon black, carbon nanotubes (CNTs), and graphene and its
oxides [19]. These materials are often mixed with polymers, forming composites with high
levels of conductivity.

Carbon black is a form of carbon that has an amorphous structure similar to graphite [34].
Carbon black, albeit low in cost, is a conductive nanoparticle. It can be used to increase
the strength and electrical conductivity of materials by adding it in the elastic matrix of
composites [35]. When silicone elastomer Eco-flex substrate is layered with carbon black,
the sensor thus formed showed a high gage factor up to 3.7, stretchability of 500%, and high
repeatability (cycle up to 10,000). It was also found to have reduced hysteresis [35]. In one
study [36], a porous structure formed using carbon black and NaCl in TPU (Thermoplastic
Polyurethane) created a sensor with high sensitivity of 5.5 kPa−1 and a wide range of
pressures that could be measured with it. For wearable sensors, carbon black is an attractive
candidate due to its affordability and high conductivity.
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Different allotropes of carbon fall under this category. These are, to simplify, layers
of grapheme rolled to form a tubular shape [37]. In 1991, multi-walled carbon nanotubes
were reported and in 1993 [38], CNTs’ single walled counterparts were reported [39].
Carbon nanotubes, due to their easy synthesis, affordability, and chemical stability, have
captured a lot of interest [40]. Using multi-walled carbon nanotubes, Abshirini et al. [41]
synthesized a strain sensor with a GF of 4.3, high stability, and low strain rates. Single
walled carbon nanotubes, however, have higher surface area per unit mass, strength and
uniformity compared to multi-walled carbon nanotubes. Using dry-transfer manufacturing,
Gilshteyn et al. [42] manufactured strain sensors based on single walled carbon nanotubes.
The sensor had high levels of transparency, sensitivity, and conductivity. The tunneling
resistance between nanotubes can be varied, making piezoresistive composites made with
CNTs highly sensitive. Their durability, however, is a shortcoming. Their conductivity
decreases over time due to cracks in the tube structure.

Graphene is known for its good conductivity and high surface area for its unit
mass [43]. However, it is difficult to be fabricated. Graphene oxide is a derivative of
graphene and holds functional groups containing oxygen. It is viscoelastic in water solu-
tion and has high viscosity and printability. A resistive strain sensor with a conductive
network structure in 3D was fabricated by Wang et al. [44]. The sensor demonstrated high
sensitivity, repeatability and response rate. Wang et al. [45] also proposed that controlling
the sensor’s microstructure could work as a viable way of adjusting the sensor’s GF, and
fabricated a graphene strain sensor with a porous structure. Such a sensor, primarily due to
its adjustability, can be used in wearable health monitoring appliances as the microstructure
of the sensor could adapt to stress conditions of body parts.

2.3. Polymer Materials

Polymers are commonly used as supporting materials for sensors. Common polymers
with flexible properties are polydimethylsiloxane, polyimide, polyurethane, polyethylene
terephthalate, polyvinylidene fluoride, parylene, polyethylene naphthalate, etc. They are
known for their strength, thermal conductivity, ease of compounding with conductive
materials, and chemical stability [46]. Resistive sensors and active electrodes are made by
filling conductive active materials into an elastic polymer matrix. Rycewicz et al. [47] proved
the preparation of boron-doped diamond nanosheets (BDDNS) on Kapton as polymer
substrates. The fabricated BDDNS/Kapton sensor was capable to measure up to 0.55% of
strain, which shows it may have a high chance to be used in low-strain sensor application.

3. General Design and Categories of Flexible Sensors

The material selection and design of devices are vital to sensors. Traditionally, piezo-
electricity, piezoresistivity, and capacitance have been used as transduction methods. Tribo-
electricity is a relatively novel mechanism to sense minuscule stimuli, and it is under
extensive research to broaden its applications.

3.1. Piezo-Resistive Sensor

This sensor is used due to its simple design and reading method. It allows force
variations to be transduced into easily detectable changes in resistance [48–52]. Changing
the path of conductance in an elastic composite and changes in contact resistance are
common methods for determining resistance dependence for force-sensitive sensors.

Many research projects use piezoresistive mechanisms and involve the use of con-
ductive nanomaterials with flexible substrates. Tactile sensors with high sensitivity are
made quite effectively with gold nanoparticles. They have been used to make stretchable
strain sensors [53–57]. For health monitoring systems, gold nanowires (AuNWs) were
integrated with latex rubber to fabricate AuNWs/latex strain sensor [58]. Figure 2 displays
the performance of these sensors when employed for human motion detection. These
nanowires can range anywhere from two nanometers to several tens of micrometers in
length without any significant compromise in their mechanical flexibility. The sensors
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show stretchability of more than 350% for a GF of around 10%, a response time faster than
22 ms, and a tensile strain from 0.01% to 200%. These sensors can not only be utilized for
monitoring limbic movement but also effectively measure pulses. When used in a glove,
the sensor can distinguish between hand positions and gestures. Wearable e-skin sensors
were also prepared by integrating graphite nano-plates into polyurethane [59]. At a strain
variation of 30%, the sensors have a GF of 0.9 and are capable of detecting forces as low
as 5 mN both in static and dynamic situations. The sensors were also found to have a
linear response against elongation and bending, making them more suitable for healthcare
applications. A different e-skin sensor using a few layers of graphene with PVDF substrate
showed a GF of 320 at 2% strain which drops down to 67 at 0.2% strain [60]. This sensor can
detect small stimuli and tiny deformations due to its high GF. The sensitivity, as well as the
sensor’s stretchability, can be increased even further by using conductive porous structures
with good mechanical and electrical properties. The pressure sensor made of a 3D hybrid
network of multiwalled carbon nanotubes demonstrated good elasticity and high sensitiv-
ity along with high durability. The response time of the sensor was 45 milliseconds. This
allowed the sensor to measure precise human motions such as coughing and breathing [61].
Other porous materials such as 3D Grapheme are also used for making piezoresistive
sensors [62–65]. A list of gauge factor GF values for several materials can be found in
Table 1.
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Table 1. Gauge factor of different materials.

Selections of Materials Gauge Factor (GF) Reference

Metal 1.60 to 2.00 [67]

Poly-Si 43 [68]

Poly-SiC 6 [69]

Ag/PDMS 939 [70]

C diamond 2000 to 3836 [71]

Graphene 150 [72]

3.2. Capacitive Sensor

Capacitance can measure the storage of charge. For parallel plate capacitors, it is a
function of the area of the plates, the distance between the plates, and the dielectric constant.
When force is applied to a capacitive sensor, the distance or the area of the plates changes,
and the capacitance changes accordingly. Employing this principle, wearable sensors can
be made using nanomaterials that measure capacitive strain [73–80]. A novel capacitive
strain sensor using CNTs demonstrates good durability with a strain range between 1% and
300% [81]. The sensor also shows a linear capacitive relation and high sensitivity. Similarly,
a textile-based pressure sensor was fabricated [82]. This sensor was prepared by coating an
elastic form of rubber with silver nanoparticles. It showed good stability of more than ten
thousand cycles, response times below 10 milliseconds, and sensitivity of 0.21 kPa−1. This
sensor is quite promising for the textile sector as it can be integrated with clothes and gloves.
Another type of this sensor was made in the microfluidic form (Figure 3) [83,84]. The sensor
was made of rubber-based microfluid channels placed between layers of silver nanowires.
The layer of rubber channels is deformed when stress is applied and microcracks form on
its surface. This allows the fluid to penetrate the channel, thereby altering the dielectric
properties of the material and thus changing capacitance. The sensor can measure pressure
ranging from 0.1 to 140 kPa and is able to detect the movements of muscles. The sensitivity
depends on the initial fluid interface and the length between the liquid and the rack wall.
Capacitive sensors can also be fabricated into transistors. These transistor-based capacitive
sensors are affected by the gap between the layers, which changes rapidly as pressure
is applied to the sensor [85]. These sensors are very sensitive, and their signal-to-noise
ratios are high as transistors amplify the signals relative to noise. The dielectric properties
are read out in the form of AC impedance [86]. The sensors are formed by printing
graphene oxide materials using a laser. Electrodes are formed by reducing the written area
to conductive materials. The fabricated sensor has a fast response time, recovers quickly,
has high sensitivity, and is quite robust.

