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ABSTRACT: Polydimethylsiloxane (PDMS) has been widely used in many fields.
However, the polymerization process of the siloxane chain is highly complex, and it is
challenging to enhance the mechanical properties of PDMS elastomers significantly.
We found that adding a small amount of polyoxyethylene lauryl ether (Brij-35) into
siloxane polymers can result in B-PDMS elastomers with high tensile properties and
strong adhesion. It is worth noting that this is the first study to improve the
mechanical properties of PDMS using Brij-3S. Here, we intensely studied a variety of
process conditions that influence the cross-linking of PDMS, emphasizing the
modification mechanism of the polymer chain. The hydroxyl groups in Brij-35 and
the platinum catalyst in PDMS form a complex, which inhibits the cross-linking
process of PDMS, not only forming a heterogeneous cross-linking network in the B-
PDMS but also disentangling the strongly wound siloxane polymer chain, thereby
rearranging the PDMS polymer chains. Furthermore, in order to prepare a strain
sensor based on the B-PDMS elastomer under safe and convenient conditions, we
prepared laser-scribed graphene powder (LSGP) by laser-scribing of graphene oxide (GO) films, and the LSGP and carbon
nanotubes (CNTs) endowed the B-PDMS elastomers with excellent electrical properties. The sensor could firmly adhere to the skin
and generate a high-quality response to a variety of human motions, and it could drive the robotic hand to grasp and lift objects
accurately. The high-performance strain sensors based on B-PDMS have broad applications in medical sensing and biopotential
measurement.

1. INTRODUCTION stability; it has been widely used in flexible circuits, drug-
delivery carriers, superhydrophobic surfaces, microfluidic chips,
and other fields."”™'® However, ordinary PDMS elastomers
could not meet the special demand of flexible electronic
products, so it is necessary to synthesize elastomers with an

Artificial electronic skin (e-Skin) is an electronic sensor that
can simulate human skin’s basic perception by responding to
changes in resistance or capacitance while maintaining key
features such as low thickness, extensibility, and compliance.
Because of these characteristics, the e-Skin has great potential
applications to be used in intelligent robots, human-computer
interactions, motion detection, and health monitoring.l_4 The
e-Skin could be connected to the human skin or organs
without obvious discomfort and invasiveness; it has been used
to detect a variety of biological signals that are closely related
to personal health, such as physical exercise,”® heart rate,”*
skin temperature,5 breathing,6 electrocardiogram,g’10 and
electroencephalogram.'' Therefore, it is crucial to maintain
good conformal contact between the elastomer and the skin to
acquire biological signals accurately. If the adhesion between
the elastomer and the skin surface is poor, it will introduce

excellent performance using a simple process. At present, many
methods of synthesizing high-performance flexible, functional
materials using PDMS have been reported.'” ™' Li et al.
modified the silicone molecular chain by introducing an iron
complex bond into the aminomethyl siloxane molecular chain,
and the elastomer exhibited excellent ductility and self-
healing.”> Kang et al. carried out the condensation reaction
with aminopropyl-terminated PDMS to form a tough and self-
healing stretchable film.! Jeong et al. added ethoxylated
polyethylenimine to the siloxane polymerization process, and
the heterogeneous cross-linking network formed during the

severe motion artifacts and interference signals when collecting Received: ~October 16, 2021
physiological signals. Accepted: January 24, 2022
Polydimethylsiloxane (PDMS), as one of the widely used Published: February 8, 2022

supporting materials of e-Skin, not only has the characteristics
of thermosetting but also has excellent mechanical extensi-
bility, high elasticity, biocompatibility, and environmental
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Figure 1. (a) Schematic diagram of the preparation process of the B-PDMS/rGO/CNT strain sensor. (b) Stretching B-PDMS elastomer. (c)
Elastomer attached to the skin. (d) Structure schematic diagram of the elastomer. (e) Schematic diagram of a strain sensor with a top conductive
layer and a bottom adhesive layer. (f) Strain sensors adhere to the skin.

cross-linking process changed the mechanical properties of the
organosilicon polymer.”® It has shown that the mechanical
properties and the hydrophobicity of siloxane polymers can be
effectively adjusted by redesigning the molecular chain or
introducing other components. Polyoxyethylene lauryl ether
(Brij-35) is a surfactant, commonly known as Brij-3S, with a
hydrophobic aliphatic group and a hydrophilic polyethylene
glycol group.”*** Brij-35 has been widely used in surface
modification, protein separation, and micellar solution.”*”**
For example, Squillace et al. investigated the surface
modification of these molecular coatings by modifying the
electrode and the conductive interface with Brij.*®

