#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online
View Journal | View Issue

REVIEW

Research status of polysiloxane-based

i'.) Check for updates‘
piezoresistive flexible human electronic sensors

Cite this: RSC Adv., 2023, 13, 16693

Xiaoyu Zhang,t? Ning Li,1** Guorui Wang,? Chi Zhang,? Yu Zhang,? Fanglei Zeng, ©?2
Hailong Liu,°> Gang Yi*® and Zhongwei Wang & *<

Flexible human body electronic sensor is a multifunctional electronic device with flexibility, extensibility, and
responsiveness. Piezoresistive flexible human body electronic sensor has attracted the extensive attention
of researchers because of its simple preparation process, high detection sensitivity, wide detection range,
and low power consumption. However, the wearability and affinity to the human body of traditional flexible
human electronic sensors are poor, while polysiloxane materials can be mixed with other electronic

materials and have good affinity toward the human body. Therefore, polysiloxane materials have become
Received 16th May 2023

Accepted 21st May 2023 the first choice of flexible matrixes. In this study, the research progress and preparation methods of

piezoresistive flexible human electronic sensors based on polysiloxane materials in recent years are
DOI: 10.1039/d3ra03258b summarized, the challenges faced in the development of piezoresistive flexible human electronic

rsc.li/rsc-advances sensors are analyzed, and the future research directions are prospected.

1 Introduction
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In recent years, with the continuous progress of science and
technology, sensing technology and electronic materials have
developed rapidly. As a combination of two advanced technol-
ogies, flexible electronic sensors have attracted extensive
attention of researchers. Traditional sensors mostly use rigid
materials as the matrix, such as silicon-boron carbon nitride
(SiBCN) and functionalized soda-lime glass.** Shao' et al
prepared a SiBCN ceramic pressure sensor with extremely high
linearity, sensitivity, accuracy, as well as a high-pressure sensing
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range (0-10 MPa). The sensor has promising application pros-
pects in pressure measurement in extreme environments.

However, rigid materials have poor affinity to the human
body due to their high hardness and poor practicability. To
meet the practical needs in real life, the flexible sensor based on
polymer material®*® solves this problem well. Flexible sensors
have softness, stretchability, and excellent mechanical proper-
ties."** They can be attached to the surface of human skin to
capture physiological signals, such as joint motion, heartbeat,
and vocal cord vibration, and then convert physiological signals
into electrical signals to transmit information.*™** Therefore,
flexible sensors have broad application prospects in human
motion monitoring, health management, biomedicine, elec-
tronic robots, and other fields.”*®

Piezoresistive flexible sensors have the advantages of large
measurement range, short response time, and high sensitivity.
In addition, compared to other types of sensors, piezoresistive
sensors have lower preparation costs and stronger anti-
interference capabilities.®* At present, thermoplastic poly-
urethane (TPU), polyimide (PI),"* polyethylene terephthalate
(PET),"> flexible paper,*?* flexible fabric, poly-
dimethylsiloxane (PDMS),"* and modified polysiloxane elasto-
mers* are commonly used as flexible substrates of flexible
sensors. Among them, polysiloxane materials have the advan-
tages of softness,"* chemical stability,” high thermal
stability,’” and good hydrophobicity.>'* Moreover, unlike
most flexible matrixes, polysiloxane materials have the charac-
teristics of being mixed with other electronic materials and have
good affinity toward the human body;***® thus, polysiloxane
materials are the first choice for flexible matrixes.

Based on different substrate materials, conductive fillers,
and flexible sensor preparation processes, this study mainly
introduces the piezoresistive flexible human electronic sensors
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Fig. 1 Overview of several typical polysiloxane-based piezoresistive
flexible human electronic sensors.
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with various polysiloxanes as flexible substrates in recent years,
lists the technical challenges faced by this type of sensors at
present, and looks forward to its development direction (Fig. 1).

2 Sensing mechanism of
piezoresistive flexible sensor

Piezoresistive flexible sensors have the advantages of simple
preparation process,** high sensitivity,>?? large detection
range,*** and wide application.’>** It is an important direction
for the development of flexible electronic sensors. The piezor-
esistive flexible sensor is composed of a flexible substrate and
conductive fillers. Its sensing principle is to convert the
mechanical signals caused by human motion,*** heartbeat,***
vocal cord vibration,***® etc.,, into changes in resistance,”
resulting in changes in the size of the current, which is then
detected by the sensor, as shown in Fig. 2(a).

There are three kinds of sensing mechanisms to explore the
resistance flexible sensor from the microscopic point of view,
which are crack propagation, tunneling effect, and disconnec-
tion mechanism. Crack propagation’ means that when the
flexible sensor is stretched or extruded to produce deformation,
the conductive network composed of conductive fillers will have
microcracks, which will reduce the conductive path and then
increase the resistance, and then the deformation will recover,
the microcracks will heal again and then the resistance of the
sensor will recover. Yang™ et al. designed a flexible sensor based
on a new sandwich structure, blended PDMS, and poly-
vinylidene fluoride (PVDF) to prepare a highly elastic electro-
spun film and pumped silver nanowires (AgNWs) into the
electrospun film to prepare a flexible sensor with a sandwich
structure. The author's team observed that the microcrack
structure was the main reason for the high sensitivity of the
sensor, and the gauge factor (GF) of the sensor was as high as
3058.