3.3. Piezoelectric Sensor

A power supply is needed for flexible sensors that use piezoresistivity and capacitance.
This makes them impractical. The piezoelectric effect generates electrical signals that are
used to power the sensor. The force applied to a piezoelectric material (PZT) generates a
voltage. These PZT materials are used as pressure or strain sensors as they can convert
vibrations or applied pressure into electrical signals [87–91]. Fish gelatin nanofibers are
made for flexible sensors using electrospinning technology. This has produced affordable,
eco-friendly, flexible and lightweight sensors [92]. Owing to the stability and improved
mechano-sensitivity of these nanofibers, the flexible sensors can power their functions and
can emulate human sensations with a reasonable lifetime of up to 6 months.
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Figure 3. (a) An analysis of the capacitance at 0–140 kPa as a function of applied pressure for
crack-enhanced microfluidic pressure sensors prepared with five sensing liquids. (b) Normalized
capacitance plotted as a function of all sensors. The values simulated are represented by solid lines.
(c) Normalized capacitance of EG or water-based sensors as a function of train, ranging from 0% to
9%. (d) The channel and crack simulated in the COMSOL are depicted schematically in this diagram.
(e) In each liquid example, COMSOL modeling results were achieved under the initial conditions,
simulating the interface in the crack after filling the channel. (f) Angles of contact between liquids
and the PDMS surface. (g) COMSOL modeling results produced by COMSOL for the water and PC
under various pressure settings. (h) Simulated ∆d/d0 vs. the applied pressure corresponding to each.
(i) Wettability parameters (k) plotted as function of contact angle. (j) Illustration of the simulated
normalized capacitance as function of the pressure [83]. Copyright 2017, American Chemical Society.

Poly(L-lactic acid) nanofibers can also be used to create wearable sensors with piezo-
electric properties. These sensors can study human signals and detect dynamic stimuli [93].
By aligning molecular orientations while electrospinning, the piezoelectric charge coeffi-
cient is improved. The resulting sensor produces 22 V/N of force applied to it. This enables
the sensor to effectively monitor subtle muscle internal movements. Since the nanofibers
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have high mechanical strength, they can operate for more than 375,000 cycles. With
NiO/SiO2/PVDF nanocomposites, sensors with very high sensitivity were produced [94].
These kinds of sensors could detect dynamic and static pressure distributions in the human
body. Piezoelectric sensors have been reported to be able to detect glucose levels in bodily
fluids [95]. Under deformation, the voltage generated by the sensors was observed to be
significantly affected by glucose levels. The experimental validation opens up new research
avenues for monitoring body fluids.

3.4. Triboelectric Sensor

Besides piezoelectricity, triboelectric phenomena have been demonstrated in nano-
generators (Figure 4) to create self-powered sensors [96–104]. Both electrostatic induction
and the triboelectric effect are used in triboelectricity to convert mechanical input into
electrical signals. The amount of electricity generated can change with different conditions
including time and area, each affected by mechanical interference. The positive charges
are induced on a human finger as it touches the sensor surface, while the negative charges
stay on the surface of the sensor for a long time as the surface is insulating, and the
charges cannot be induced outside easily. When the finger is removed from the surface,
the positive charge from the finger is induced onto the electrodes. The induced current
flows in and out of the electrodes as the human finger approaches or moves away from
the device. This forms the principle behind self-powered pressure sensing. The sensor
thus formed has a fast response time of 68 milliseconds and can measure extremely small
pressure ratings. Another self-powering sensing array was made of nanotexture enhanced
nano-generators that used triboelectricity [105]. The sensor produces stable voltages and
maintains its stability of operation in aqueous environments as well. The sensor can
generate a voltage of up to 1.613 V in an open circuit, and in a short circuit, it produces a
current of 47.31 mA/m2 under a pressure value of 612.50 kPa. Another flexible sensor that
was inspired by fingertips was made with a triboelectric sliding sensing mechanism [106].
It could sense sliding pressure caused by friction as well as normal stress applied to it. The
voltage frequencies generated against different forms of external stimuli were different, i.e.,
sliding and pressure. By embedding ZnO arrays on a PDMS substrate, similar sensors were
made [107]. The resulting sensor could distinguish between different mechanical inputs
such as force applied normally, bending moment, and twisting action. It was implemented
and validated by application on a human wrist. More research work on self-powering
triboelectric sensors can be found in the review paper [108]. A particularly interesting
avenue for research is the integration of piezoresistive sensors with triboelectric sensors.
The added porosity in the structures increases the sensitivity of the integrated sensor thus
formed. This allows for broader applications, such as the detection of roughness.
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4. Applications of Flexible Sensors
4.1. Flexible Sensors as Biomedical Devices

Generally, conventional biomedical equipment is rigid and cannot be fitted closely
at the monitoring site, therefore resulting in inaccurate monitoring data and making the
patient uncomfortable while wearing a device. Flexible sensors are easily fitted onto human
skin due to their great flexibility and stretchability [2,110–113]. These sensors possess
high sensitivity, stretchability, and quick response time, due to which they would be a
sustainable and ideal choice for future applications in the biomedical field such as pressure
detection, sound variation, vital sign monitoring, and pulse monitoring (Figure 5). Mainly
flexible sensors also possess excellent biocompatibility, which could minimize patients’
immune rejection. When two dissimilar surfaces join with each other, they inevitably
separate after a certain period [114]. Signal transmission becomes inaccurate after the
separation of the sensor from the skin. Adhesives used in traditional sensors can lead to
skin infections. As compared to traditional sensors, flexible sensors do not use adhesives
and make dry contact through intermolecular Van der Waals forces [115]. For example,
to improve the adhesive property, self-adhesive materials and ultrathin electrodes were
used to manufacture the flexible sensors. An exceptionally thin parylene-encapsulated Au
electrode was created to improve skin adhesion by reducing bending stiffness, resulting
in the formation of real-time accurate motion of physiological signals [116]. The addition
of a minimal amount of surfactant other than the ultrathin film could also enhance the
strength of the adhesion of sensors. There is the use of hydrogel in other methods to
manufacture flexible sensors that do not leave any residue after disassembly. Hydrogels
possess excellent adhesive and high-durable properties, which make them an excellent
conglutinating agent for accurate and precise real-time communication of the physiological
signal [117]. Flexible sensors based on hydrogels offer stretchability of up to 2100% and
enable detection of large human motions to minute physiological signals. The adhesion
performance shows how much the sensor can move with the skin, whereas sensitivity is
also a significant characteristic and parameter that depicts the responsiveness of the sensor.
Pulse is an essential biological indicator in terms of representing human health. The pulse
beat is relatively weak, and it requires the more sensitive detection sensor. Bao et al. [118]
made a micro-hair structure-based flexible sensor whose micro-hair structure enables it to
adhere and attach better to skin. It also has excellent signal amplification that can enhance
the signal-to-noise ratio by more than 12 times. These devices have huge potential in the
future in the medical field with evidence that four different types of instruments with
definite shapes are used measuring waves in the radial artery, and these devices have
shown excellent sensitivity, as shown in Figure 6. The flexible sensors with high sensitivity
would play a promising role in weak signal monitoring, and also has future prospect in the
medical field. Jer-Chyi Wang et al. fabricated flexible pressure sensor composite film [119].
During intracranial surgery, this miniaturized pressure sensor could rapidly monitor the
pressure of a rat’s brain by the implantation of a sensor in the rat skull. The pressure sensor
also has huge potential in the utilization of monitoring the sound variation. It could easily
identify heavy-metal music and classical music. This pressure sensor could be implanted
into an ear with a size of 0.2 cm. Flexible sensors are also integrated with stretchable, soft
and curvilinear human tissues with wearing comfort and high monitoring performance.
Flexible sensors also have advancements in the biomedicine field such as cost reduction
and mass production, and offer improvements in the monitoring of physiological data.
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radial artery pulse waves were monitored using four different types of devices with varied geometry.
(e) Statistical data on the change in capacitance caused by applying varying amounts of shear
pressures to different sensors. (f) Curves of relaxation and steady state after loading and unloading
different types of sensors [121]. Copyright 2014, John Wiley and Sons.