In order to obtain high-quality physiological signals while
maintaining conformal contact with the human skin, it is also
necessary to integrate the conductive material into the
elastomer to obtain excellent electrical properties. The
combination of conductive materials and polymers using
chemical or physical methods is common to obtain high-
performance flexible sensors. Their operation mechanism is
usually that its resistance or capacitance changes with the
deformation of the sensor. Among them, rGO and carbon
nanotubes (CNTs) are widely used to produce artificial
electronic skin because of their high electrical conductivity,
excellent mechanical properties, and easy processability.”” ™
For example, Pan et al. transferred three-dimensional (3D)
graphene films prepared by chemical vapor deposition to
PDMS and prepared a susceptible strain sensor.”> Wang et al.
added rGO and CNTs to highly stretchable polyurethane to
collect high-quality physiological signals.”* However, the
synthesis method of rGO generally requires the treatment of
graphene oxide (GO) using a chemical reduction process; the
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process is complex, time-consuming, toxic, and expensive,
limiting its applications.”” Recently, laser-induced graphene has
attracted wide attention, providing a new idea for preparing
high-performance rGO with convenient, easy, and safe
handling. Lin et al. prepared porous graphene on polyimide
films by CO, infrared laser.*® Maher et al. obtained rGO by the
laser-scribing of GO films using a LightScribe DVD burner
called laser-scribed graphene (LSG).*’

In this work, we designed a flexible strain sensor with
adjustable mechanical properties and electrical properties. In
order to enhance the mechanical properties of an ordinary
PDMS elastomer, we added Brij-35 containing hydroxyl groups
into PDMS, which changed the ultimate strain, Young’s
modulus, and the adhesion of PDMS in a simple way and
obtained a B-PDMS elastomer with high stretchability and
strong adhesion. The addition of Brij-35 to PDMS affects the
hydrosilylation addition reaction, forming heterogeneous
cross-linking networks and allowing the strongly wound
siloxane polymer chains to be unentangled, thereby rearranging
the polymer chains. Subsequently, in order to endow the
elastomer with a wide sensing range and high sensitivity, we
embedded rGO and CNTs as conductive networks into B-
PDMS, in which laser-scribed graphene powder (LSGP) is
prepared by laser-scribing the GO film, followed by harvesting
graphene. The sensor can adhere to the human skin to
generate high-quality signals to monitor human motion signals
caused by joint or muscle activities. The primary significance of
this study is (A) we innovatively modified PDMS with Brij-35,
prepared a highly stretchable and self-adhesive elastomer, and
deeply studied the reaction mechanism of Brij-35 on the
mechanical properties of PDMS. It is worth noting that this is

https://doi.org/10.1021/acsomega.1c05789
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the first study to improve the mechanical properties of PDMS
by using Brij. (B) We have prepared LSGP by the laser-
scribing technology, followed by harvesting graphene, which is
the first research to prepare the strain sensor using LSGP. This
preparation method makes the B-PDMS elastomer have
greater advantages.

2. RESULTS AND DISCUSSION

The devices with sensing layers and adhesive layers can be
used as conformal wearable strain sensors. In order to improve
the mechanical properties of commercial PDMS, such as
tensile properties and adhesion, we added Brij-35 to the
mixture of the PDMS base and the cross-linking agent. The
Brij can affect the hydrosilylation addition reaction of PDMS,
and elastomers with different mechanical properties can be
obtained by controlling the content of Brij in PDMS, curing
temperature, and curing time. It is worth pointing out that this
method makes PDMS exhibit excellent softness, scalability, and
adhesion and further expands the application prospect of
PDMS and Brij. In order to make the B-PDMS film useful as a
strain sensor, the rtGO/CNT dispersion is spray-coated on the
adhesive layer after B-PDMS prepolymer curing, and the
conductive layer and the adhesive layer can be firmly bonded.
The preparation process of the B-PDMS elastomer and the B-
PDMS/rGO/CNT strain sensor is shown in Figure la.
Elastomers with high stretching and strong adhesion can
maintain good conformal contact with the skin without
slipping, delamination, or fracture even when joints move
rapidly, which is of critical importance for collecting high-
quality human physiological signals. The photographs of the
prepared elastomer are shown in Figure 1b, ¢, and the
microstructural diagram of the B-PDMS elastomer is shown in
Figure 1d. The strain sensor has a top conductive layer and a
bottom adhesive layer, the resistance of the conductive layer
will change with stretching, and the insulating adhesive layer
can prevent the skin from being electrically stimulated. The
schematic diagram of the strain sensor is shown in Figure le,
and the physical diagram of the sensor adhering to the skin is
shown in Figure 1f.

