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Construction of Conductive Polymer Coatings onto Flexible
PDMS Foam Composites with Exceptional Mechanical
Robustness for Sensitive Strain Sensing Applications

Feng Nie, Ya-Li Gu, Li Zhao,* Long-Tao Li, Fei-Xiang Shen, Jiang Song, Jun Liu,
Guo-Dong Zhang, Jie-Feng Gao, Pingan Song,* Yonggian Shi, and Long-Cheng Tang*

Flexible piezoresistive-sensing materials with high sensitivity and stable
sensing signals are highly required to meet the accurate detecting requirement
for human motion. Herein, a conductive poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) / polydimethylsiloxane foam (P:P @p-PSF) composite
with strong interfacial action is designed. The porous structures and good
interface combination not only show outstanding mechanical flexibility and
reliability but also possess high sensitivity at a relatively wide strain range.
The P:P@p-PSF sensor achieves extreme sensitivity (Gauge Factor) of 6.25 in
the subtle strain range of 1%-8%. Furthermore, the sensor forms a highly
interconnected conductive network induced by the serious deformation of
elastic-interconnect pores, thus providing extremely sensitive sensing
behavior for a relatively wide strain range (97.4% resistance change rate at
60% compressive strain). Moreover, the sensor presents repeatable stability
and good thermal adaptation, which would meet the critical requirements of
subtle vital signs, human motion monitoring, and so on. This work supplies
insight into the design of a new flexible sensor material to overcome the weak
interface problem and the flexible mismatch between conductive filler and
matrix, showing great application potential in the field of electronic skin.

1. Introduction

In recent years, flexible strain sensors responsive to external me-
chanical deformation have shown great potential application in

the fields of health monitoring,'?

human motion detection,3°! elec-
tronic skin,[”] human-computer
interaction,®1%  and  aviation.[''1%]
Strain sensors can be divided into
piezoresistive flexible strain sensors,!1*]
capacitive flexible strain sensors,!*! and
piezoelectric strain sensors!!*®! based on
their working mechanism. Among those
types, piezoresistive sensors (based on
the piezoresistive effect), have occupied
a large market due to their capability
to transduce the external pressure into
a resistance signal via an easy read-
out system, rather than only detect
transient/dynamic deformation by the
other two types.['’ Conductive polymer
composite (CPC) based piezoresistive
strain sensor combining the flexibility
of polymer matrix and electrical conduc-
tivity of fillers has received considerable
attention due to simple signal record-
ing, easy processing, wide application
range, high precision, and wide range
response.[’®22] When subjected to external mechanical stimuli,
the deformation of these CPC sensors would cause changes in
conductive paths, leading to changes in the resistance.l?>»! As
a result, the external mechanical stimuli can be effectively
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transformed into an easily detected electrical responsive
signal.

Normally, highl conductive filler loading is always required to
construct a highly interconnected conductive network of CPCs,
while the significant increase in modulus of the composite would
be caused at the same time, thus producing a performance com-
promise between electrical conductivity and mechanical flexibil-
ity. As a result, these classical CPC-based sensors usually display
poor sensitivity. Comparatively, the introduction of porous or hol-
low structures provides a promising strategy to construct flex-
ible sensitive piezoresistive materials with a wide strain range
and low stress/small deformation sensitivity. At the microscale,
the transformation of 2D layered structures to 3D porous struc-
tures can be realized by techniques such as gas foaming, tem-
plating method, and 3D printing to improve the ion and electron
transport efficiency, thereby optimizing the performance of the
device.[?! The good deformability of the 3D porous structures
can cause greater deformation, and the change of the conductive
paths caused by the deformation of the skeleton and the stack-
ing/separation of the pore wall can build high sensitivity.[??%! Re-
cently, a serial of porous compressive strain sensors with a wide
detecting range (> 60%) and high sensitivity of the relative resis-
tance changes by 80% have been developed by simply dip-coating
conductive fillers (reduced graphene oxide, metal nanoparticles,
carbon nanotube, et al.) on commercial polymer foams such as
polyurethane (PU) foam and melamine (MA) foam.[?**° Unfor-
tunately, the above-mentioned sensors are still weak and sensi-
tive to press < 1 kPa or strain < 5% in most cases. Later, the
conductive filler-coated polymer foam-based sensors with frac-
tured skeleton,3!) micro-crack structure conductive filler coating
layer,®3] and conductive/insulating/conductive sandwich-like
porous structure were developed to improve sensitivity to small
strain/pressure stimulation.?*] For example, Wu et al.?*] fabri-
cated versatile pressure sensors based on microcrack-designed
carbon black (CB)@polyu-rethane (PU) sponges via layer-by-
layer dip-coating assembly. A rapid decline of resistance exhibited
in the strain range of 0%-9% attributed to the disconnection of
mechanical microcrack junctions in CB layers. The generation
and change of micro-crack junction and the compressive con-
tact of conductive backbones endowed the electrical resistance
response signal to mechanical stimulation. However, the reliabil-
ity and repeatability of these porous CPCs sensors are limited in
their poor stability caused by the above weak and sensitive struc-
tures. Moreover, there is a common problem in the materials con-
structed by this kind of surface-coating assembly method. The
flexibility mismatch between the rigid conductive particle layer
and the elastic substrate and the weak interaction between filler
and matrix leads to the interface bonding problem. So, the sta-
bility and the ability to resist environmental interference of these
porous CPCs are generally poor. Consequently, it is necessary,
but also challenging, to obtain porous CPCs-based piezoresistive
sensors to simultaneously possess high sensitivity, wide detected
range, and mechanical reliability.