4.2. Flexible Sensors as Wearable Device

Flexible sensors could be integrated with stockings, gloves, or skin to monitor and
communicate with various signals of the human body [122,123]. Due to development and
advancements in living standards, the market size for such wearable devices is constantly
growing. The flexibility and tensile characteristics of flexible sensors overcome the demerits
of traditional wearable devices. Flexible sensors have the potential to become an integral
part of wearable devices due to their biocompatibility, portability, and small volume.

For real-time monitoring of human motion, wearable devices are vital with good
stretchability and sensitivity. In reference [124], a graphene-based flexible sensor has been
fabricated using a layer of stretchable yarns and PVA. Excellent sensitivity and stretchability
(up to 150%) have been displayed by this sensor. It also enables the detection of human
motions on a large and small scale, including phonation, joint movement, breathing, and
swallowing. When flexible sensors are attached at the elbow, various bending angles
can be measured, and when the sensor is adhered at the throat, several phonations can
be precisely monitored. Reference [125] used carbon nanotubes to fabricate a flexible
sensor. The results showed that the sensor possesses large stretch (more than 900%), fast
response, high sensitivity, and long durability. Researchers in reference [126] prepared a
flexible nanocomposite sensor by mixing 2D Mxenes with PVA hydrogel matrix, which
possessed instant recovery ability, high sensitivity, and good adhesion. The initial length
of the 2.5 cm of the nanocomposites can be easily extended to more than 86.0 cm, with
3400% stretching. Roh et al. [127] fabricated a transparent flexible sensor. Various facial
responses and expressions such as crying and smiling could be detected and transmitted by
sticking the sensor to the face. In a similar way, when people produce different sounds, the
throat vibration is distinct in each case. In reference [128], a flexible sensor was prepared.
It has the ability to distinguish different phrases of the speaker when adhered to the
throat. Additionally, in reference [129], the authors used indium zinc oxide (IZO) as
semiconductor nanomembrane for preparing thin and stretchable miniature flexible sensor.
Their results showed that the flexible sensor has ability to respond to numerous stimuli,
such as temperature, strain, and ultraviolet rays.

4.3. Flexible Sensors for Soft Robotics Applications

Traditional robots do not possess sensitivity and flexibility. Due to the arrival of flexible
sensors, software robot development has been promoted. Deimel et al. [130] used flexible
materials to fabricate a robotic hand that was able to withstand certain impacts and pick
up different shapes of objects. Qiguang et al. [131] fabricated a soft tubular actuator which
was made of a liquid crystal elastomer (LCE) and also manufactured an untethered soft
robot and a multifunctional soft gripper. LCE tubular actuators were made by sandwiching
a heating wire between two loosely cross-linked LCEs, rolling them up into a tube, and
then exposing them to ultraviolet light. The heating wire is linked with an external voltage
source to produce joule heat in the wires, which results in the bending and contracting of
the cylindrical brake due to a change in the crystalline state of the surrounding material. A
voltage source applied to one or more heating wires can control the bending and contraction
of the soft tubular actuator. The battery, microcontroller, and LCE tubular actuator can
make a soft robot that would be able to walk on flat surfaces and transport various items on
top. In reference [132], the authors developed a simple and affordable fabrication method
to create a highly stretchable hydrogel resistive sensor for soft robot multimodal perception.
The hydrogel resistive sensor can withstand a tensile strain of up to 1200 percent, which
permits large deformations of a pneumatic actuator to be tolerated.
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5. Conclusions and Perspectives

This review provided the state of the art and developments of flexible sensors, in-
cluding the materials used, sensing mechanisms, preparation methods, and the current
applications of flexible sensors in health monitoring and soft robotics. Regardless of
the above-mentioned progress, numerous challenges remain ahead before the massive
production and application of flexible sensors. Based on the main concerns outlined, ex-
cessive consideration has been given to the enhancement of sensor sensitivity by using
new functional materials. On the other hand, the performance parameters for flexible
sensors, such as sensitivity, linearity, and stability, govern their definite applications. There-
fore, developing flexible sensors with promising performance parameters remains a great
challenge. In addition, it is also interesting to understand the sensing mechanisms and
investigate new sensing mechanisms. In parallel, future efforts should be made on flexi-
ble sensors using computational methods and machine learning approaches, along with
polymer nanocomposites chemistry, preparation, and characterization, to understand the
process−structure−performance relationship of flexible sensors and accordingly enhance
their structural design depending on their applications.
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33. Sobolčiak, P.; Tanvir, A.; Sadasivuni, K.K.; Krupa, I. Piezoresistive Sensors Based on Electrospun Mats Modified by 2D Ti3C2Tx
MXene. Sensors 2019, 19, 4589. [CrossRef] [PubMed]

34. Huang, J.C. Carbon black filled conducting polymers and polymer blends. Adv. Polym. Technol. J. Polym. Process. Inst. 2002, 21,
299–313. [CrossRef]

35. Shintake, J.; Piskarev, Y.; Jeong, S.H.; Floreano, D. Ultrastretchable Strain Sensors Using Carbon Black-Filled Elastomer Composites
and Comparison of Capacitive Versus Resistive Sensors. Adv. Mater. Technol. 2018, 3, 1700284. [CrossRef]

36. Wang, Z.; Guan, X.; Huang, H.; Wang, H.; Lin, W.; Peng, Z. Full 3D printing of stretchable piezoresistive sensor with hierarchical
porosity and multimodulus architecture. Adv. Funct. Mater. 2019, 29, 1807569. [CrossRef]

37. Chen, K.; Gao, W.; Emaminejad, S.; Kiriya, D.; Ota, H.; Nyein, H.Y.Y.; Takei, K.; Javey, A. Printed Carbon Nanotube Electronics
and Sensor Systems. Adv. Mater. 2016, 28, 4397–4414. [CrossRef]