2.1. B-PDMS Elastomer. The interior of PDMS contains
many components; PDMS is generally divided into the base
(polymer) and the cross-linking agent (curing agent). The
mixture of the PDMS base and the cross-linking agent will
solidify into an elastomer at a certain temperature for a period
of time. We found that the B-PDMS elastomer with high
stretchability and strong adhesion can be prepared by adding a
small amount of Brij-35 in the cross-linking process of PDMS.
So far, although some researchers have used PDMS and Brij to
study surface properties such as surface hydrophobicity,” >’
no one has used Brij to change the mechanical properties of
PDMS. Many experiments on PDMS and Brij lack a theoretical
basis. In order to study the factors affecting the mechanical
properties of PDMS, the curing time under different Brij
contents was examined, curing temperature was recorded, and
they were named according to the preparation conditions, as
shown in Table 1. Here, the ratio of the PDMS base to the
cross-linking agent is 10:1, adding Brij-35 with a weight ratio of
0.5, 0.9, and 1.2% and curing B-PDMS at S0 °C (lower
temperature) and 100 °C (higher temperature). It can be seen
that PDMS is not only affected by the Brij content and curing
temperature but also by the curing rate. At the same
temperature, with the increase in the Brij-35 content, B-
PDMS needs a longer curing time, that is, it corresponds to the
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Table 1. Recorded Parameters in the Process of Preparing
the Elastomer

elastomer name ~ wt% of Brij-3S  temperature (°C)  curing time (h)

L-PDMS 0 N 2
B1-L-PDMS 0.5 50 8
B2-L-PDMS 0.9 N 18
B3-L-PDMS 12 N 27
H-PDMS 0 100 0.5
B1-H-PDMS 0.5 100 3
B2-H-PDMS 0.9 100 7
B3-H-PDMS 12 100 13

slower curing rate. When the content of Brij is constant, the
curing rate of PDMS will slow down with the decrease in the
curing temperature. By adjusting the parameters in the
preparation process, we studied the influence of Brij on the
cross-linking process of PDMS. The elastic modulus, ultimate
strain, adhesion, and other mechanical properties of elastomers
prepared under different conditions were significantly different.

Reaction Mechanism of PDMS. The PDMS base and the
curing agent are cross-linked under the action of the platinum
catalyst after mixing, and vinyl-terminated polydimethylsilox-
ane and hydrogenated siloxane cross-linking agents undergo
hydrosilylation addition reaction to form a closely entangled
3D silicone network,”*” some cross-linked polymers of which
can be unentangled. The chemical structures of the PDMS
base and the cross-linking agent are shown in Figure 2a, and
the reaction mechanism is shown in Figure 2b. When the
PDMS prepolymer is cured at a high temperature, the curing
time is short, the high temperature initially increase the
diffusivity and mobility of polymer chains, subsequently
locking in entanglements rapidly without allowing for
disentangling, so that the PDMS elastomer has a high elastic
modulus and low limit strain. When the PDMS prepolymer is
cured at a low temperature, the curing rate slows down, and
the polymer chains are allowed to disentangle and release
minute stresses, so that the elastomer has low elastic modulus
and high ultimate strain.*’

Maodification Mechanism of PDMS. Because the PDMS
addition reaction requires platinum atoms that can complex
with vinyl in the PDMS base, substances that can complex
platinum more effectively than vinyl groups may be used as
cross-linking inhibitors,"”*" such as Brij-35 with hydroxyl
terminals. Brij-35 is an aliphatic compound composed of the
hydrocarbon chain and the polyoxyethylene chain with a
hydroxyl terminal,** as shown in Figure 2c. On the one hand,
the hydroxyl group in Brij-35 and the Pt" in platinum catalyst
form a complex, which inhibited the cross-linking of PDMS
and formed a heterogeneous cross-linking network with low
cross-linking density, and some of the ends of the polymer
chain were dangled.z*%"k)”44 On the other hand, with the
diffusion of Brij-35 between polymer chains, the suppressed
cross-linking process causes B-PDMS to require longer cure
times, the slower curing rate causes the siloxane polymer chain
to disentangle and release minute stresses,”’ the elastomer
deforms with less energy, and the rearranged polymer chain
makes the elastomer softer,””™*” as shown in Figure 2d. These
factors enhance the ultimate strain, flexibility, and adhesion of
B-PDMS elastomers. In addition, the interaction between Brij
and the platinum catalyst is weakened at a higher temperature
so that Brij cannot effectively inhibit the cross-linking of
PDMS."® Moreover, when PDMS is cured at a lower
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Figure 2. (a) Chemical structure of PDMS. (b) Cross-linking reaction of PDMS. (c) Chemical structure of Brij-3S. (d) Schematic diagram of the
disentanglement of the siloxane polymer chain. (e) FT-IR of B-PDMS before cross-linking. (f) FTIR of B-PDMS after cross-linking.
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Figure 3. Mechanical properties of B-PDMS elastomers: (a) images of elastomers under original and tensile conditions. (b) Stress—strain curves of
elastomers prepared under different conditions. (c) Photographs of B-PDMS elastomer adhesion test. (d) Testing of the adhesion of B-PDMS to
the skin. (e) Photographs of the lap shear test. (f) Load—displacement curves of B-L-PDMS elastomers.