The tunneling effect’*”® means that according to the theory
of quantum mechanics, microscopic particles have wave
particle duality; thus, microscopic particles have the possibility
to pass through the “wall” they could not pass through, thus
forming a conductive path. When the flexible sensor deforms,
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Fig.2 Schematic diagram of the sensing mechanism of piezoresistive
and capacitance-type flexible sensors™ (Copyright 2020, The Elec-
trochemical Society).
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Fig. 3 Three sensing mechanisms: (a) crack propagation’? (Copyright 2017, Macmillan Publishers Ltd); (b) tunneling effect’ (Copyright 2008,

Elsevier); (c) disconnection mechanism?’® (Copyright 2019, Wiley).

the increasing deformation will gradually lengthen the tunnel
distance, resulting in the increase in the resistance. When the
deformation recovers, the length of the tunnel will also recover
and the resistance will gradually decrease.

The disconnection mechanism’®’” means that the conduc-
tive fillers form a conductive path on the surface or inside of the
flexible material, and the conductive fillers will be connected or
overlapped with each other. When the flexible sensor generates
strain, the overlap between the conductive fillers will gradually
decrease until it is disconnected with the gradual increase in
strain, resulting in the reduction of the conductive path and the
increase in the resistance of the flexible sensor. With the
gradual recovery of the strain, the disconnected conductive path
will be connected again, thus reducing the resistance of the
flexible sensor.

The current research shows that the above three mecha-
nisms do not appear alone in the piezoresistive flexible sensor,
usually one sensing mechanism is the main, and two or three
mechanisms are combined with each other. In addition, the
research on the sensing mechanism is not perfect at present.
For example, there are often “shoulder peaks” in the testing
process of flexible sensors. At present, it is considered that the
emergence of “shoulder peaks” is related to the competition
between the disconnection and reconnection of the conductive
path, but the specific mechanism needs to be further studied

(Fig. 3).

3 Common materials of piezoresistive
flexible sensor
3.1 Flexible substrate material

The flexible substrate material of flexible sensor needs to meet
the requirements of good flexibility, light weight, and excellent
mechanical properties. This paper mainly introduces the
research progress of flexible human electronic sensors based on
PDMS and modified polysiloxane elastomer.

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.1.1 PDMS as flexible substrate. PDMS is a type of poly-
siloxane material that possesses many excellent physical and
chemical properties. Therefore, it is widely used in the matrix
materials of flexible sensors. Jin” et al. prepared a high elastic
strain sensor with PDMS as the fibrous flexible matrix and
MWCNT as the outer wall of the conductive material. The
sensor has a wide detection range (1-100%), excellent sensi-
tivity, and good mechanical properties. The material has a good
application prospect in the field of flexible wearable sensors.
Paul™ et al. prepared a thin-film composite structure using
vertically arranged carbon nanotubes (VACNT) and PDMS. The
strain sensing range of the sensor is 0.004-30%. At 30% strain,
the GF is as high as 6436.8, and its response time is as low as 12
ms. After 10000 tensile cycles, it still retains its original
performance. Song® et al. prepared a hollow-structured MXene
PDMS composite. The material has a wide bending angle
detection range from 0° to 180°, a long-term reliability of up to
1000 cycles, and a pressure detection limit as low as 10 mg,
which can detect small actions such as swallowing and facial
muscle movement.

3.1.2 Modified polysiloxane material as a flexible substrate.
Although PDMS as a flexible substrate has many advantages,
with the development of flexible electronic materials, it is found
that PDMS as a flexible matrix alone will have some perfor-
mance defects compared with modified polysiloxane materials.
For example, compared with modified polysiloxane materials,
PDMS has lower toughness and tear strength. More impor-
tantly, it is difficult for the flexible sensor to avoid damage such
as scratches in real use. If the flexible material does not have
self-repair performance, it will reduce the safety of the sensor
and the accuracy of detection. Therefore, it is a research hotspot
to endow flexible sensors with self-healing performance.

Shan®' et al. prepared a new sensor based on self-healing
silicone elastomer and polypyrrole (PPy). First, the amino-
terminated polydimethylsiloxane and hexamethylene diisocya-
nate (HDI) were synthesized into a prepolymer, and then 2,6-

RSC Adv, 2023, 13, 16693-16711 | 16695
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Fig. 4 Preparation flow chart of self-repairing silicone elastomer®
(Copyright 2022, Elsevier).

diaminopyridine (DAP) was added for the chain extension
reaction to introduce metal ions into the system to endow it
with self-healing performance. Finally, PPy was attached to the
surface of silicone elastomer by the original polymerization
method. The preparation process is shown in Fig. 4. The
prepared self-healing flexible sensor has a strength of 0.88 MPa
and an elongation at break of 652.5% after healing. The sensor
has a wide detection range of 130% and a GF of 1251. After
cutting, the sensing performance can still be maintained with
reliability and stability. The strain sensor developed has broad
application prospects in intelligent flexible equipment,
providing a valuable method for developing human motion
monitoring sensors with excellent comprehensive performance.

Tang® et al. prepared an ultrafast self-healing polysiloxane
self-adhesive electronic skin. The author's team synthesized
a block copolymer of 1,4-dithiothreitol (DTT) and PDMS, and
then added boric acid (BA) to form a dynamic borate ester
matrix with a large number of hydroxyl groups in the chain.
Finally, self-healing elastomer and silver nanowire (AgNW) film
are compounded to prepare self-repairing flexible electronic
skin. The synthesis path is shown in Fig. 5. The prepared new
polysiloxane flexible electronic skin has a mechanical strength
of up to 0.43 MPa and an elongation at break of 1500%. When
the material is damaged, 100% of the original mechanical
properties can be restored in 30 s at room temperature, and the
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sensing performance can be restored in only 1 s. It is the fastest
self-healing flexible sensor to repair so far. This flexible sensor
has broad application prospects in the health monitoring of
underwater activities such as swimming and underwater reha-
bilitation exercises.

