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Abstract

Thin-film “plastic” strain sensors can be mounted closely on textile clothing or human
skins comfortably to detect human activities without any harm to human body.
However, it is a grand challenge to prepare highly sensitive and durable plastic strain
sensors. Herein, we report a high-performance plastic strain sensor with a sandwich
structure of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) doped with
poly(vinyl alcohol) (PVA-PEDOT:PSS)/highly conductive
PEDOT:PSS/Polydimethylsiloxane (PDMS) elastomer. The strain sensor exhibited
not only high sensitivities but also high durability at large strains owing to its robust
structure integration and strong recovery ability in conductance. More importantly,
our plastic strain sensors are successfully used to monitor a series of human activities
including joint/muscle motions, arterial pulsation and voice vibration, and distinguish
some complex and diverse bending motions, demonstrating a great potential in

practical applications.
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1. Introduction
In recent years, wearable strain gauges have attracted much research interests for their
broad applications on electronic skin, health monitoring, soft robotics and various
medical devices.'® Strain sensors are commonly composed of a stretchable conductor
and two metal electrodes on its surface. The stretchable conductor plays an essential
role of sensing external stimulation and can generate output resistance signals. A
thin-film stretchable conductor is a typical item in a strain gauge,®’® which can be
attached to a target object for high-quality monitoring. The stretchable conductor can
also be integrated with flexible electronics and used as not only a strain gauge but also
a flexible electrode or a channel °'%! Considering the potential applications,
high-performance strain sensors should meet the following requirements:”8117 j)
high sensitivity (gauge factor, GF) of over 10; ii) high mechanical durability that
enables a stable resistance response to the tensile strains (at least 20% strain for a
monitor of human activities); iii) High conductance for low power consumption with
high optical transparency; iv) a simple and printing/solution manufacture process; and
v) being comfortable without allergic irritation to human skins. Although lots of
efforts had been devoted to strain gauges by using metal nanowires,”2 metal
nanoparticles,'® carbon nanotubes,'* ¢ carbonized cotton fabrics,!” graphene,*818-20
conducting polymers, 22! etc, none of the strategies can meet the above requirements
for high-performance strain gauges.
Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) has
been widely employed in wearable or flexible electronic devices, such as
pressure/strain sensors, flexible solar cells, light emitting diodes, and brain activity
recorded transistors, due to many advantages including solution processability, high
conductivity (o) with high optical transparency (T), good bending flexibility, excellent
thermal stability and biocompatibility.???” However, normal PEDOT:PSS films on
flexible substrates exhibited small resistance changes and low sensitivity under tensile
strains.?? For example, typical PEDOT:PSS films doped with dimethylsulfoxide
(DMSO) prepared on polydimethylsiloxane (PDMS)?* and PET substrates® were
used as strain gauges with sensitivity of 5.5 and 2.5 at 20% strain, respectively. Our
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group developed a plastic strain gauge using the strong acid-treated PEDOT:PSS
films embedded into PDMS® and demonstrated sensitivity of 22 at 20% strain, which
was attributed to PSS—poor fragile films and the formation of PEDOT and PDMS
composites at the interfaces.® However, a structural collapse of the composite film
occurred in cyclic stretchable tests caused a limited mechanical durability and
sensible strain region. Recently, numerous efforts had been devoted to highly
stretchable and durable conductors by blending elastomers such as soft polymers,?
Zonyl FS 300 fluorosurfactant (Zonyl),?* X-triton,?® PDMS,* and ionic liquids®-3?,
into PEDOT:PSS. Unfortunately, almost all the blended films are unsuitable for
fabricating sensitive strain sensors because of a rather small change in resistance in
loading tests, which suggests a poor value of sensitivity. For example, Wang et al.
reported a stretchable polymer conductor of PEDOT:PSS via ionic liquids and acid
doping.®? Their recipe is an innovative method that endows the polymer conductors
with giant conductivity and stretchability. However, the stretchable conductors failed
to sense tensile strains.® Therefore, it is grand challenge to prepare highly sensitive,
stretchable and durable plastic strain sensors.