temperature, the mechanical properties of PDMS elastomers high extensibility and high adhesion, it is necessary to control
will change, and the slower curing rate will make the ultimate the content of Brij, curing temperature, and curing rate.
strain of PDMS elastomer higher.** However, excessive Brij Characterization of Elastomers. To further verify the
will make it difficult for B-PDMS to get effective cross-linking, difference in the cross-linked structure of the B-PDMS and
which will decrease the ultimate strain and adhesion strength PDMS, we carried out swelling experiments on elastomers.
of the elastomer. Therefore, in order to obtain elastomers with The PDMS elastomer and the B-PDMS elastomer were used
5828 https://doi.org/10.1021/acsomega.1c05789
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for the swelling experiment, and the weight change before and
after swelling was measured by soaking in the xylene solvent
for 5 days.”” The swelling experiment is described in detail in
the Supporting Information. Figure S1 (Supporting Informa-
tion) compares the swelling rates of elastomers prepared under
different conditions. It can be seen that the maximum swelling
rate of the B-PDMS elastomer is 9.7, the swelling rate of the
PDMS elastomer is 2.1, and the swelling rate of the modified
elastomer is greatly improved. The change in the swelling rate
is due to the cross-linking density of the B-PDMS elastomer
that is lower than that of the PDMS elastomer, which leads to
better flexibility of the elastomer, which plays a positive role in
enhancing the stretchability and adhesion of the elastomer. In
order to further verify the modification mechanism, we carried
out Fourier transform infrared (FT-IR) spectroscopy and
differential scanning calorimetry (DSC) characterization of
PDMS and B-PDMS. FT-IR spectroscopy was used to
characterize B-PDMS prepolymers (before cross-linking) and
B-PDMS elastomers (after cross-linking) to confirm that the
polymer had been cross-linked, and the results are shown in
Figure 2e, f. It can be seen that the polymer has a Si—H group
stretching vibration peak (2165 cm™') before cross-linking,
and this characteristic peak basically disappears after cross-
linking, indicating that B-PDMS has completed cross-link-
ing.>”>" This is due to the hydrogenation addition reaction
between Si—H and —CH=CH,, and the cross-linking reaction
consumes the Si—H groups.”® DSC was employed to
characterize the B-PDMS elastomer and the PDMS elastomer.
The glass transition temperature of PDMS is —125 °C,>" and
the glass transition temperature of B-PDMS is measured to be
—109 °C. It can be seen that the glass transition temperature of
the modified PDMS becomes higher. The difference in glass
transition temperature between PDMS and B-PDMS can be
attributed to the inhibited segmental motion of polymer
chains, which is inhibited by Brij during the curing process of
PDMS, which results in increased glass transition temper-
ature.>>® This verified the inhibitory effect of Brij on the
curing process of PDMS.

Stretchability and Flexibility of B-PDMS Elastomers. There
are significant differences in flexibility and stretching properties
of B-PDMS elastomers prepared under different conditions.
We used the Linkam TST350 tensile test bench to test the
ultimate strain and elastic modulus of the elastomer. The
original state and the stretched state of the elastomer are
shown in Figure 3a. We studied Young’s modulus and the
elongation at break of the B-PDMS elastomer prepared at
different curing temperatures and Brij contents; the relation-
ship between stress and strain is shown in Figure 3b. It can be
seen that the ultimate strain and the elastic modulus of the B-
PDMS elastomer are affected not only by the Brij content and
the curing temperature but also by the curing rate. When B-
PDMS is cured at a lower temperature, the curing time is
significantly prolonged, even a tiny amount of Brij will
significantly affect the tensile properties and flexibility of
PDMS elastomers. The ultimate strain of an ordinary PDMS
elastomer is up to 200% and Young’s modulus is up to 4 MPa.
The elastomer with better flexibility and higher stretchability
can be obtained by adequately increasing the content of Brij
and controlling the curing temperature and the curing rate.
When 1.2 wt. % Brij was added to PDMS and cured at 50 °C
(B3-L-PDMS), the elastomer exhibits the best stretchability,
the maximum strain can reach 450%, the stretching effect is far
better than that of ordinary PDMS, the Young’s modulus is
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about 0.03 MPa, and the elastomer has outstanding flexibility.
Movie S1 (Supporting Information) shows the manual stretch
release process of the elastomer. In this work, the curing rate
can be better influenced by adjusting the content of Brij in
PDMS at a lower curing temperature, and a softer elastomer
can be obtained.