38. Iijima, S. Helical microtubules of graphitic carbon. Nature 1991, 354, 56–58. [CrossRef]
39. Iijima, S.; Ichihashi, T. Single-shell carbon nanotubes of 1-nm diameter. Nature 1993, 363, 603–605. [CrossRef]
40. Shi, J.; Li, X.; Cheng, H.; Liu, Z.; Zhao, L.; Yang, T.; Dai, Z.; Cheng, Z.; Shi, E.; Yang, L.; et al. Graphene Reinforced Carbon

Nanotube Networks for Wearable Strain Sensors. Adv. Funct. Mater. 2016, 26, 2078–2084. [CrossRef]
41. Abshirini, M.; Charara, M.; Liu, Y.; Saha, M.; Altan, M.C. 3D Printing of Highly Stretchable Strain Sensors Based on Carbon

Nanotube Nanocomposites. Adv. Eng. Mater. 2018, 20, 1800425. [CrossRef]

http://doi.org/10.1016/j.sna.2018.05.036
http://doi.org/10.1002/adfm.202008807
http://doi.org/10.1002/adma.202107902
http://doi.org/10.3390/coatings10080711
http://doi.org/10.1016/j.mtphys.2017.06.002
http://doi.org/10.1002/adfm.201500094
http://doi.org/10.1039/C8TC02946F
http://doi.org/10.1007/s40964-017-0035-x
http://doi.org/10.3390/technologies7020035
http://doi.org/10.1002/smll.201701091
http://doi.org/10.1016/j.polymer.2015.09.001
http://doi.org/10.1002/aelm.201600121
http://doi.org/10.1038/srep32086
http://www.ncbi.nlm.nih.gov/pubmed/27553755
http://doi.org/10.1016/j.compscitech.2017.11.028
http://doi.org/10.1002/admt.201800500
http://doi.org/10.1016/j.scriptamat.2015.11.007
http://doi.org/10.1002/adfm.200701216
http://doi.org/10.1109/JSEN.2018.2877929
http://doi.org/10.1002/adma.201202146
http://doi.org/10.1016/j.pmatsci.2019.100635
http://doi.org/10.3390/s19204589
http://www.ncbi.nlm.nih.gov/pubmed/31652558
http://doi.org/10.1002/adv.10025
http://doi.org/10.1002/admt.201700284
http://doi.org/10.1002/adfm.201807569
http://doi.org/10.1002/adma.201504958
http://doi.org/10.1038/354056a0
http://doi.org/10.1038/363603a0
http://doi.org/10.1002/adfm.201504804
http://doi.org/10.1002/adem.201800425


Sensors 2022, 22, 4653 14 of 17

42. Gilshteyn, E.P.; Romanov, S.A.; Kopylova, D.S.; Savostyanov, G.V.; Anisimov, A.S.; Glukhova, O.E.; Nasibulin, A.G. Mechanically
Tunable Single-Walled Carbon Nanotube Films as a Universal Material for Transparent and Stretchable Electronics. ACS Appl.
Mater. Interfaces 2019, 11, 27327–27334. [CrossRef] [PubMed]

43. Secor, E.B.; Prabhumirashi, P.L.; Puntambekar, K.; Geier, M.L.; Hersam, M.C. Inkjet Printing of High Conductivity, Flexible
Graphene Patterns. J. Phys. Chem. Lett. 2013, 4, 1347–1351. [CrossRef] [PubMed]

44. Wang, Y.; Hao, J.; Huang, Z.; Zheng, G.; Dai, K.; Liu, C.; Shen, C. Flexible electrically resistive-type strain sensors based on
reduced graphene oxide-decorated electrospun polymer fibrous mats for human motion monitoring. Carbon 2018, 126, 360–371.
[CrossRef]

45. Wang, Z.Q.; Lan, Y.S.; Zeng, Z.Y.; Chen, X.R.; Chen, Q.F. Magnetic structures and optical properties of rare-earth orthoferrites
RFeO3 (R = Ho, Er, Tm and Lu). Solid State Commun. 2019, 288, 10–17. [CrossRef]

46. Lu, Y.; Biswas, M.C.; Guo, Z.; Jeon, J.-W.; Wujcik, E.K. Recent developments in bio-monitoring via advanced polymer
nanocomposite-based wearable strain sensors. Biosens. Bioelectron. 2019, 123, 167–177. [CrossRef]

47. Rycewicz, M.; Ficek, M.; Gajewski, K.; Kunuku, S.; Karczewski, J.; Gotszalk, T.; Wlasny, I.; Wysmołek, A.; Bogdanowicz, R.
Low-strain sensor based on the flexible boron-doped diamond-polymer structures. Carbon 2021, 173, 832–841. [CrossRef]

48. Pataniya, P.M.; Sumesh, C.K.; Tannarana, M.; Zankat, C.K.; Solanki, G.K.; Patel, K.D.; Pathak, V.M. Flexible paper based
piezo-resistive sensor functionalised by 2D-WSe2 nanosheets. Nanotechnology 2020, 31, 435503. [CrossRef]

49. Jeong, J.W.; Jang, Y.W.; Lee, I.; Shin, S.; Kim, S. Wearable Respiratory Rate Monitoring using Piezo-resistive Fabric Sensor. In
Proceedings of the World Congress on Medical Physics and Biomedical Engineering, Munich, Germany, 7–12 September 2009;
Springer: Berlin, Germany, 2009; pp. 282–284.

50. Ben Atitallah, B.; Rajendran, D.; Hu, Z.; Ramalingame, R.; Jose, R.B.Q.; Torres, R.D.V.; Bouchaala, D.; Derbel, N.; Kanoun, O.
Piezo-Resistive Pressure and Strain Sensors for Biomedical and Tele-Manipulation Applications. Adv. Sens. Biomed. Appl. 2021,
47–65. [CrossRef]

51. Zhong, W.; Ding, X.; Li, W.; Shen, C.; Yadav, A.; Chen, Y.; Bao, M.; Jiang, H.; Wang, D. Facile Fabrication of Conductive
Graphene/Polyurethane Foam Composite and Its Application on Flexible Piezo-Resistive Sensors. Polymers 2019, 11, 1289.
[CrossRef]

52. Kannichankandy, D.; Pataniya, P.M.; Narayan, S.; Patel, V.; Sumesh, C.; Patel, K.D.; Solanki, G.K.; Pathak, V.M. Flexible
piezo-resistive pressure sensor based on conducting PANI on paper substrate. Synth. Met. 2021, 273, 116697. [CrossRef]

53. You, I.; Kim, B.; Park, J.; Koh, K.; Shin, S.; Jung, S.; Jeong, U. Stretchable E-Skin Apexcardiogram Sensor. Adv. Mater. 2016, 28,
6359–6364. [CrossRef] [PubMed]

54. Liu, Y.; Bao, R.; Tao, J.; Li, J.; Dong, M.; Pan, C. Recent progress in tactile sensors and their applications in intelligent systems. Sci.
Bull. 2020, 65, 70–88. [CrossRef]

55. Zhao, J.; Bu, T.; Zhang, X.; Pang, Y.; Li, W.; Zhang, Z.; Liu, G.; Wang, Z.L.; Zhang, C. Intrinsically Stretchable Organic-Tribotronic-
Transistor for Tactile Sensing. Research 2020, 2020, 1398903. [CrossRef] [PubMed]

56. Jheng, W.-W.; Su, Y.-S.; Hsieh, Y.-L.; Lin, Y.-J.; Tzeng, S.-D.; Chang, C.-W.; Song, J.-M.; Kuo, W. Gold Nanoparticle Thin Film-Based
Strain Sensors for Monitoring Human Pulse. ACS Appl. Nano Mater. 2021, 4, 1712–1718. [CrossRef]