Here, we demonstrate a novel strategy of fabricating highly sensitive and durable
plastic strains sensors via a sandwich structure engineering. In the devices, a highly
conductive PEDOT:PSS film is embedded between PDMS elastomer and a
PEDOT:PSS film doped with poly(vinyl alcohol) (PVA) and Zonyl. The plastic strain
sensor demonstrates high sensitivity (e.g., GF=14 at 5% strain and =110 at 30%
strain), a stable strain sensitive region of 5%—30%, and a good durability in
stretchable-releasing tests for hundreds cycles and long-time loading tests. The high
sensitivity originates from a large resistance change (AR/Ro), which is mainly induced
by the formation of fine cracks in the PEDOT:PSS films by tensile stains and a
subsequent connection between the cracks when the films were relaxed; whereas the
high durability of the devices results from the mechanically robust integration of the
sandwich structure. Therefore, high sensitivity, durability and broad strain sensitive
region are simultaneously achieved in the plastic strain sensors, which satisfies the
basic requirements of monitoring human daily activities such as the joint/muscle
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activities. The plastic strain sensors clearly distinguish the complex bending motions
at diverse bending angles via alternate signals, enriching the functions of plastic strain

gauges.

2. Results and Discussion

2.1. Structural and Opto-electronic Property of Strain Sensors

Figure la and b show the schematic diagram and the picture of a stretchable
conductor with a sandwich structure, respectively. The preparation process of the
plastic strain sensor based on the sandwiched film is illustrated clearly in Figure S1.
Notably, methanesulfonic acid (MSA) has to react fully with PEDOT:PSS and some
visible smoke can be observed, which is key to obtain the high conductivity (~3100
Scm™ ) of PEDOT:PSS films. The high temperature acid treatment not only enables
the maximum removal of insulating and viscous PSS from the matrix, but also
induced very weak van der Waals forces between PEDOT:PSS and glass slides for a
feasible peeling. After peeling the films from glass slides, the PVA, Zonyl FS300 and
DMSO blended PEDOT:PSS films with a modest conductivity of 460 S cm™ was
spin-coated on the surfaces of PEDOT:PSS/PDMS. To explain the difference in
conductivity of both the films, the S 2p XPS of the acid—PEDOT:PSS films and the
blend PEDOT:PSS films are shown in Figure 1c. It shows that the acid treatment is
more effective than the secondary solvent DMSO in removing PSS and can lead to a
significant increase in the conductivity of a PEDOT:PSS film. In addition, compared
with the acid—PEDOT:PSS films, the PVA—PEDOT:PSS films became more viscous
and stretchable. Finally, the PVA-PEDOT:PSS/acid—PEDOT:PSS/PDMS films
exhibited a transparency (T) of 75% at A = 550 nm (see Figure 1d), indicating a

potential application in transparent or semitransparent sensing devices.

2.2. Durability and Sensitivity of Strain Sensors

The mechanical repeatability of the sandwiched films is first investigated in 400-cycle
stretchable-releasing tests at 10%, 20% and 30% strain, respectively, as shown in
Figure 2. We found that the resistance of the films returned to the initial value (Ro =
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220 Q) in the repeated loading tests at 10% and 20% strains. Meanwhile, the
sandwiched films under each strain state have no remarkable variation in resistance,
demonstrating an outstanding mechanical repeatability and stability thanks to the
robust structural integration of PDMS, acid—PEDOT:PSS and PVA-PEDOT:PSS.
After the stretchable-relaxing test at the strain up to 30%, the sandwiched films
exhibit a slight increase in resistance (from 300 to 550 Q), which probably is resulted
from the viscoelasticity of PDMS® and a slight abrasion of PEDOT:PSS in the harsh
and repeated tests. Furthermore, long-time durability tests are conducted at the strains
of 10%—30%, as shown in Figure 2d. Although the sandwiched films are subjected to
the sustained tensile strains as long as over 120 sec, they still exhibit a stable
resistance response under strains and a fast recoverability in conductance when the
films are relaxed.