In this paper, we are committed to overcoming the weak in-
terface problem and the flexible mismatch between conductive
filler and matrix to design a new flexible sensor material with the
ideal performance. Therefore, polydimethylsiloxane foam (PSF)
is used as one of the most promising substrates. It shows bet-
ter compressive resilience, a robust skeleton, and better environ-
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mental resistance than PU and MA foam materials. The poly(3,
4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS)
was selected for conductive filler because of its soft and flexible
mechanical properties, mixed ionic and electronic conductivity,
aqueous dispersibility, and biocompatibility.**37! First, the sur-
face of PSF foam was activated by oxygen plasma treatment tech-
nology, and a layer of hydrophilic oxygen-containing functional
groups was grafted on the surface, then the PEDOT:PSS firmly
coated on the pore surface of PSF foam via forming sulfonic es-
ter covalent bonds and hydrogen bonds between PSF and PE-
DOT:PSS. It was found that the flexible strain sensor obtained
by combining these two flexible materials shows excellent sensi-
tive performance: good sensitivity with a large GF of 6.25 even in
the subtle strain range (1%-8%), a wide strain range (AR/R, can
reach 97.4% under a compressive strain of 60%) and good stabil-
ity. Moreover, the sensor shows a wide temperature range appli-
cability even under high environmental temperatures of 100 °C
due to good high-temperature resistance. Finally, the application
of the sensors as wearable electronic devices in vital signs and
human motion monitoring is also demonstrated.

2. Results and Discussion

2.1. Interfacial Reaction, Design and Fabrication of P:P@p-PSF

Water-soluble conductive polymer PEDOT:PSS is suitable for di-
rect blending or impregnation with a flexible matrix, which has
been widely used in CPCs. In order to obtain strong interfacial in-
teraction between PEDOT:PSS and PDMS foams (PSF), plasma
treatment under a low-pressure oxygen environment was used
to construct -OH groups on the surface of PSF.33#] The fab-
rication process and the interfacial reaction of PEDOT:PSS@p-
PSF (P:P@p-PSF) composites are shown in Figure 1a. PSF was
used as a porous matrix and treated with oxygen plasma first.
Subsequently, conductive PEDOT:PSS suspensions were coated
onto the skeleton surface of the above oxygen plasma treated
PSF (p-PSF) by ultrasonic-assisted dip-coating method. Finally,
PEDOT:PSS@p-PSF porous CPC (abbreviated in P:P@p-PSF)
was simply prepared after drying in a hot oven. In order to intu-
itively observe the foam surface changes during the preparation
process, we tested the water contact angles (WCA) of PSF, p-PSF,
and P:P@p-PSF. The surface of p-PSF changed from hydropho-
bicity (120.3 °) to hydrophilicity (55.6 °) after plasma treatment.
However, the WCA of P:P@p-PSF was exhibited to be 129.3 °.
The analysis speculated that the methyl groups on the surface
of the original PSF were replaced by hydroxyl and other oxygen-
containing functional groups. In this work, PSF surface oxidized
by oxygen plasma treatment is of great significance for the subse-
quent construction of conductive coating. On the one hand, the
pore surface can be infiltrated by conductive PEDOT: PSS solvent
due to the good wettability of the modified foam surface. On the
other hand, the reaction between sulfonic acid in PEDOT:PSS
and hydroxyl groups (-OH) on the surface of p-PSF can generate
sulfonic ester covalent bonds and hydrogen-bonding interaction
which results in PEDOT:PSS coating firmly binding on the PSF
surface.