57. Chiolerio, A.; Adamatzky, A. Tactile sensing and computing on a random network of conducting fluid channels. Flex. Print.
Electron. 2020, 5, 025006. [CrossRef]

58. Gong, S.; Lai, D.T.; Wang, Y.; Yap, L.W.; Si, K.J.; Shi, Q.; Jason, N.N.; Sridhar, T.; Uddin, H.; Cheng, W. Tattoolike Polyaniline
Microparticle-Doped Gold Nanowire Patches as Highly Durable Wearable Sensors. ACS Appl. Mater. Interfaces 2015, 7, 19700–
19708. [CrossRef]

59. Wu, J.; Wang, H.; Su, Z.; Zhang, M.; Hu, X.; Wang, Y.; Wang, Z.; Zhong, B.; Zhou, W.; Liu, J.; et al. Highly Flexible and Sensitive
Wearable E-Skin Based on Graphite Nanoplatelet and Polyurethane Nanocomposite Films in Mass Industry Production Available.
ACS Appl. Mater. Interfaces 2017, 9, 38745–38754. [CrossRef]

60. Park, J.-B.; Belharouak, I.; Lee, Y.J.; Sun, Y.-K. A carbon-free ruthenium oxide/mesoporous titanium dioxide electrode for
lithium-oxygen batteries. J. Power Sources 2015, 295, 299–304. [CrossRef]

61. Huang, Y.; Zhang, J.; Pu, J.; Guo, X.; Qiu, J.; Ma, Y.; Zhang, Y.; Yang, X. Resistive pressure sensor for high-sensitivity e-skin based
on porous sponge dip-coated CB/MWCNTs/SR conductive composites. Mater. Res. Express 2018, 5, 065701. [CrossRef]

62. Cao, M.; Su, J.; Fan, S.; Qiu, H.; Su, D.; Li, L. Wearable piezoresistive pressure sensors based on 3D graphene. Chem. Eng. J. 2021,
406, 126777. [CrossRef]

63. Niu, F.; Qin, Z.; Min, L.; Zhao, B.; Lv, Y.; Fang, X.; Pan, K. Ultralight and Hyperelastic Nanofiber-Reinforced MXene–Graphene
Aerogel for High-Performance Piezoresistive Sensor. Adv. Mater. Technol. 2021, 6, 2100394. [CrossRef]

64. Li, Q.; Liu, Y.; Chen, D.; Miao, J.; Lin, S.; Cui, D. Highly Sensitive and Flexible Piezoresistive Pressure Sensors Based on 3D
Reduced Graphene Oxide Aerogel. IEEE Electron Device Lett. 2021, 42, 589–592. [CrossRef]

65. Guan, H.; Dai, X.; Ni, L.; Hu, J.; Wang, X. Highly Elastic and Fatigue-Resistant Graphene-Wrapped Lamellar Wood Sponges for
High-Performance Piezoresistive Sensors. ACS Sustain. Chem. Eng. 2021, 9, 15267–15277. [CrossRef]

66. Gong, S.; Lai, D.T.H.; Su, B.; Si, K.J.; Ma, Z.; Yap, L.W.; Guo, P.; Cheng, W. Highly Stretchy Black Gold E-Skin Nanopatches as
Highly Sensitive Wearable Biomedical Sensors. Adv. Electron. Mater. 2015, 1, 1400063. [CrossRef]

67. Kovacs, G.T. Micromachined Transducers Sourcebook; McGraw-Hill: New York, NY, USA, 1998.

http://doi.org/10.1021/acsami.9b07578
http://www.ncbi.nlm.nih.gov/pubmed/31266298
http://doi.org/10.1021/jz400644c
http://www.ncbi.nlm.nih.gov/pubmed/26282151
http://doi.org/10.1016/j.carbon.2017.10.034
http://doi.org/10.1016/j.ssc.2018.11.004
http://doi.org/10.1016/j.bios.2018.08.037
http://doi.org/10.1016/j.carbon.2020.11.071
http://doi.org/10.1088/1361-6528/aba4cd
http://doi.org/10.1007/978-3-030-71225-9_3
http://doi.org/10.3390/polym11081289
http://doi.org/10.1016/j.synthmet.2021.116697
http://doi.org/10.1002/adma.201600720
http://www.ncbi.nlm.nih.gov/pubmed/27168420
http://doi.org/10.1016/j.scib.2019.10.021
http://doi.org/10.34133/2020/1398903
http://www.ncbi.nlm.nih.gov/pubmed/32676585
http://doi.org/10.1021/acsanm.0c03167
http://doi.org/10.1088/2058-8585/ab906f
http://doi.org/10.1021/acsami.5b05001
http://doi.org/10.1021/acsami.7b10316
http://doi.org/10.1016/j.jpowsour.2015.07.030
http://doi.org/10.1088/2053-1591/aac8c0
http://doi.org/10.1016/j.cej.2020.126777
http://doi.org/10.1002/admt.202100394
http://doi.org/10.1109/LED.2021.3063166
http://doi.org/10.1021/acssuschemeng.1c05401
http://doi.org/10.1002/aelm.201400063


Sensors 2022, 22, 4653 15 of 17

68. French, P.; Evans, A. Piezoresistance in polysilicon and its applications to strain gauges. Solid-State Electron. 1989, 32, 1–10.
[CrossRef]

69. Strass, J.; Eickhoff, M.; Kroetz, G. The influence of crystal quality on the piezoresistive effect of /spl beta/-SiC between RT
and 450/spl deg/C measured by using microstructures. In Proceedings of the International Solid State Sensors and Actuators
Conference (Transducers ‘97), Chicago, IL, USA, 16–19 August 1997.

70. Li, H.; Zhang, J.; Chen, J.; Luo, Z.; Zhang, J.; Alhandarish, Y.; Liu, Q.; Tang, W.; Wang, L. A Supersensitive, Multidimensional
Flexible Strain Gauge Sensor Based on Ag/PDMS for Human Activities Monitoring. Sci. Rep. 2020, 10, 5450. [CrossRef]

71. Sahli, S.; Aslam, D. Ultra-high sensitivity intra-grain poly-diamond piezoresistors. Sens. Actuators A Phys. 1998, 71, 193–197.
[CrossRef]

72. Hempel, M.; Nezich, D.; Kong, J.; Hofmann, M. A Novel Class of Strain Gauges Based on Layered Percolative Films of 2D
Materials. Nano Lett. 2012, 12, 5714–5718. [CrossRef]

73. Van der Goes, F.M.; Meijer, G.C. A novel low-cost capacitive-sensor interface. IEEE Trans. Instrum. Meas. 1996, 45, 536–540.
[CrossRef]

74. Yu, P.; Li, X.; Li, H.; Fan, Y.; Cao, J.; Wang, H.; Guo, Z.; Zhao, X.; Wang, Z.; Zhu, G. All-Fabric Ultrathin Capacitive Sensor with
High Pressure Sensitivity and Broad Detection Range for Electronic Skin. ACS Appl. Mater. Interfaces 2021, 13, 24062–24069.
[CrossRef]

75. Ge, C.; Yang, B.; Wu, L.; Duan, Z.; Li, Y.; Ren, X.; Jiang, L.; Zhang, J. Capacitive Sensor Combining Proximity and Pressure Sensing
for Accurate Grasping of a Prosthetic Hand. ACS Appl. Electron. Mater. 2022, 4, 869–877. [CrossRef]