Zhang® et al modified MXene and amino poly-
dimethylsiloxane based on esterification and Schiff base reac-
tion, respectively. The preparation process is shown in Fig. 6.
The modified composite system contains a large number of
hydrogen bonds and imine bonds, which endows the sensor
with ideal tensile properties and efficient self-healing ability.
The mechanical strength of the prepared flexible sensor reaches
1.81 MPa. When the material is damaged and repaired at room
temperature for 24 h, the tensile properties and conductivity
recover to 98.4% and 97.6%, respectively, and the sensor can
detect small actions such as speaking and swallowing.

Zhang® et al grafted thioctic acid (TA) onto poly-
dimethylsiloxane containing amino group in the side chain and
built a dynamic crosslinking network based on S-Au by intro-
ducing gold nanoparticles. As shown in Fig. 7, the material can
heal rapidly under near-infrared radiation, with a repair effi-
ciency of 92%, and the sensor has a very high detection range
(up to 250% strain) and GF of 3.6. It can monitor human motion
such as joint bending.

3.2 Conductive filler

The conductive fillers commonly used in flexible sensors can be
divided into three categories: metal conductive materials,
conductive materials, and carbon conductive
materials.

polymer

3.2.1 Metal conductive materials. Metal conductive mate-
rials mainly include metal nanowires and metal nanoparticles.
At present, metal nanoparticles mainly include silver nano-
particles and gold nanoparticles. Metal nanowires include
copper nanowires, gold nanowires, and silver nanowires.
Considering the cost and conductivity of materials,
nanowires are the most commonly used. Yin®*® et al. prepared
silver nanowire film by water bath spinning method and
embedded it into PDMS to prepare the PDMS/AgNWs flexible
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Fig. 5 Synthetic path of polysiloxane self-healing elastomer® (Copyright 2022, Royal Society of Chemistry).
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Fig. 6 Preparation flow chart of the MXene/PDMS self-repairing flexible sensor®® (Copyright 2020, The American Chemical Society).

strain sensor. The sensor has extremely excellent transparency.
The light transmittance at 550 nm wavelength reaches 86.3%,
and the sensitivity is excellent. The GF can reach 86.4. The
sensor has reliable response to human motion signals. Kong*®
et al. creatively prepared a highly scalable AgNWs/PDMS fiber
strain sensor with a spiral structure. The preparation process is
shown in Fig. 8. The unique spiral structure enables the sensor

AR
H;C—Sli—O{Sli—OHSi—O}SIi—CH;,
CH; ' CH, CHj

n

to have a wide sensing range of 100% strain, excellent linearity,
negligible hysteresis and up to 3.0 GF. The sensor can not only
detect the joint bending when the human body is moving but
also control the brightness of the bulb connected to the sensor
according to the joint bending degree.

3.2.2 Polymer conductive materials. At present, common
conductive polymers mainly include polypyrrole (PPy),

S A D s
Hsc—sli—o{Sli—OHSI—O];S'i—CH;,
CHy L CH, CHy

60°C, 3h

PDMS-NHzg”2

s OH
~s Thioctic acid

|
Q Gold nanoparticle S

~20 nm

NH
Es
k7

SiTAu

Fig. 7 Preparation mechanism of AUNP/PDMS self-repairing flexible sensor® (Copyright 2021, Elsevier).
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Fig. 8 Preparation process of the spiral structure AGQNW/PDMS strain sensor®® (Copyright 2021, Elsevier).
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Fig. 9 Preparation flow chart of the BSA/PPy conductive film®® (Copyright 2021, Elsevier).

polythiophene (PTh), and polyaniline (PANI).*” PPy and PANI
are commonly used in piezoresistive flexible sensors. Wang®®
et al. prepared a bovine serum albumin/polypyrrole (BSA/PPy)
mixed film and compounded the mixed film with PDMS film
to prepare a self-adhesive flexible sensor. The preparation
process is shown in Fig. 9. The sensor can withstand more than
500 bending cycles and can dynamically adjust the conductivity
of PPy according to external strain.

Zheng® et al. designed a flexible wearable pressure sensor
with hollow structure and micro convex surface structure based
on polyaniline/polydimethylsiloxane (PANI/PDMS) composites.
The preparation process is shown in Fig. 10. Due to the exis-
tence of hollow structure and micro convex surface structure,

Ni foam

PANI growth

the sensitivity and linearity of the sensor are greatly improved.
The sensitivity of the sensor is 0.641 kPa™ " in the range of 0.05-
60 kPa, which can stably cycle for more than 6000 times, and the
response time and recovery time are as low as 200 ms and 150
ms respectively.

Jiang®® et al. prepared the nanofiber film based on AgNWs/
PANI/PU and then encapsulated the nanofiber film with
PDMS to prepare a wearable strain sensor. The preparation
process is shown in Fig. 11. The sensor has excellent antifouling
performance and linearity. The synergy of PANI and AgNWs
endows the sensor with high sensitivity. In the range of 0-35%
strain, the GF reaches 59, and the sensor has reliable anti-
fatigue performance and signal stability. It has broad

PDMS infiltration

Etch Ni

Fig. 10 Preparation flow chart of the PANI/PDMS pressure sensor® (Copyright 2021, Elsevier).
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application prospects in human health management, sports
monitoring, and other fields.

3.2.3 Carbon-based conductive materials. At present, in the
field of piezoresistive flexible sensors, carbon-based materials
are the most commonly used conductive fillers, including
carbon nanotubes (CNT), graphene (GR), carbon black (CB),
and MXene.

A Carbon nanotubes. Carbon nanotubes (CNTs) are one-
dimensional nanomaterials with excellent mechanical proper-
ties, electrical conductivity, and low percolation threshold.”*
Single-walled carbon nanotubes are difficult to prepare, result-
ing in high cost. Therefore, multiwalled carbon nanotubes are
widely used in the field of flexible sensors.”* Zhu* et al. used
PDMS as a flexible matrix and carbon nanotube (CNT)-cellulose
silylated nanocrystalline (SCNC) as a conductive filler to prepare
a high-performance flexible sensor. The preparation process is
shown in Fig. 12. The sensor has a tensile strength of up to
5.75 MPa, a strain sensing range of up to 100%, and a GF of
37.11 at 50-100% strain. The sensor has long-term stability and
durability and has broad application prospects in the field of
wearable electronic devices.