For comparison, the repeatability and long-time durability of the reference films
with the simple structure of PEDOT:PSS/PDMS are also investigated (see Figure S2).
Obviously, they show an irreversible and “abrupt” increase in resistance in 400-cycle
strain/release tests. The resistance increases irreversibly up to 2400 Q upon the
repeated loading test at 20% strain, suggesting a large-domain damage of the films by
the 400-cycle mechanical test. Lee et al. reported that an “abrupt increase” in
resistance is originated from some cracks or defects generated by applied strain,
which lead to physical discontinuities between regions of PEDOT:PSS films.3' To
confirm the discontinuity region that causes the increase in resistance, the long-time
loading tests are carried out, as shown in Figure S2b. The reference films just afford a
strain as small as 10%. With the increase of the strain up to 20%, the resistance does
not recover to its initial values; whereas up to 30% stain, a large breakdown in
conductance occurs, suggesting the generation of large-domain cracks and a severe
discontinuity between regions of the reference films. Our results demonstrate that the
sandwiched films are superior to the reference films with PEDDOT:PSS/PDMS in
repeatability, long-time durability, and recoverability (at strains of < 30%).

The sensitivities of the strain sensors at the stains of 5%—30% are then
investigated. GF is defined as (R/Ro)/e, where R/R, is the relative change in resistance
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of the strain sensors, and ¢ is the applied strain. It is notable that the PVVA doping
content plays a significant role of determining the sensitivity of the strain gauges.
With the increase of PVVA doping from 2 to 10 wt %, the strain sensors show lower
sensitivity. And 10 wt % PVA doping causes some large aggregation of PEDOT:PSS
and a following precipitate that is difficulty to be filtered. Therefore, 2 wt % PVA
doping is selected as the optimized content in this work. Figure 2e illustrates the
calculated GF values at the strains of 5%—30% and the corresponding change of R/Ro,
according to Figure S3. The value of GF is 14 for 5% strain, 26 for 10% strain, 70 for
20% strains, and 110 for 30% strain, respectively, demonstrating a high linearity and
repeatability of GF values under the strain/release tests. In addition, the response
times of the strain sensors are as short as 40 ms in quick tensile strain motions (see
Figure 2f), demonstrating a fast response without obvious delays to the strain
behaviors. Therefore, our sandwiched strain sensors can offer promising applications

with high sensitivity, reproduction and fast response under tensile strains.

2.3 Mechanism of High Durability with Stable Resistance Response
To understand the effect of the tensile strains on the mechanically durable
performance of the films, we investigate the micro-morphology of the PEDOT:PSS
films using optical microscope. Figure 3a shows the morphology of the pristine
sandwiched films (a) and the sandwiched films wupon the 400-cycle
stretchable-releasing tests at 20%, 30% and 40% strain. None of buckled structures or
cracks appeared in the pristine sandwiched films. With the 400-cycle loading
treatments at 20% strain, the films show the buckled structures without obvious
fractures, which are perhaps induced by the relaxation of the soft PDMS elastomer?
by the repeated loading, suggesting a reliable integration of the stretchable films.
Upon the 400-cycle loading test at 30% stain, fine cracks with a density of 14/mm are
generated, resulting in a slight increase in resistance of the sandwiched films.

The resistance of the sandwiched films is the summery of the initial resistance and
the generated resistance caused by the geometric distortion of the films and the crack
propagation. We found that there is a relationship between R and ¢ as follows (see
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details in Figure S4):
R=[1+1.46(e™ " —1)|r, ®)

Here, ¢ = L-L,, Lo is the initial length (i.e., 2.0 cm) of the films, and L is the tensile
length. Figure S4b shows the relationship between R/R, and strains. In Figure S4b, the
results were obtained from the above equation and our experimental data. Obviously,
the fitted curves from the equation can match well with our experimental data,
demonstrating the accuracy and universality of the equation in the stain region.