76. Luo, G.; Zhang, Q.; Li, M.; Chen, K.; Zhou, W.; Luo, Y.; Li, Z.; Wang, L.; Zhao, L.; Teh, K.S.; et al. A flexible electrostatic nanogen-
erator and self-powered capacitive sensor based on electrospun polystyrene mats and graphene oxide films. Nanotechnology 2021,
32, 405402. [CrossRef] [PubMed]

77. Guerrero, J.M.; Castilla, A.E.; Fernandez, J.A.S.; Platero, C.A. Transformer Oil Diagnosis Based on a Capacitive Sensor Frequency
Response Analysis. IEEE Access 2021, 9, 7576–7585. [CrossRef]

78. Hoffmann, R.; Brodowski, H.; Steinhage, A.; Grzegorzek, M. Detecting Walking Challenges in Gait Patterns Using a Capacitive
Sensor Floor and Recurrent Neural Networks. Sensors 2021, 21, 1086. [CrossRef] [PubMed]

79. Beverte, I.; Cabulis, U.; Gaidukovs, S. Polytetrafluoroethylene Films in Rigid Polyurethane Foams’ Dielectric Permittivity
Measurements with a One-Side Access Capacitive Sensor. Polymers 2021, 13, 1173. [CrossRef]

80. Kozyr, P.; Saveliev, A.; Kuznetsov, L. Determining Distance to an Object and Type of its Material Based on Data of Capacitive
Sensor Signal and Machine Learning Techniques. In Proceedings of the 2021 International Siberian Conference on Control and
Communications (SIBCON), Kazan, Russia, 13–15 May 2021; pp. 1–5. [CrossRef]

81. Cai, L.; Song, L.; Luan, P.; Zhang, Q.; Zhang, N.; Gao, Q.; Xie, S. Super-stretchable, transparent carbon nanotube-based capacitive
strain sensors for human motion detection. Sci. Rep. 2013, 3, 3408. [CrossRef]

82. Lee, J.; Kwon, H.; Seo, J.; Shin, S.; Koo, J.H.; Pang, C.; Son, S.; Kim, J.H.; Jang, Y.H.; Kim, D.E.; et al. Conductive Fiber-Based
Ultrasensitive Textile Pressure Sensor for Wearable Electronics. Adv. Mater. 2015, 27, 2433–2439. [CrossRef]

83. Ho, D.H.; Song, R.; Sun, Q.; Park, W.-H.; Kim, S.Y.; Pang, C.; Kim, D.H.; Kim, S.-Y.; Lee, J.; Cho, J.H. Crack-Enhanced Microfluidic
Stretchable E-Skin Sensor. ACS Appl. Mater. Interfaces 2017, 9, 44678–44686. [CrossRef]

84. Wang, G.; Yang, X.; Li, J.; Wang, Y.; Qing, X. A flexible microfluidic sensor based on main-channel and branch-channels for
aerodynamic pressure measurement. Sens. Actuators A Phys. 2021, 319, 112546. [CrossRef]

85. Tien, N.T.; Jeon, S.; Kim, D.-I.; Trung, T.Q.; Jang, M.; Hwang, B.-U.; Byun, K.-E.; Bae, J.; Lee, E.; Tok, J.B.-H.; et al. A Flexible
Bimodal Sensor Array for Simultaneous Sensing of Pressure and Temperature. Adv. Mater. 2014, 26, 796–804. [CrossRef]

86. An, J.; Le, T.-S.D.; Huang, Y.; Zhan, Z.; Li, Y.; Zheng, L.; Huang, W.; Sun, G.; Kim, Y.-J. All-Graphene-Based Highly Flexible
Noncontact Electronic Skin. ACS Appl. Mater. Interfaces 2017, 9, 44593–44601. [CrossRef] [PubMed]

87. Yuan, L.; Fan, W.; Yang, X.; Ge, S.; Xia, C.; Foong, S.Y.; Liew, R.K.; Wang, S.; Van Le, Q.; Lam, S.S. Piezoelectric PAN/BaTiO3
nanofiber membranes sensor for structural health monitoring of real-time damage detection in composite. Compos. Commun.
2021, 25, 100680. [CrossRef]

88. Wang, H.S.; Hong, S.K.; Han, J.H.; Jung, Y.H.; Jeong, H.K.; Im, T.H.; Jeong, C.K.; Lee, B.-Y.; Kim, G.; Yoo, C.D.; et al. Biomimetic
and flexible piezoelectric mobile acoustic sensors with multiresonant ultrathin structures for machine learning biometrics. Sci.
Adv. 2021, 7, eabe5683. [CrossRef] [PubMed]

89. Lu, L.; Zhao, N.; Liu, J.; Yang, B. Coupling piezoelectric and piezoresistive effects in flexible pressure sensors for human motion
detection from zero to high frequency. J. Mater. Chem. C 2021, 9, 9309–9318. [CrossRef]

90. Turdakyn, N.; Medeubayev, A.; Abay, I.; Adair, D.; Kalimuldina, G. Preparation of a piezoelectric PVDF sensor via electrospinning.
Mater. Today Proc. 2022, 49, 2478–2481. [CrossRef]

91. Claver, U.P.; Zhao, G. Recent Progress in Flexible Pressure Sensors Based Electronic Skin. Adv. Eng. Mater. 2021, 23, 2001187.
[CrossRef]

92. Ghosh, S.K.; Adhikary, P.; Jana, S.; Biswas, A.; Sencadas, V.; Gupta, S.D.; Tudu, B.; Mandal, D. Electrospun gelatin nanofiber based
self-powered bio-e-skin for health care monitoring. Nano Energy 2017, 36, 166–175. [CrossRef]

93. Sultana, A.; Ghosh, S.K.; Sencadas, V.; Zheng, T.; Higgins, M.J.; Middya, T.R.; Mandal, D. Human skin interactive self-powered
wearable piezoelectric bio-e-skin by electrospun poly-l-lactic acid nanofibers for non-invasive physiological signal monitoring. J.
Mater. Chem. B 2017, 5, 7352–7359. [CrossRef]

http://doi.org/10.1016/0038-1101(89)90041-5
http://doi.org/10.1038/s41598-020-62224-3
http://doi.org/10.1016/S0924-4247(98)00181-2
http://doi.org/10.1021/nl302959a
http://doi.org/10.1109/19.492782
http://doi.org/10.1021/acsami.1c05478
http://doi.org/10.1021/acsaelm.1c01274
http://doi.org/10.1088/1361-6528/ac1019
http://www.ncbi.nlm.nih.gov/pubmed/34192681
http://doi.org/10.1109/ACCESS.2021.3049192
http://doi.org/10.3390/s21041086
http://www.ncbi.nlm.nih.gov/pubmed/33562548
http://doi.org/10.3390/polym13071173
http://doi.org/10.1109/sibcon50419.2021.9438932
http://doi.org/10.1038/srep03048
http://doi.org/10.1002/adma.201500009
http://doi.org/10.1021/acsami.7b15999
http://doi.org/10.1016/j.sna.2021.112546
http://doi.org/10.1002/adma.201302869
http://doi.org/10.1021/acsami.7b13701
http://www.ncbi.nlm.nih.gov/pubmed/29202577
http://doi.org/10.1016/j.coco.2021.100680
http://doi.org/10.1126/sciadv.abe5683
http://www.ncbi.nlm.nih.gov/pubmed/33579699
http://doi.org/10.1039/D1TC01894A
http://doi.org/10.1016/j.matpr.2020.11.914
http://doi.org/10.1002/adem.202001187
http://doi.org/10.1016/j.nanoen.2017.04.028
http://doi.org/10.1039/C7TB01439B