Wang® et al. prepared a three-layer CNT/PDMS flexible
sensor. The preparation process is shown in Fig. 13. The sensor
has a wide strain measurement range of more than 50%, GF can
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Fig. 11 Preparation flow chart of the AQNWs/PANI/PU strain sensor encapsulated by PDMS®° (Copyright 2021, Elsevier).

reach 207, response time is less than 10 ms, and the sensor still
has excellent stability after up to 10 000 load cycles.

Inspired by cephalopods, Zhang® et al. prepared a self-
healing MWCNT/PDMS flexible sensor. By introducing
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Fig. 13 Preparation process of three-layer PDMS/CNT flexible
sensor®* (Copyright 2021, Elsevier).
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carboxyl groups into carbon nanotubes and silicone main
chains and then adding metal ions to form metal coordination
bonds, the material was endowed with self-healing perfor-
mance. The GF value of the synthesized self-healing flexible
sensor was 3.8673, with a tensile strength of up to 1.77 MPa and
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a maximum strain of 348%. The repair efficiency of the sensor
at room temperature is as high as 91%, which can meet the
needs of motion monitoring and other fields.

B Graphene. Graphene (GR) is a two-dimensional cellular
carbon material, which has excellent specific surface area,
mechanical properties, electrical conductivity, and stability,”®
making it a good candidate for flexible sensors. He*” et al. used
Soxhlet extraction technology to prepare a CNTs-GR/PDMS
flexible sensor with microporous structure. The preparation
process is shown in Fig. 14. The sensor has excellent sensitivity.
In the strain range of 0-3%, 3-57%, 57-90%, and 90-120%, the
GF reaches 182.5, 45.6, 70.2, and 186.5, respectively, and the
sensor also has a very low detection limit (0.5% strain) with fast
response time (60 ms) and durability of up to 10 000 load cycles.
The sensor has broad application prospects in the field of
wearable electronic devices.

Niu®® et al. prepared a GR/AgNWs composite conductive
material and encapsulated it with PDMS to prepare a flexible
strain sensor that can work at very low temperature (—40 °C).
The sensor has excellent fatigue resistance, very low hysteresis,
and near zero temperature resistance coefficient (TCR). Under
the condition of more than 36% strain, the GF is as high as
9156. The sensor can monitor various human actions at room
temperature and low temperature. Iqra® et al prepared
a reduced graphene oxide (RGO)/PDMS flexible sensor by laser
marking. The sensor has high sensitivity. When the strain range
is 0-140%, 0-130%, and 0-11.1%, the GF reaches 12.1, 3.5, and
90.3, respectively. The sensor can monitor joint and muscle
movement and has a broad application prospect.

C Carbon black. Carbon black (CB) is an amorphous zero-
dimensional carbon material with good conductivity.'*****
Carbon black can be divided into different types according to
the particle size. The flexible sensor made of carbon black with
small particle size has high conductivity due to the large
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Fig. 15 CB/PDMS conductive foam material preparation process'®® (Copyright 2021, Elsevier).
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number of conductive particles per unit volume, but carbon
black with small particle size will agglomerate, affecting the
mechanical properties of the sensor.’ The current research
shows that the flexible sensor prepared with carbon black as the
conductive filler has poor stability because the conductive path
formed by carbon black will be destroyed and reconstructed
when the flexible sensor is deformed.'®® Therefore, in recent
years, researchers are committed to preparing high stability
flexible sensors with carbon black as the conductive filler. Li***
et al. used nanocarbon black (CB) and carbon nanotubes (CNTs)
as mixed conductive fillers and modified by PDMS to prepare
a flexible strain sensor. The sensor has excellent mechanical
properties and superhydrophobicity with an elongation at break
of 996.5%, GF of 648.83 in the strain range of 979.9-996.5%,
and its performance is still stable after 1000 load cycles of 100%
strain. Xia'® et al. prepared a CB/PDMS foam material for strain
sensing. The preparation process is shown in Fig. 15. The
material has a solid three-dimensional conductive network,
good linearity, and wide strain sensing range (70% strain). Due
to the strong interaction between conductive filler and PDMS,
the material has very low hysteresis (less than 1.2%). With fast
response time (100 ms) and durability of more than 20 000 load
cycles, the material shows great application potential in the
field of flexible sensors.

Hu' et al. designed and prepared a strain sensor based on
double-layer hybrid structure, which is composed of carbon
black conductive layer and PDMS flexible layer. The sensor has
high sensitivity and up to 100% strain sensing range. In addi-
tion, the sensor also has good durability and can withstand
more than 10 000 load cycles of 60% strain.

D MXene. MXene material was first prepared by researchers at
Drexel University in 2011 by selectively etching the Al layer in
the ternary layered carbide Ti;AIC, with hydrofluoric acid.'””
MXene is a kind of two-dimensional layered material with
a graphene-like structure composed of transition metal
carbides or nitrides. MXene has the characteristics of typical
two-dimensional layered structure, such as large specific
surface area and excellent conductivity,'”® and MXene has rich
surface groups,'” which is convenient for modification.
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Therefore, MXene material has a broad application prospect in
the field of flexible electronic sensors. Luo'*® et al. constructed
a waterproof and breathable smart textile with multicore-shell
structure by decorating MXene on polydopamine (PDA)-
modified elastic fabric and coating it with PDMS. The mate-
rial has a large temperature working range (25-100 °C) and
excellent temperature resistance coefficient (—1.8%/°C). In
addition, the smart textile has high sensitivity. Under the
working strain of 0-45%, the GF reaches 18, and the material
has good recycling and durability. Zhang'** et al. used thermo-
plastic polyurethane (TPU) as the base material to prepare
highly conductive and stretchable Ti;C, MXene/TPU sensing
elements by the simple spraying process and encapsulated the
sensing elements in PDMS to obtain a MXene TPU/PDMS flex-
ible strain sensor with excellent performance. The preparation
process is shown in Fig. 16. The strain sensor has a low detec-
tion limit (less than 0.005%, 0.5 um), wide sensing range (0-
90%), short response time (120.1 ms), good durability (>3000
cycles), etc.