Adhesion of the B-PDMS Elastomer. Brij will not only
affect the stretching and flexibility of PDMS but also could
greatly enhance the adhesion of elastomers. We use tension
testing machines to test the adhesion of elastomers. The
elastomer is prepared into a square film, its upper and lower
surfaces were connected to the skin and the testing machine,
respectively,'’ as shown in Figure 3c, and the elastomer has
high adhesion to the skin. The adhesion test results of
elastomers are shown in Figure 3d. It can be seen that the
adhesion of the elastomer is also affected by the Brij content,
the curing temperature, and the curing rate, and the adhesion
of the elastomer is significantly enhanced even with the
addition of a small amount of Brij. When 1.2 wt. % Brij is
added to PDMS and cured at 50 °C, the elastomer exhibits the
best adhesion, and the maximum adhesion strength can reach 9
kPa, which is not available in ordinary PDMS elastomers. In
addition, B-PDMS elastomers also show good adhesion to
metal, glass, and polyethylene terephthalate (PET) materials.
By placing a layer of B-PDMS film between two glass sheets for
the lap shear test, the lap shear strength of B-PDMS elastomers
cured at 50 °C was tested, as shown in Figure 3e. The lap shear
test can provide information about the adhesion of the sample
to the substrate. The lap shear result is related to the flow
resistance of the sample and depends on the bond strength of
the sample.”* Figure 3f shows the load—displacement curve of
the lap shear test. It can be seen that the higher the content of
Brij added in PDMS, the stronger the adhesion of elastomers,
resulting in higher lap shear strength. The lap shear strength of
B-PDMS elastomers can reach up to 51 N. However, when 2
wt. % Brij is added to PDMS, excessive Brij makes it difficult
for PDMS to be effectively cross-linked, leading to a significant
reduction in the adhesive strength of elastomers, and hence,
the bond failure occurs in the lap shear test.

PDMS is a commonly used biomaterial, and PDMS-based
elastomers are often used to contact the human skin. In order
to test whether the developed B-PDMS elastomer irritates the
skin, the elastomer was attached to the human skin and peeled
off after 7 days, and the effect on the skin was observed. As
shown in Figure S2 (Supporting Information), there is no
irritant reaction such as redness, swelling, or itching on the
skin, and there is no residue on the skin. Elastomers can be
easily attached to the human skin and can be easily peeled off.
In order to test the durability and reusability of the B-PDMS
elastomer, we put them in different harsh environments to test
their mechanical properties. In order to check whether the
elastomer is washable or not, the elastomers were soaked and
washed in solvents such as deionized water and ethylene glycol,
respectively, and the changes in adhesion force were measured.
As shown in Figure S3 (Supporting Information), after
washing and drying, the adhesion of the elastomer has no
significant change compared with the initial adhesion. In order
to test the reusability of the elastomer, the cyclic tensile test
was carried out using a horizontal pulling force test machine,
and the elastomer was stretched 300 times under the condition
of strain 200%. As shown in Figure S4 (Supporting
Information), the elastomer can still maintain a limit strain
of 400% after several stretches.
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Figure 4. (a) XPS of GO. (b) XPS of rGO powder prepared based on LSG. (c) Conductivity of rGO prepared on GO thin film and the
conductivity of the LSGP conductive layer. (d) SEM image of the conductive layer embedded in the adhesive layer. (¢) SEM image of the
conductive layer with the rGO/CNT ratio of 2:1. (f) Network structure of the conductive layer in the original state and the strain state.

In conclusion, we have prepared a highly stretchable self-
adhesive elastomer with adjustable mechanical properties using
a highly extensible PDMS modification method. Adding a
small amount of Brij-35 to PDMS can change the mechanical
properties of PDMS, such as ultimate strain, Young’s modulus,
and adhesion. When the cross-linking reaction of PDMS is
inhibited, it contributes to the formation of heterogeneous
cross-linking networks, and the slower curing rate causes the
polymer chain to disentangle and thus rearrange the polymer
chain. It is worth noting that this is the first study of using Brij
to change the mechanical properties of PDMS. The
experimental results show that when 1.2 wt. % Brij is added
to PDMS and cured at 50 °C, the elastomer has the best
flexibility, stretchability, and adhesion, so it can be used as the
adhesion layer of the strain sensor to form a good
conformation contact between the elastomer and the skin.