Sensors 2022, 22, 4653 16 of 17

94. Dutta, B.; Kar, E.; Bose, N.; Mukherjee, S. NiO@SiO2/PVDF: A flexible polymer nanocomposite for a high performance human
body motion-based energy harvester and tactile e-skin mechanosensor. ACS Sustain. Chem. Eng. 2018, 6, 10505–10516. [CrossRef]

95. Huang, X.; Li, J.; Liu, Y.; Wong, T.; Su, J.; Yao, K.; Zhou, J.; Huang, Y.; Li, H.; Li, D.; et al. Epidermal self-powered sweat sensors for
glucose and lactate monitoring. Bio-Design Manuf. 2022, 5, 201–209. [CrossRef]

96. Lei, H.; Chen, Y.; Gao, Z.; Wen, Z.; Sun, X. Advances in self-powered triboelectric pressure sensors. J. Mater. Chem. A 2021, 9,
20100–20130. [CrossRef]

97. Shin, Y.-E.; Sohn, S.-D.; Han, H.; Park, Y.; Shin, H.-J.; Ko, H. Self-powered triboelectric/pyroelectric multimodal sensors with
enhanced performances and decoupled multiple stimuli. Nano Energy 2020, 72, 104671. [CrossRef]

98. Pu, X.; An, S.; Tang, Q.; Guo, H.; Hu, C. Wearable triboelectric sensors for biomedical monitoring and human-machine interface.
iScience 2021, 24, 102027. [CrossRef] [PubMed]

99. Luo, J.; Gao, W.; Wang, Z.L. The Triboelectric Nanogenerator as an Innovative Technology toward Intelligent Sports. Adv. Mater.
2021, 33, 2004178. [CrossRef] [PubMed]

100. Zhou, L.; Liu, D.; Wang, J.; Wang, Z.L. Triboelectric nanogenerators: Fundamental physics and potential applications. Friction
2020, 8, 481–506. [CrossRef]

101. Yang, D.; Guo, H.; Chen, X.; Wang, L.; Jiang, P.; Zhang, W.; Zhang, L.; Wang, Z.L. A flexible and wide pressure range triboelectric
sensor array for real-time pressure detection and distribution mapping. J. Mater. Chem. A 2020, 8, 23827–23833. [CrossRef]

102. Jin, T.; Sun, Z.; Li, L.; Zhang, Q.; Zhu, M.; Zhang, Z.; Yuan, G.; Chen, T.; Tian, Y.; Hou, X.; et al. Triboelectric nanogenerator sensors
for soft robotics aiming at digital twin applications. Nat. Commun. 2020, 11, 5381. [CrossRef]

103. Chen, X.; Xie, X.; Liu, Y.; Zhao, C.; Wen, M.; Wen, Z. Advances in Healthcare Electronics Enabled by Triboelectric Nanogenerators.
Adv. Funct. Mater. 2020, 30, 2004673. [CrossRef]

104. Chen, X.; Ren, Z.; Han, M.; Wan, J.; Zhang, H. Hybrid energy cells based on triboelectric nanogenerator: From principle to system.
Nano Energy 2020, 75, 104980. [CrossRef]

105. Jiang, X.-Z.; Sun, Y.-J.; Fan, Z.; Zhang, T.-Y. Integrated Flexible, Waterproof, Transparent, and Self-Powered Tactile Sensing Panel.
ACS Nano 2016, 10, 7696–7704. [CrossRef]

106. Wang, Z.; Sun, S.; Li, N.; Yao, T.; Lv, D. Triboelectric Self-Powered Three-Dimensional Tactile Sensor. IEEE Access 2020, 8,
172076–172085. [CrossRef]

107. Wang, X.; Dong, L.; Zhang, H.; Yu, R.; Pan, C.; Wang, Z.L. Recent Progress in Electronic Skin. Adv. Sci. 2015, 2, 1500169. [CrossRef]
[PubMed]

108. Chen, H.; Song, Y.; Cheng, X.; Zhang, H. Self-powered electronic skin based on the triboelectric generator. Nano Energy 2019, 56,
252–268. [CrossRef]

109. Kim, D.W.; Lee, J.H.; Kim, J.K.; Jeong, U. Material aspects of triboelectric energy generation and sensors. NPG Asia Mater. 2020,
12, 6. [CrossRef]

110. Yang, A.; Yan, F. Flexible Electrochemical Biosensors for Health Monitoring. ACS Appl. Electron. Mater. 2020, 3, 53–67. [CrossRef]
111. Gao, Y.; Yu, L.; Yeo, J.C.; Lim, C.T. Wearable Sensors: Flexible Hybrid Sensors for Health Monitoring: Materials and Mechanisms

to Render Wearability. Adv. Mater. 2020, 32, 2070117. [CrossRef]
112. Li, W.; Ke, K.; Jia, J.; Pu, J.; Zhao, X.; Bao, R.; Liu, Z.; Bai, L.; Zhang, K.; Yang, M.; et al. Recent Advances in Multiresponsive

Flexible Sensors towards E-skin: A Delicate Design for Versatile Sensing. Small 2022, 18, 2103734. [CrossRef]
113. Wang, H.; Li, Z.; Liu, Z.; Fu, J.; Shan, T.; Yang, X.; Lei, Q.; Yang, Y.; Li, D. Flexible capacitive pressure sensors for wearable

electronics. J. Mater. Chem. C 2022, 10, 1594–1605. [CrossRef]
114. Lim, H.R.; Kim, H.S.; Qazi, R.; Kwon, Y.T.; Jeong, J.W.; Yeo, W.H. Advanced soft materials, sensor integrations, and applications

of wearable flexible hybrid electronics in healthcare, energy, and environment. Adv. Mater. 2020, 32, 1901924. [CrossRef]
115. McNichol, L.; Lund, C.; Rosen, T.; Gray, M. Medical adhesives and patient safety: State of the scienceconsensus statements for

the assessment, prevention, and treatment of adhesive-related skin injuries. J. Wound Ostomy Cont. Nurs. 2013, 40, 365–380.
[CrossRef]

116. Nawrocki, R.A.; Jin, H.; Lee, S.; Yokota, T.; Sekino, M.; Someya, T. Self-adhesive and ultra-conformable, Sub-300 nm dry thin-film
electrodes for surface monitoring of biopotentials. Adv. Funct. Mater. 2018, 28, 1803279. [CrossRef]

117. Duan, P.; Ma, T.; Yue, Y.; Li, Y.; Zhang, X.; Shang, Y.; Gao, B.; Zhang, Q.; Yue, Q.; Xu, X. Fe/Mn nanoparticles encapsulated in
nitrogen-doped carbon nanotubes as a peroxymonosulfate activator for acetamiprid degradation. Environ. Sci. Nano 2019, 6,
1799–1811. [CrossRef]

118. Pang, C.; Koo, J.H.; Nguyen, A.; Caves, J.M.; Kim, M.G.; Chortos, A.; Bao, Z. Sensors: Highly Skin-Conformal Microhairy Sensor
for Pulse Signal Amplification. Adv. Mater. 2015, 27, 589. [CrossRef]