When the strain increases up to 40%, serve cracks (=35/mm) appear and cannot
be connected when the films are released, leading to discontinuous conducting
pathways that cause an irreversible increase in the resistance of the sandwiched films.
In comparison, we also investigate the micro-morphology of the reference films of
PEDOT:PSS/PDMS (see Figure 3b). It shows that the crack propagation (=25/mm)
becomes visible upon the repeated loading tests at 20% strain and cannot be
connected when the films are relaxed. With the increase of the strain up to 30%,
severe cracks (=50/mm) appear in relaxed PEDOT:PSS films, leading to a large
increase of the electrical resistance of the films under released states. Compared with
the reference films, the robust sandwich structures enable the generated cracks to be
connected (or be close each other) under the relax condition, therefore, it endowed the
plastic stain sensors with high durability and stable resistance response in each cycle
of strain/release. Figure 3c illustrates the schematic diagram of crack connection and

separation of the sandwiched films and the reference films after loading tests.

2.4. Application of Strain Sensors

2.4.1. Wearable Strain Sensors for Sensing Human Motions. The highly sensitive
and durable strain sensors have a promising application for detecting human daily
activities. Here, the wearable plastic strain sensor are attached on knit swear trousers,
jackets and rubber gloves. It provides a precise monitoring of numerous human
motions including knee, elbow, finger and palm joints, as shown in Figure 4. Figure

4a presents the resistance response to the motions of human knees at different



frequencies (f). The faster the bending-releasing of the motion, the higher the f of the
output signals. With the increase of the tensile strains of the trousers caused by knee
motions, the signals become sharper step by step. It is noteworthy that the resistance
of the strain gauge can be recovered when knees are relaxed fully, demonstrating a
precise and stable detection to mechanical deformation. Moreover, the wearable strain
sensors can monitor finger, elbow and palm activities, as shown in Figure 4b-d. In
brief, via the output signals, the detailed joint/muscle information including frequency;,

strength and dynamic process can be recorded in real time and effectively.

2.4.2. Bodily Strain Sensors as Electronic Skins and Sound Signals Collectors.
Thanks to the ultra-flexibility, smoothness and thinness of the plastic strain gauge, the
strain gauge can be attached well on human skins to monitor the movements of the
cervical artery, muscle and even to detect the human sounding information. It's found
that there are no resistance changes in the films under the normal condition without
bending and stretching, as shown in Figure 5a. When the bodily sensor is attached on
the epidermis of the cervical artery, a remarkable variation in resistance to the pulses
of the cervical artery is displayed. The bodily devices recorded 13 obvious peaks in a
span of about 11 s, reading out 70 beats per minute of pulse rate. Therefore, the strain
sensors have some potential medical applications, such as evaluating the pulmonary
respiratory function and excising the wallowing function of patients. Cough is one
symptom of the pulmonary respiratory diseases, while many patients with lung
cancers died from asphyxiation after pulmonary surgery. Our device read out the
consistent cough information which is resulted from throat expansion, as shown in
Figure 5c. So it helps people to record the cough information to reduce the risk of
suffocating against the diseases. Besides, the stain gauges are benefit to excising the
swallowing function of the patients with dysphagia. Figure 5d shows the response of
resistance to swallowing motions. The consistent signals are generated in 12-time
swallowing motions; the frequency and strength help people to excise and evaluate
their swallowing function.

In addition, a sandwiched film is stretched up to 40% strain to generate serve
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crack propagation that endows the devices with the capacity of detecting very tiny and
weak vibration such as human voicing. Figure 5e shows the resistance response of the
strain sensor to the repeated stretchable-relaxing at 40% strain. The resistance values
are very stable (=2.5x107 Q) under 21-cycle strain. The conductance of the device
could be restored reversibly to the value of 850 Q when it's relaxed, demonstrating
excellent reproducibility and repeatability. Based on pre-stretched films, the strain
gauges can detect sounding vibration (i.e., speaking “C”) when attached onto the
human throats (see Supporting Information, Video 1). As seen in Figure 5f, the strain
sensor can distinguish the smooth pronunciation and the disturbance of voice fluency
(see the bold curves in Figure 5f) in sounding processes. The high pronunciation
recognition of the devices paves a promising pathway toward the applications in

human/robot pronunciation rehabilitation exercise in the future.