2.2. B-PDMS/rGO/CNT Strain Sensor. Characterization
of LSGP. LSGP is achieved by laser-scribing GO films using the
LightScribe DVD burner. When GO is reduced with a DVD
burner, the infrared laser of the burner will output a laser of
780 nm so that the GO film will have a photothermal effect in
the process of laser-scribing. GO absorbs high-intensity light,
photothermal reaction removes most oxygen-containing
groups and reduces the carbon content combined with oxygen.
After effective photothermal reduction of GO, high-quality
rGO was obtained.”**> GO and LSGP were characterized by
XPS, as shown in Figure 4a, b. Four different peaks were
detected in the XPS spectrum, corresponding to C=C/C—-C
(aromatic ring), C—O (epoxy and alkoxy), C=0 (hydroxyl),
and C(0)O (carboxyl). The intensities of all the peaks of
carbon—oxygen binding in rGO were significantly decreased in
XPS spectra. This is a typical feature of the effective reduction
of GO.*7** LSGP is different from the laser-scribed graphene
prepared by Kady et al.’” on the GO film, we peel LSG from
the GO film to make it have more flexible applications, and
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LSGP can be combined with a variety of substances like rGO
prepared using a chemical process and is widely used in
supercapacitors, strain sensors, and other fields. Moreover,
compared with the complex, toxic, and expensive chemical
reduction GO process,”” LSGP is prepared under low-cost,
safety, and convenience conditions.

Performance Evaluation of LSGP. The rGO powder
prepared based on safe and reliable laser-scribed technology
has excellent conductivity and high sensitivity and exhibits the
performance required for the synthesis of strain sensors. In
order to understand the electrical properties of LSGP, we first
compared the conductivity of LSGP and tested the sensitivity
in subsequent experiments. First, LSGP powder is prepared
into a uniform dispersion, spray-coated on the PET substrate,
and dried at room temperature to form a uniform conductive
layer. The four-probe method measured the electrical
conductivity, and the measurement results are shown in Figure
4c. The conductivity of rGO on the GO film is 2.3 X 10°> S/m,
the highest conductivity of LSGP can reach 10.7 X 10° S/m,
and the electrical conductivity of LSGP increases significantly.
The difference in conductivity is attributed to the different
densities of rGO in the conductive layer. Because of its higher
conductivity and more flexible application, LSGP can be used
as a conductive material for sensors and other fields such as
supercapacitors, which simplifies the manufacturing process
and produces more cost-effective strain sensors.

LSGP and CNT Endow the B-PDMS Elastomer with
Electrical Properties. Using the B-PDMS elastomer as the
adhesive layer of a strain sensor, the conductive layer can be
firmly embedded in the adhesion layer because of the high
adhesion of the elastomer, and the conductive layer will not
separate or fall off from the adhesive layer even in significant
motion.”” The conductive layer was characterized by scanning
electron microscopy (SEM),*”*”% as shown in Figure 4d, e.
The microscopic morphology of rGO and CNT can be seen
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Figure S. (a) Sensitivity and the sensing range of strain sensors with different rGO/CNT ratios. (b) Periodic change in the relative resistance of the
B-PDMS/rGO/CNT strain sensor in the cyclic tensile test. (c¢) Nonviscous strain sensors monitor wrist bending. (d) Adhesive strain sensor
monitors wrist bending. (e) Adhesive strain sensor monitors the strain response of the finger at different degrees of bending. (f) Adhesive strain

sensors monitor elbow bending.

clearly by SEM, and the conductive layer is firmly embedded in
the B-PDMS elastomer. The thickness of the conductive layer
is about 1.5 pm. In order to obtain an elastomer with high
sensitivity and a wide detection range, we use both rGO and
CNTs as the conductive networks, and the resistance change
of the conductive layer is related to the strain. If only a CNT is
used, the sensor can have a wide detection range, but the
resistance varies little with strain. If only rGO is used, the
sensor can have high sensitivity, but the sensing range is small.
The conductive network is constructed using the synergistic
effect of rGO and CNT so that the elastomer has excellent
electrical properties in sensitivity and the dynamic range; rGO
acts as a bridge to connect broken CNT networks during
tension,” " as shown in Figure 4f.

Performance of the Strain Sensor. The gauge factor (GF)
was employed to measure the sensitivity, GF = (AR/R,)/e,
where AR/R, represents the relative resistance of the sensor, &
represents the strain range, and R, represents the initial
resistance of the sensor.””* Strain sensors with different rGO/
CNT ratios have different sensitivity and sensing ranges, as
shown in Figure Sa. The higher the rGO/CNT ratio, the
greater the relative resistance of the strain sensor under the
same strain. When the rGO/CNTs ratio is 2:0, the sensor has
the highest GF (310) and the lowest sensing range (55%).
When the rGO/CNT ratio is 0:2, the sensor has the widest
sensing range (210%) and the lowest GF (35). When the
rGO/CNT ratio is 2:1, the strain sensor’s GF can reach 130,
and the sensing range can reach 150%. A strain sensor with an
rGO/CNT ratio of 2:1 was selected to monitor human
motion. As a wearable device, the flexible strain sensor should
not only have an appropriate sensitivity and a sensing range
but also maintain good stability in the periodic tension release
cycle. In order to test the stability and the durability of the
strain sensor, we conducted a tensile release cycle test. As
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shown in Figure Sb, the relative resistance can remain stable
when the sensor is maintained at 60% strain, and the sensor
has a good dynamic response.