119. Wang, J.-C.; Karmakar, R.S.; Lu, Y.J.; Chan, S.H.; Wu, M.C.; Lin, K.J.; Hsu, Y.H. Miniaturized flexible piezoresistive pressure
sensors: Poly (3, 4-ethylenedioxythiophene): Poly (styrenesulfonate) copolymers blended with graphene oxide for biomedical
applications. ACS Appl. Mater. Interfaces 2019, 11, 34305–34315. [CrossRef] [PubMed]

120. Ha, M.; Lim, S.; Ko, H. Wearable and flexible sensors for user-interactive health-monitoring devices. J. Mater. Chem. B 2018, 6,
4043–4064. [CrossRef]

121. Pang, C.; Koo, J.H.; Nguyen, A.; Caves, J.M.; Kim, M.-G.; Chortos, A.; Kim, K.; Wang, P.J.; Tok, J.B.-H.; Bao, Z. Highly
Skin-Conformal Microhairy Sensor for Pulse Signal Amplification. Adv. Mater. 2015, 27, 634–640. [CrossRef]

http://doi.org/10.1021/acssuschemeng.8b01851
http://doi.org/10.1007/s42242-021-00156-1
http://doi.org/10.1039/D1TA03505C
http://doi.org/10.1016/j.nanoen.2020.104671
http://doi.org/10.1016/j.isci.2020.102027
http://www.ncbi.nlm.nih.gov/pubmed/33521595
http://doi.org/10.1002/adma.202004178
http://www.ncbi.nlm.nih.gov/pubmed/33759259
http://doi.org/10.1007/s40544-020-0390-3
http://doi.org/10.1039/D0TA08223F
http://doi.org/10.1038/s41467-020-19059-3
http://doi.org/10.1002/adfm.202004673
http://doi.org/10.1016/j.nanoen.2020.104980
http://doi.org/10.1021/acsnano.6b03042
http://doi.org/10.1109/ACCESS.2020.3024712
http://doi.org/10.1002/advs.201500169
http://www.ncbi.nlm.nih.gov/pubmed/27980911
http://doi.org/10.1016/j.nanoen.2018.11.061
http://doi.org/10.1038/s41427-019-0176-0
http://doi.org/10.1021/acsaelm.0c00534
http://doi.org/10.1002/adma.202070117
http://doi.org/10.1002/smll.202103734
http://doi.org/10.1039/D1TC05304C
http://doi.org/10.1002/adma.201901924
http://doi.org/10.1097/WON.0b013e3182995516
http://doi.org/10.1002/adfm.201803279
http://doi.org/10.1039/C9EN00220K
http://doi.org/10.1002/adma.201570020
http://doi.org/10.1021/acsami.9b10575
http://www.ncbi.nlm.nih.gov/pubmed/31453681
http://doi.org/10.1039/C8TB01063C
http://doi.org/10.1002/adma.201403807


Sensors 2022, 22, 4653 17 of 17

122. Khalid, M.A.U.; Chang, S.H. Flexible strain sensors for wearable applications fabricated using novel functional nanocomposites:
A review. Compos. Struct. 2022, 284, 115214. [CrossRef]

123. Nag, A.; Mukhopadhyay, S.C.; Kosel, J. Wearable Flexible Sensors: A Review. IEEE Sens. J. 2017, 17, 3949–3960. [CrossRef]
124. Park, J.J.; Hyun, W.J.; Mun, S.C.; Park, Y.T.; Park, O.O. Highly Stretchable and Wearable Graphene Strain Sensors with Controllable

Sensitivity for Human Motion Monitoring. ACS Appl. Mater. Interfaces 2015, 7, 6317–6324. [CrossRef]
125. Ryu, S.; Lee, P.; Chou, J.B.; Xu, R.; Zhao, R.; Hart, A.J.; Kim, S.-G. Extremely Elastic Wearable Carbon Nanotube Fiber Strain

Sensor for Monitoring of Human Motion. ACS Nano 2015, 9, 5929–5936. [CrossRef]
126. Zhang, Y.-Z.; Lee, K.H.; Anjum, D.H.; Sougrat, R.; Jiang, Q.; Kim, H.; Alshareef, H.N. MXenes stretch hydrogel sensor performance

to new limits. Sci. Adv. 2018, 4, eaat0098. [CrossRef] [PubMed]
127. Roh, E.; Hwang, B.U.; Kim, D.; Kim, B.Y.; Lee, N.E. Stretchable, transparent, ultrasensitive, and patchable strain sensor for

human–machine interfaces comprising a nanohybrid of carbon nanotubes and conductive elastomers. ACS Nano. 2015, 9,
6252–6261. [CrossRef] [PubMed]

128. Wang, X.; Gu, Y.; Xiong, Z.; Cui, Z.; Zhang, T. Electronic Skin: Silk-Molded Flexible, Ultrasensitive, and Highly Stable Electronic
Skin for Monitoring Human Physiological Signals. Adv. Mater. 2014, 26, 1309. [CrossRef]

129. Sim, K.; Rao, Z.; Zou, Z.; Ershad, F.; Lei, J.; Thukral, A.; Chen, J.; Huang, Q.-A.; Xiao, J.; Yu, C. Metal oxide semiconductor
nanomembrane–based soft unnoticeable multifunctional electronics for wearable human-machine interfaces. Sci. Adv. 2019, 5,
eaav9653. [CrossRef] [PubMed]

130. Eppner, C.; Deimel, R.; Álvarez-Ruiz, J.; Maertens, M.; Brock, O. Exploitation of environmental constraints in human and robotic
grasping. Int. J. Robot. Res. 2015, 34, 1021–1038. [CrossRef]

131. He, Q.; Wang, Z.; Wang, Y.; Minori, A.; Tolley, M.T.; Cai, S. Electrically controlled liquid crystal elastomer–based soft tubular
actuator with multimodal actuation. Sci. Adv. 2019, 5, eaax5746. [CrossRef]

132. Wang, S.; Sun, Z.; Zhao, Y.; Zuo, L. A highly stretchable hydrogel sensor for soft robot multi-modal perception. Sens. Actuators A
Phys. 2021, 331, 113006. [CrossRef]

http://doi.org/10.1016/j.compstruct.2022.115214
http://doi.org/10.1109/JSEN.2017.2705700
http://doi.org/10.1021/acsami.5b00695
http://doi.org/10.1021/acsnano.5b00599
http://doi.org/10.1126/sciadv.aat0098
http://www.ncbi.nlm.nih.gov/pubmed/29922718
http://doi.org/10.1021/acsnano.5b01613
http://www.ncbi.nlm.nih.gov/pubmed/25869253
http://doi.org/10.1002/adma.201470054
http://doi.org/10.1126/sciadv.aav9653
http://www.ncbi.nlm.nih.gov/pubmed/31414044
http://doi.org/10.1177/0278364914559753
http://doi.org/10.1126/sciadv.aax5746
http://doi.org/10.1016/j.sna.2021.113006

	Introduction 
	Selection of Materials 
	Metal Materials 
	Carbon-Based Materials 
	Polymer Materials 

	General Design and Categories of Flexible Sensors 
	Piezo-Resistive Sensor 
	Capacitive Sensor 
	Piezoelectric Sensor 
	Triboelectric Sensor 

	Applications of Flexible Sensors 
	Flexible Sensors as Biomedical Devices 
	Flexible Sensors as Wearable Device 
	Flexible Sensors for Soft Robotics Applications 

	Conclusions and Perspectives 
	References