2.4.3. Monitoring Complex Bending Motions. Bending is one of the most common
activities of human beings. Actually, it involves many complex motions (i.e., bending
up and down) with diverse bending angle (6, defined in Figure 6a). To our best
acknowledge, there are few strain gauges that can distinguish complex bending
motions owing to the limits of sensing performance of devices. In this work, our strain
sensors by the pre-stretch to 40% strain have the capability of detecting complex
motions thanks to the formation of large-domain cracks in the sandwiched films.
Figure 6b shows the real-time signals of R/R, generated by human hand bending (see
Supporting Information, Video 2). It should be mentioned that the strain sensor is
integrated on PET substrates (thickness: ~200 um) for a precise control of the
bending angles. Actually, the motions of bending up and down induce the tension and
compression of the cracks and the films, respectively, leading to a lower R under the
tension model and a higher R under the compression model than Ro. Therefore, an
alternate signal is generated that is the underlying mechanism of distinguishing
bending motions.

Furthermore, the strain sensor can detect diverse bending angles of bending
motions. Figure 6¢ shows the relative resistance change (R/Ro) as a function of 6 in
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the motion of bending down. With the decrease of 6 (0—-n/4—-n/2—-m), the strain of
the sandwiched film became larger, making the increase in R/R, to 1.80, 4.25 and 4.40;
and with the increase of 6 (-n—-n/2—-n/4—0), the value of R/R,recovered to 4.20,
1.50 and 0. Similar trends of resistance variation were observed in 4-cycle
bending-releasing tests, demonstrating a stable and repeatable response of the plastic
devices to bending. In addition, the device is capable of sensing the bending degrees
of bending up, as shown in Figure 6d. The motion of bending up is accompanied by
the compression of the films and the cracks, leading to decreased resistances. It
distinctly detect the bending angle (¢ = 0, /6, 7/3 and ©/2) via the decreased values of
R/Ro. On the basis of the above results, our plastic strain sensors are capable of
distinguishing the complex bending motions with 8 from -z to /2, which riches the

multifunction of plastic strain gauges.

3. Conclusion

In summary, we have fabricated a type of plastic strain sensor with high performance.
The durability of the strain gauge is largely enhanced using the sandwich structure of
PVA-PEDOT:PSS/acid—PEDOT:PSS/PDMS eclastomer, which is contributed by the
robust integration of the composites. The plastic strain sensor exhibits high sensitivity
and stable resistance response both in repeated stretchable-relaxing tests and
long-time loading tests due to the fine crack propagation of the sandwiched films and
the connections between cracks soldered by PVA—PEDOT:PSS when the devices are
relaxed. Furthermore, wearable and bodily strain sensors are integrated, which can
clearly monitor a great deal of human joint/muscle activities and distinctly distinguish
some complex bending motions. We believe that the new type of plastic and
multifunctional strain sensors pave a promising pathway toward the bright

applications due to their high sensitivity and durability.