Xu'? et al. combined carbon nanotube (CNT) and MXene
onto porous PDMS sponge and developed a multifunctional
strain sensor. The preparation process is shown in Fig. 17. The
sensor has wide sensing range (105% strain), high sensitivity
(GF = 1939), fast response (158 ms), and sufficient reliability
under repeated stretching, compression, and bending cycles.
The sensor has broad application prospects in human motion
monitoring, medical health, and other fields.

To sum up, according to the current research, the above
three types of conductive fillers are used in resistance flexible
sensors, of which carbon-based conductive fillers are the most
widely used. At present, carbon-based conductive fillers can be
divided into four types: carbon nanotube (CNT), carbon black
(CB), graphene, and MXene. The four types of conductive fillers
have their own advantages and disadvantages when used alone,
for example, when CNT is used as the conductive filler alone,
the GF is relatively low, and its durability is poor. When gra-
phene or MXene is used alone, the sensor's stretchability is too
low. Therefore, researchers use two or more kinds of conductive
fillers to pursue more balanced sensor performance. Chen'*
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Preparation flow chart of the MXene TPU/PDMS flexible strain sensor*** (Copyright 2021, Elsevier).
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et al. prepared a PDMS/rGO/MWCNT porous aerogel flexible
sensor. The composite conductive layer of graphene and carbon
nanotubes endows the sensor with excellent stability. The GF of
the sensor is as high as 18.55. After 900 times of reciprocating
stretching under 20% strain, the sensor still has stable sensing
performance. The sensor has a remarkable effect in monitoring
the opening and closing of packaging and human movement,
which provides a new idea for applying intelligent packaging
and developing wearable electronic devices.

4 Preparation process of
piezoresistive flexible sensor

To improve the performance of the flexible sensor, researchers
have developed a variety of preparation processes to endow the
sensor with various new structures. At present, there are mainly
the following processes for the combination of the flexible
substrate and the conductive filler in the piezoresistive flexible
sensor, which are sandwich type, embedded type, filled type,
and adsorption type.

CNT dispersion

.
PDMS solution

Itrathin conductive layer

V «PDMS

4.1 Sandwich type

The fabrication process of the flexible sensor with the sandwich
structure is to clamp the conductive filler between two layers of
flexible matrix materials. Generally, one layer of flexible
substrate is coated with conductive filler, and then another layer
of flexible substrate is used to package the conductive filler.
Jiang™* et al. prepared a sandwich structure self-healing flexible
sensor based on silver nanowires and polydimethylsiloxane and
enhanced the sensor with carbon fiber (CFS). The sensor has
a large sensing range (0-60%), high sensitivity (GF = 1.5),
excellent tensile strength (10.3 MPa), and excellent reliability.
Chen™ et al. prepared a sandwich-shaped PDMS/CNTs/PDMS
flexible sensor. The preparation process is shown in Fig. 18.
The sensor has good light transmittance, extremely wide strain
sensing range (0-130%), and can recognize small actions such
as facial expressions.

Liu'*® et al. coated reduced graphene oxide (RGO) on the
surface of polystyrene (PS) microspheres, mixed with silver
nanowires (AgNWs) to prepare conductive fillers, and sand-
wiched them between two layers of PDMS to prepare sandwich

f

D

Copper electrode

/

Fig. 18 Preparation flow chart of sandwich PDMS/CNTs/PDMS flexible sensor'*> (Copyright 2020, Elsevier).
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PDMS/PS@RGO/AgNWs/PDMS flexible sensor, which has
excellent strain working range (0-230%), high sensitivity (GF =
47), detection limit as low as 1% strain, and excellent reliability
and linearity.

4.2 Embedded type

The preparation process of embedded flexible sensor is to
embed conductive filler into the surface of flexible substrate.
The common preparation method is to prepare the conductive
layer first and then package it with uncured flexible substrate.
Embedded flexible sensors have been widely researched by
researchers because of their high stability. Xu'” et al. used
carbon nanotube (CNT) and TizC,T, MXene to blend and
prepare the conductive composite film and then embedded the
composite film into the PDMS matrix to prepare an ultrastable
and cleanable embedded flexible sensor. The preparation
process is shown in Fig. 19. The sensor has excellent anti-
interference ability, and the resistance change is less than
10% within the temperature range of —20-80 °C or after
120 min of ultrasound in water. In addition, the sensor has high
sensitivity, GF up to 13.3, and has broad application prospects
in the field of human-motion monitoring.

4.3 Filled type

The preparation process of the filled flexible sensor is to
disperse the conductive filler in the uncured flexible matrix by
stirring and then cure to prepare the filled flexible sensor.'*
However, to make the conductivity of the filled flexible sensor
meet the requirements, it is usually necessary to add a large
number of conductive fillers into the flexible substrate, and
a large number of conductive fillers will reduce the flexibility of
the flexible substrate and increase the percolation threshold.
Therefore, how to solve these problems is the focus of
researchers. Chen'*® et al. added silica particles into flexible
PDMS/MWCNT composites (1SiO,), a filled flexible sensor is
prepared, and its preparation process is shown in Fig. 20. The
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results show that the addition of silica particles effectively
reduces the percolation threshold and improves the sensitivity
(GF = 62.9).