Joint movements such as fingers, shoulders, and knees are
affected by aging, injury, and disease,®* and monitoring these
movements are essential for medical rehabilitation. However,
the skin surface is not smooth, the surface of the skin changes
irregularly during exercise, and the signals collected using
nonadhesive sensors usually contain both artifacts and fault
signals. Figure Sc shows the response of a nonadhesive sensor
mounted on the wrist, the peak value changes randomly, and
significant noise can be observed. Figure Sd shows the
response of the adhesive sensor to wrist bending, recording a
smooth curve. The high signal quality produced by the
adhesive strain sensor can be attributed to its conformal
contact with the skin because of the excellent sensing
performance of the adhesive sensor and its change in the
relative resistance of the strain sensor caused by different
motions. As shown in Figure Se, f, in addition to wrist bending,
finger bending (Figure Se) and elbow bending (Figure Sf)
were also measured. AR/R, changes periodically with the
bending of fingers, wrists, and elbows. These results indicate
that the B-PDMS/rGO/CNT strain sensor can adhere to the
skin to form a good conformation contact, and the sensor has a
wide detection range, high sensitivity, excellent stability, and
fast response, which has great potential in the fields of medical
rehabilitation, intelligent robotics, human-computer interac-
tion.

Applications of the Strain Sensor. The strain sensor based
on B-PDMS can monitor human activity accurately and stably.
In order to highlight the advantages of the strain sensor based
on B-PDMS and get closer to the practical application, we
designed a real-time wireless robotic hand control system,’’ ~**
which is shown in Figure 6a. Combined with the self-designed
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Figure 6. Real-time wireless robotic hand control system: (a) control system schematic diagram, the strain sensor controls the robotic hand
through WiFi. (b) Photographs of the control system. (c) Single sensor controls the robotic hand. (d) Multiple sensors control the robotic hand to

grasp objects.

circuit, the system can process and transmit strain sensor
signals. The physical figure of the robotic hand controlled by
the strain sensor through WiFi is shown in Figure 6b. The
wireless control circuit is divided into the sending end and the
receiving end, and the structural design diagram is shown in
Figure SS (Supporting Information). The sender is connected
with the strain sensor as a wearable device, and the receiver is
connected with the robotic hand. The transmitter takes the
STM32 microcontroller unit as the core, collects the response
signal of the strain sensor to the finger bending, converts the
resistance change into a digital signal, transmits the signal to
the receiver through the wireless WiFi, and converts it into the
signal to control the robotic hand. The experiment results
show that the circuit we designed based on STM32 is better
than the Arduino circuit obviously,”® and the signal trans-
mission through WiFi is more efficient than the signal
transmission through Bluetooth. We control the state of the
manipulator by attaching the sensor to the human index finger
and wrist and grasp the object through the manipulator, as
shown in Figure 6¢, d and Movie S2 (Supporting Information).
The experimental results show the real-time response of the
manipulator to the sensor, and the bending state of the joint
corresponds to the position of the manipulator, and the
manipulator can accurately reconstruct joint movements and
accurately follow the movements of the hand. These results
show that combined with some corresponding hardware and
software, the strain sensor based on the B-PDMS elastomer has
great potential in the fields of robotics, medical rehabilitation,
and motion capture.

3. CONCLUSIONS

In conclusion, we innovatively designed a novel and low-cost
PDMS modification method, prepared B-PDMS elastomers
with excellent mechanical properties by Brij for the first time,
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and studied the reaction mechanism of Brij-35 that affects
PDMS cross-linking. The experimental results show that by
controlling the Brij content, curing temperature, and curing
time, the stretchability, flexibility, and adhesion of the
elastomer can be adjusted. The rearranged polymer chains
make the ultimate strain of the B-PDMS elastomer as high as
450%, and the adhesion to the human skin can reach 9 kPa,
which is conducive to the conformal adhesion of flexible
electronic products. In order to popularize the application of
B-PDMS elastomers under safe and convenient conditions, the
elastomer is endowed with excellent electrical properties
through LSGP and CNTs. The sensor can adhere to the
human skin to generate high-quality signals and drive the
manipulator through a self-designed real-time wireless control
system. We believe that the modification mechanism of Brij on
PDMS is helpful for others to further explain the experimental
phenomena in practical operation, and our designed flexible
materials and general preparation methods can further
promote the promotion and application of flexible electronic
products when other researchers need to use compliant
materials in the fields of skin sensors, friction nanogenerators,
supercapacitors, and biomedical adhesives.