4. Experimental Section
Preparation of sandwiched Stretchable Conductor. A common agueous solution of
PEDOT:PSS (Clevios PH 1000) was firstly filtered through a 0.45-um syringe filter
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and then was spin-coated on glass substrates (2.5 % 7.6 cm?) to form a pristine film.
Upon a thermal annealing, the dried pristine film was treated by 80 M
methanesulfonic acid at the high temperature up to 160 <C. Strong acid residuals were
washed out by deionized water and isopropyl alcohol followed by the thermal
annealing at 120 <C. Subsequently, liquid PDMS (SYLGARD 184 SILICONE
ELASTOMER from Dow Corning) was dipping on the highly conductive films (40
nm-thickness) followed by curing at 80 <C for 2 hours to obtain the
PEDOT:PSS/PDMS films. The films were peeled from the donor glass substrates.
Next, a blend film was spin-coated on the films placed on a glass slide using the
aqueous solutions (Clevios PH 1000, blended with 2 wt % PVA (Molecular weight:
146K—186K), 1 vol % Zonyl FS 300 and 6 vol % DMSO). Here, 1 wt % of Zonyl was
added into the solutions to enhance the wettability of the PEDOT:PSS droplets on
surfaces of the underlying layers. Finally, a thermally annealing at 120 <C for 30 min
was conducted.

Fabrication and Characteristic of Plastic Strain Sensors. (1) Measurement of
sensitivity and durability. First, the sandwich films (Length: 7.0 cm; width: 2.2 cm,
and height: 0.3—1.0 mm) were prepared. Two ITO-coated glass substrates were placed
on a desk platform (One slide was fixed on the platform and the other could be moved
in horizontal direction. The initial distance of both the substrates is about 2.0 cm). The
ITO side was flipped by our stretchable films followed by a mechanical fixation using
adhesive tapes. Via moving the other slide of ITO along horizontal direction, the
resistance behavior of plastic strain sensors was recorded. Here, the operating voltage
issetto 0.1 V.

(2) Application of Plastic Strain sensors. The stretchable conductor with
sandwich structures was flipped and Ag wires were attached to the ends of the
stretchable conductor by Ag pastes. Then, the metal electrodes were glued by liquid
PDMS followed by curing at 80 <C for about 2 hours, which ensured a robust contact
between the stretchable conductor and metal electrodes for the next monitoring.

Characterization. Transmission spectrum was measured using a Hitachi
U-3010 UV-visible spectrophotometer. Film thickness was characterized using
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surface profile-meter (Talysurf Series I1). Electrical contacts were made by Ag pastes
and indium on four points of samples. Electrical conductivity was measured using van
der Pauw four-point probe method. Film morphology was investigated by optical
microscopy (Nikon, Japan). Composition analysis of the films was examined by XPS
(XSAMBO00). Response in resistance to strain was characterized using Keithley 2400

source meter.
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Figure 1. (a) Schematic diagram and (b) picture of the sandwiched stretchable
conductor; (c) S 2p XPS of the PEDOT:PSS films by DMSO treatments and by strong

acid treatments, respectively; (d) UV-visible transparency spectrum of a stretchable

conductor.
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Figure 2. Resistance responses of sandwiched films in 400-cycle stretching-relaxing
tests at strains of 10% (a), 20% (b) and 30% (c). (d) Resistance response in long-time
loading testes. (e) Sensitivity and R/R, as a function of strain. (f) Response time of a

strain sensor in a test at about 8% strain.
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Figure 3. Micro-morphology comparison of the sandwiched films (a) and the
reference films (b) with PEDOT:PSS/PDMS. (c¢) Schematic diagrams of crack
features of sandwiched films and reference films (Blue domains represent

PEDOT:PSS).
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Figure 4. Real-time recording to human joint motions: (a) knee, (b) finger, (c) elbow,

and (d) palm.
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Figure 5. (a) No resistance response at normal condition. Resistance responses of the

bodily sensor to “arterial pulsation” (b), “cough” (c), “swallow” (d), respectively. (e)

Stable responses in resistance of the sensors in 21-cycle stretchable-relaxing tests at

40% strain. (f) A recorded signal that shows the characteristics in pronunciation:

smoothness and continuity, and infinitesimal pause (Bold curves).
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Figure 6. (a) Schematic illustration of the samples (blue) by bending up and bending
down. (b) Real-time recording to the bending of the back of human hands. Inserted
photography is the signals of real-time data. Response in resistance to the motions of

bending down (c) and bending up (d) with different bending angles.
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