Du Jian'® mixed carbon nanotube (CNT) and PDMS to
prepare a filled CNT-PDMS flexible sensor. The research shows
that 8 wt% CNT-PDMS composite has a 40% strain sensing
range and high sensitivity (GF = 1.2097). The material can
capture the mechanical signal of finger joint bending and can
be applied to the heel of the sole to monitor the frequency of
walking or running.

Zheng™' et al. used a simple solution mixing method to
prepare a strain sensor based on the blending of PDMS with
carbon nanotubes (CNT) and carbon black (CB). Due to the
bridging effect of carbon nanotubes on carbon black, the sensor
has a strain sensing range of up to 300% and excellent dura-
bility (it can withstand 2500 cycles under 200% strain). Also, the
sensor has good sensitivity (GF up to 13.3), which has a broad
application prospect in the field of human motion monitoring.

4.4 Adsorption type

The preparation process of the adsorption type flexible sensor
involves the immersion of the flexible substrate into the
suspension prepared by the conductive filler so that the
conductive filler can be adsorbed on the surface of the flexible
substrate to form a conductive network. As mentioned above,
Luo'’ et al. constructed an adsorption type flexible sensor with
multicore-shell structure by immersing polydopamine (PDA)-
modified elastic fabric in the MXene suspension and coating
it with PDMS. Its structure is shown in Fig. 21. The material has
a large temperature operating range (25-100 °C) and excellent
temperature resistance coefficient (—1.8%/°C). In addition, the
smart textile has high sensitivity. Under a working strain of 0-
45%, the GF reaches 18, and the material has good recycling
and durability.

To sum up, at present, the piezoresistive flexible sensor has
the above four common preparation processes, and its

=
il

TisC,Ty

L Sonication DI w{atar
l a TI,C:T;
Mixture . suspension
.&/_ Cutting
> —

Strain sensor
Peeling off

Fig. 19 Preparation process of embedded CNT MXene/PDMS flexible sensor*” (Copyright 2021, Springer).
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Fig. 21 Structural diagram of the adsorption PDA MXene/PDMS flexible sensor*'® (Copyright 2021, Elsevier).

performance has its own advantages and disadvantages. For
example, sandwich sensors generally have the sensitivity that
can meet the use requirements, but the preparation cost is high
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Fig. 22 Performance comparison of some polysiloxane piezoresistive
flexible sensors prepared by different processes.
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and the durability is poor. The sensitivity, sensing range, line-
arity, and other properties of the filled sensor needs to be
improved, but its preparation cost is low, which is suitable for
mass production in the industry. The preparation of the
adsorption sensor is complex, and according to the different
structure and performance of the sensor, the embedded sensor
has high durability and linearity and is stable in daily use. It is
one of the main research directions at present. How to improve
the sensitivity and preparation cost of the embedded sensor
needs further research. Fig. 22 summarizes the sensitivity and
sensing range of the sensor using various preparation processes
to facilitate the reader to visually compare the performance of
the sensor.

5 Performance parameters of
piezoresistive flexible sensor

The piezoresistive flexible sensor can transform the mechanical
signals of human motion into electrical signals to realize the
monitoring of human motion and health. The performance of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the resistive flexible sensor can be evaluated by different
parameters, including strain sensing range, gauge factor (GF),
durability, and linearity. Each of these parameters is very
important to the performance of the resistive flexible
sensor.'3*13*

5.1 Strain sensing range

The strain sensing range represents the ability of the sensor to
withstand a certain tensile length without permanent defor-
mation and still maintain the sensing performance. The pie-
zoresistive flexible sensor based on polysiloxane usually shows
different strain sensing ranges according to its conductive filler
and preparation process. Flexible sensors prepared with MXene
or graphene as conductive filler alone usually show a low strain
sensing range (less than 20%), and the strain sensing range of
flexible sensors prepared with silver nanowires, carbon black,
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Fig. 23 Relative resistance change strain curve'® (Copyright 2019,
Elsevier).
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and polymer conductive materials is significantly improved,
which can reach about 100%. However, the flexibility prepared
with carbon nanotubes usually shows the highest strain sensing
range (higher than 200%).

Not only the selection of conductive fillers but also the
different preparation processes of the sensor will affect the
strain sensing range of the sensor. Current research shows that
the comprehensive performance of filled type flexible sensors is
poor, with a strain sensing range typically below 60%."*'*° The
other three types of flexible sensors have similar strain sensing
range, typically reaching over 100%."*"'"”

5.2 Gauge factor (GF)

The value of gauge factor (GF) is the ratio of relative resistance
change to strain,"® which is used to characterize the relative
resistance change strain curve of GF. As shown in Fig. 23, the
value of GF can directly reflect the sensitivity of the sensor. The
higher the value of GF, the higher the sensitivity of the sensor,
and the better the performance. The calculation method is
shown in formula (1)

_ AR— Ry
N €

GF (1)
where, AR represents the change of resistance after strain is
applied, Ro represents the initial resistance, and ¢ refers to the
strain applied to the sensor.