4. EXPERIMENTAL SECTION

4.1. Materials. GO (2 mg/mL) dispersion in water was
purchased from XFNANO Materials Tech CO., Ltd. (Nanjing,
China). CNTs (with a mean diameter of 10—20 nm and a
length of 10—30 ym) were obtained from XFNANO Materials
Tech CO.,, Ltd. (Nanjing, China). PDMS (Sylgard 184 silicone
elastomer, Dow Corning Corp., USA) consists of a base and a
cross-linking agent. Polyoxyethylene lauryl ether (Brij-35) was
purchased from BIOISCO Biotechnology Co., Ltd. (Jiangsu
Lianyungang). All reagents can be used directly without further
purification. The following experimental devices were also
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used, including an ultrasonic cell crusher (JY99-IIDN, Ningbo
Xinzhi Biotechnology Co., LTD, China), ultrasonic cleaning
bath (model UC-4180 L, Shenyang Kewell Experimental
Instrument CO., Ltd), and a LightScribe DVD burner (780 nm
wavelength and 5 mW output power, infrared laser from the
DVD unit).

4.2. Methods. 4.2.1. Preparation of the B-PDMS
Elastomer. Elastomers are prepared by introducing a small
amount of Brij-35 in the cross-linking process of PDMS,
compared with the elastomers prepared with PDMS barely,
and the mechanical properties and the reaction mechanism of
B-PDMS are quite different. The default ratio of the PDMS
base to the crosslinker is 10:1, adding 8 mg, 16 mg, and 24 mg
of Brij-35 to 2 g of PDMS, respectively. The mixture of the
PDMS base, the cross-linking agent, and Brij-35 was stirred for
20 min. It should be noted that the mixture needs to be
thoroughly stirred so that the Brij is uniformly suspended in
the PDMS prepolymer. The mixture was coated on the PET
substrate and placed in a vacuum drying box for curing at 50
°C or 100 °C. With the increase in the Brij-35 content, B-
PDMS needs a longer curing time at the same temperature.
Finally, the B-PDMS elastomer with a thickness of about 0.3
mm is obtained.

4.2.2. Preparation of LSGP. LSGP is achieved by laser-
scribing GO films using the infrared laser in the LightScribe
DVD burner, and golden-brown GO is converted to black rGO
using the photothermal effect. In short, the GO dispersion
droplets of about 10 mL were coated on the surface of the
LightScribeDVD optical disc, and a layer of GO film was
obtained after drying at room temperature. After that, the GO-
coated DVD disk was laser-scratched using a LightScribe DVD
burner so that the GO was reduced to rGO by the
photothermal effect. Then, rGO is stripped from the disc to
obtain rGO powder (LSGP). Finally, S0 mg of rGO was mixed
with isopropanol of 10 mL, and the mixture was subjected to
bath sonication for 1 h and tip sonication for 0.5 h to obtain a
uniform rGO dispersion (0.5 wt. %).

4.2.3. Preparation of the B-PDMS/rGO/CNT Strain Sensor.
First, 10 mg of CNT was mixed with 10 mL of isopropanol,
and the mixture was evenly dispersed by bath ultrasound and
tip ultrasound to obtain CNT dispersion (0.1 wt. %). CNT
dispersion and rGO dispersion with different volume ratios
were mixed, and a uniform rGO-CNT dispersion was obtained
after ultrasound. The electrical properties of the conductive
layer can be adjusted by adjusting the mixing ratio of CNTs
and rGO. Then, the uncured B-PDMS prepolymer was coated
on the PET substrate and cured in a vacuum drying oven.
Finally, the mixed dispersion was sprayed on the elastomer,
and the conductive layer can be attached to the elastomer with
high adhesion after drying; the B-PDMS/rGO/CNT strain
sensor with an adhesive layer and a conductive layer was
obtained.

4.3. Characterization. The ultimate strain and the elastic
modulus of the B-PDMS elastomer were measured at the
speed of 0.2 mm/s using the Linkam TST350 tensile test
bench. The lap shear test and the adhesion test were
conducted using the tensile testing machine, the lap shear
strength of the sample was measured by placing a B-PDMS
film between two glass sheets, and the adhesion was measured
by connecting the upper and lower surfaces of the elastomer to
the skin and the dynamometer, respectively. FT-IR spectros-
copy was used to characterize B-PDMS before and after cross-
linking. PDMS before and after modification was characterized
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by DSC. The content of oxygen-containing functional groups
in GO and rGO was measured by X-ray photoelectron
spectroscopy (XPS). The structure and morphology of the
conductive layer were observed by scanning electron
microscopy (SEM). The electrical conductivity of rGO was
measured using the four-probe method (Keithley 24201-V) at
room temperature.
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