GF is mainly affected by the type, amount, and preparation
process of conductive fillers. The current research shows that if
only one conductive filler is used, polypyrrole (PPy) has excellent
sensitivity (GF greater than 1000), followed by MXene with high
sensitivity (GF greater than 400). However, when MXene is used
alone the conductive filler, there will be a problem of poor
sensor extensibility. Compared with the single conductive filler,
the suitable GF can be obtained by mixing two different
conductive fillers, and the comprehensive performance of the
sensor can also be improved. As mentioned above, Xu'*? et al.
combined carbon nanotubes (CNT) and MXene to porous
a PDMS sponge and developed a strain sensor with porous
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(a) Structural diagram of the PDMS/CNT flexible sensor'?? (Copyright 2014, The American Chemical Society); (b) structural diagram of

PDMS/SWNTs flexible sensor'?® (Copyright 2015, Nature); (c) structural diagram of layered PDMS/CNTs flexible sensor*?®* (Copyright 2021,

Elsevier).
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structure. The sensor has high sensitivity (GF up to 1939) and
excellent strain sensing range (105% strain) in repeated
stretching sufficient reliability under compression and bending
cycles. To sum up, if it is necessary to improve the sensitivity of
the sensor, it is a reliable method to mix a variety of conductive
fillers and give the sensor a new structure.

In addition, GF can also be improved by changing the sensor
structure, for example, biomimicry,"”***** porous, and
layered.'***** Biomimetic structures often have different sensi-
tivities due to different structural designs. Park'** et al., inspired
by the interlocking microstructure in human skin, prepared
a filled type PDMS/CNT flexible sensor with a piezoresistive
interlocking microsphere array structure. The structure is
shown in Fig. 24(a). Due to its unique structural design, the
sensor has excellent sensitivity (GF up to 1084). In addition, the
sensor also has a strain sensing range of up to 120%, which can
respond quickly to small strains within 18 ms. This material can
be applied in robot skin, prosthetics, and rehabilitation
equipment to monitor the movement and pressure distribution.
Chou' et al. were inspired by the pyramid shaped micro-
structure on the skin of a chameleon to prepare a PDMS/SWNTs
stretchable electronic skin (e-skin), as shown in Fig. 24(b). The
material can easily control the color of the e-skin by changing
the applied pressure and the duration of the applied pressure.
Due to its unique pyramid shaped microstructure design, the
sensitivity of the e-skin is moderate (GF = 3.3) but it has
excellent linearity. This material is expected to be applied to
interactive wearable devices, artificial prosthetics, and intelli-
gent robots.

The layered structure shows a small increase in the sensi-
tivity of the sensor, but it often endows the sensor with stability
and high linearity. Zhou' et al. prepared a sandwich-layered
PDMS/CNTs flexible sensor, as shown in Fig. 24(c). The sensor
has high sensitivity (GF = 6.2) and cyclic stability at 90% strain.
This material has broad application prospects in wearable
devices and flexible sensors.

Porous structures can greatly enhance the sensitivity of
sensors, but due to the large number of pores in their structure,
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their mechanical performance is often poor. As mentioned
earlier, Xu'” et al. prepared a porous PDMS/CNT@MXene
Sponge, which has extremely high sensitivity (GF = 1939),
a wide sensing range (105% strain), and a fast response speed
(158 ms). However, its mechanical properties are poor, with
a tensile strength of only 0.058 MPa. This sensor has potential
application value in intelligent clothing, flexible electronics,
and human health monitoring. He*” et al. prepared a filled
porous PDMS/CNT-GR flexible sensor. The sensor has excellent
sensitivity (GF = 186.5), ultralow detection limit (0.5% strain),
fast response time (60 ms), and excellent durability (10000
cycles). The sensor can monitor various human movements;
thus, it has broad application prospects in the field of intelli-
gent wearable devices.

5.3 Linearity

Linearity is one of the key indicators for evaluating flexible
sensors, which is defined as the percentage of the maximum
deviation between the standard curve and the fitting line of the
output signal.® The output signal of the sensor with high
linearity is relatively accurate, and the post-processing of the
output signal is simpler. The output signal of the sensor with
low linearity is unstable and has large deviation, which makes
the calibration process more difficult and the signal distorted.
The current research found that the flexible sensor with
a sandwich structure usually shows relatively high sensitivity,
but its linearity is poor."***'® The embedded flexible sensor has
the best linearity and stability.****"” The filled type sensor
usually has the phenomenon of conductive filler agglomeration,
resulting in poor linearity."*®"**** The adsorption flexible
sensor has different linearity based on different structures of
the sensor.'*>''%'> In addition, from the point of view of
conductive fillers, the mixed use of a variety of conductive fillers
is usually helpful to improve the linearity. As mentioned above,
Xu'” et al. blended carbon nanotubes (CNTs) and TizC, MXene
to prepare conductive composite films, and then embedded the
composite films into the PDMS matrix to prepare an ultrastable

Table 1 Performance parameters of some polysiloxane resistance flexible sensors

Performance parameter

Material Preparation process GF Sensing range Linearity References
AgNW/PDMS Embedded type 3.0 100% Linear 86
Ppy/PDMS-HDI-DAP Adsorption type 1251 130% Partial linearity 81
CNT-SCNC/PDMS Embedded type 37.11 100% Linear 93
Porous CNT/PDMS Embedded type 207 50% Partial linearity 94
Porous CNT-GR/PDMS Adsorption type 186.5 120% Partial linearity 97
RGO/PDMS Embedded type 12.1 140% Linear 99
CB/PDMS Adsorption type 8.3 70% Linear 105
PDA MXene/PDMS Adsorption type 18 45% Partial linearity 110
Porous CNT MXene/PDMS Adsorption type 1939 105% Partial linearity 112
CNTs/PDMS Sandwich type 12.5 130% Partial linearity 115
RGO AgNWs/PDMS Sandwich type 47 230% Partial linearity 116
CNT MXene/PDMS Embedded type 13.3 80% Partial linearity 117
CNT-SiO,/PDMS Filling type 62.9 40% Nonlinearity 118
CNT/PDMS Filling type 1.2 40% Nonlinearity 119
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and cleanable embedded flexible sensor. Compared with using
Mxene alone or using carbon nanotubes alone as the conductive
filler, the linearity of the sensor has been significantly
improved. However, at present, the mechanism behind the
linearity of the piezoresistive flexible sensor has not been fully
studied. To improve the linearity of the sensor, in-depth theo-
retical research is needed.

5.4 Durability

The piezoresistive flexible sensor will inevitably produce a large
number of load-unload cycles in actual use. If the durability of
the sensor is poor, it can withstand relatively few load unload
cycles, which will seriously affect the service life of the sensor.
Current research shows that there are two main reasons for
sensor failure, namely, permanent deformation of flexible
substrate and fracture or sliding of the conductive layer.*””
Therefore, improving the mechanical properties of the flexible
substrate and making the flexible substrate more firmly
combined with the conductive filler are reliable methods to give
the sensor durability. At present, a large number of researchers
are committed to improving the durability of the sensor. For
example, Hu'* et al. designed and prepared a strain sensor
based on a double-layer hybrid structure, which is composed of
a carbon black conductive layer and a PDMS flexible layer. The
sensor has good durability and can withstand more than 10 000
load cycles of 60% strain. Xia'® et al. prepared a CB/PDMS foam
material for strain sensing, which has a solid three-dimensional
conductive network and can withstand the durability of 20 000
load cycles. Although the above research has greatly improved
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the durability of the flexible sensor, it will further improve the
durability of the sensor if it can be endowed with self-healing.
Therefore, the design of high-performance flexible sensor with
self-healing capability is one of the current research hotspots.

In general, the above four performance parameters have an
important impact on the performance of the sensor. Table 1
summarizes some performance indicators of the piezoresistive
flexible sensor with polysiloxane as the flexible matrix so that
the reader can more intuitively compare the performance of
different flexible sensors.

6 Application prospect of the
polysiloxane piezoresistive flexible
sensor

Piezoresistive flexible sensors made of polysiloxane materials
can be divided into piezoresistive pressure sensors and piezor-
esistive strain sensors, which are attached to the human skin to
monitor human movement, pulse, heartbeat, and expression.
Therefore, polysiloxane piezoresistive flexible sensors have
broad application prospects, mainly reflected in the following
two aspects.

6.1 Movement monitoring

Motion monitoring is one of the main application fields of
piezoresistive flexible sensors. Motion detection can be divided
into two types. One is to monitor the large-scale movement of
bending joints such as elbows, knees, and fingers. In addition,
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(a) Relative resistance change of the MXene/PDMS flexible sensor during stretching; (b) relative resistance change of the MXene/PDMS

flexible sensor when the elbow is bent; (c) current change of the MXene/PDMS flexible sensor when recognizing different words; (d) current
change of the MXene/PDMS flexible sensor during swallowing® (Copyright 2020, The American Chemical Society).
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Fig. 26 Schematic diagram of human pulse monitoring by the CNT-
MXene/PDMS flexible sensor'*? (Copyright 2022, Elsevier).

some flexible sensors with high sensitivity can also monitor
small muscle movements such as swallowing, expression
changes, and speaking."® Zhang® et al. prepared a self-healing
MXene/PDMS flexible sensor through the esterification reaction
and the Schiff base reaction. The sensor can not only monitor
large-scale movement, but also monitor small muscle move-
ment. The sensor is attached to the neck. According to the
difference of vocal cord vibration when people read different
words, different words can be accurately identified, as shown in
Fig. 25.

6.2 Health management

Since the 21st century, with the continuous improvement of
people’s living standards, people's attention to physical health
has gradually increased. Pulse and heartbeat are one of the
important means to evaluate human health."””®'**** If the
abnormality of heartbeat or pulse can be accurately monitored,
people can seek medical advice in time to avoid risks. The
current research shows that the piezoresistive flexible sensor
can accurately monitor the heartbeat and pulse.’*** As
mentioned above, Xu'*? et al. combined carbon nanotube (CNT)
and MXene onto porous PDMS sponge and developed a multi-
functional strain sensor with wide sensing range (105% strain),
high sensitivity (GF = 1939), fast response (158 ms), and sulffi-
cient reliability under repeated stretching, compression, and
bending cycles. Also, it can accurately monitor the pulse and
heartbeat of the human body, as shown in Fig. 26.

7 Conclusion

In recent years, the attention of flexible sensors has become
increasingly high. Polysiloxane materials have great application
prospects in the preparation of piezoresistive flexible sensors
due to their excellent human affinity, chemical resistance,
mechanical properties, and other characteristics. This article
summarizes the latest research progress of polysiloxane-based

16708 | RSC Adv, 2023, 13, 16693-16711
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piezoresistive flexible sensors in recent years, including flex-
ible matrix materials, conductive fillers, and preparation
processes, and looks forward to their application fields.

Polysiloxane-based piezoresistive flexible sensors have
rapidly developed due to their important role in human health
management, motion monitoring, and other fields. However,
there is still a gap in meeting practical needs for piezoresistive
flexible sensors. For example, the hysteresis and nonlinear
behavior of sensors always hinder their practical application,
and the composite use of multiple conductive materials and
novel preparation processes are possible ways to solve this
problem. In addition, the relevant devices and technologies that
support the use of piezoresistive flexible sensors in real life are
not mature, such as portable power supply devices and wireless
signal transmission devices. At present, there is still room for
improvement in this area of research. At present, most flexible
sensors are limited to a single signal response, and how to
achieve multiple responses for flexible sensors is also one of the
challenges that needs to be solved.

In summary, polysiloxane-based piezoresistive flexible
sensors have broad application prospects and development
potential, but the research on related supporting devices still
needs to be improved, and the application feasibility also needs
to be continuously broken through. We believe that
polysiloxane-based piezoresistive flexible human electronic
sensors can demonstrate enormous application potential in the
fields of human motion detection, health management, wear-
able electronic devices, and electronic skin.
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