As shown in Figure 1b, the PEDOT:PSS film shows a good
flexibility in a bent state, and the p-PSF could be easily twisted
by hands and compressed with weight. [t was worth noting that
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Figure 1. a) Schematic for the fabrication process of the P:P@p-PSF and hydrophilicity of the foams (inset: WCA of the foams). b) Optical photos of
PEDOT:PSS film under bent state, p-PSF and P:P@p-PSF under compressed, bent, twisted state or loading on pistils of the flowers).

the prepared P:P@p-PSF is ultra-lightweight and the sample
can stand on flower stamens without bending any stamens. The
P:P@p-PSF also exhibits good flexibility as p-PSF.

2.2. Characterization of P:P@p-PSF

Notably, the pore size and the opening rate of the PSF are the
key parameters. The PSF surface will not be integrally activated
during plasma treatment if pores in the foam are mostly closed
or the pore size is too small so that a coherent conductive coating
cannot be formed after dip-coating. The weight of the crosslink-
ing inhibitor was used to adjust the pore structures of PSF in
previous foaming experiments. The pore size of the foams is en-
larged by increasing the weight of the crosslinking inhibitor from
4 %o to 8 %o, as shown in Figure 2a,-c,; (The images observed by
polarizing microscope are shown in Figure S1, Supporting Infor-
mation). When 4 %o inhibitor is added (the corresponding foam
named PSF-4), the fine pores and closed pores of foams were
obviously observed. Meanwhile, the pore size distribution was
in the range of 400-600 pym, as shown in Figure 2a,. When a 6
%o inhibitor is added (named PSF-6), conspicuous closed pores
were hardly observed, and the size of pores was increased to 600—
1200 um (Figure 2b,). With the foam inhibitor content further en-
hanced to 8 %o (named as PSF-8), the pore size reached its maxi-
mum (in the range of 1000-2000 pm, most of the size was ~1200
and 1400 pym in Figure 2c,). With the increase in pore size, the
opening pore rate and porosity increase synchronously. The in-
crease in the number of thought pores and porosity is beneficial
for conductive particles entering the holes and forming a coating
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layer on the surface of pores. With the inhibitor further being in-
creased to 10 %, some of the pores of the foam were too large
and collapsed. Figure 2d explores the weight percent of coating
and resistance after different dip-coating times. The resistance
of conductive foam reached the minimum after three times of
dip-coating. More importantly, though the weight percent of the
coating persistently increases by adding dip-coating times, the
resistance of the composite material slightly increases after the
fourth dip-coating. The possible reason is that the resistance is al-
ready close to the saturation point and the surface of the pores has
been well covered with PEDOT:PSS coating. P:P@p-PSF-8 with
the largest pores and high opening pore rate exhibited the lowest
resistance (Figure 2e). Continue and stable stress response sig-
nals can be observed at different compressive strains, as shown
in Figure 2f. At a relatively high strain range of 70%, the peak
stress value of the P:P@p-PSF showed a slight decrease at the sec-
ond circle, due to the irreversible small damage of the skeletons
in the first circle. After that, it presents a stable change in stress
to confirm the excellent flexibility, mechanical stability, and good
capability for wide detecting strain range as a sensor. Combin-
ing the above result and the primary strain-sensitive performance
study of sensors (P:P@p-PSF-4, P:P@p-PSF-6 and P:P@p-PSF-
8) (shown in Figure S2, Supporting Information), the P:P@p-
PSF-8 was selected for further detail study.

The FTIR spectra of various materials are presented in
Figure 3a. FTIR results display that obviously characteristic peaks
of PDMS (C-H at 2963 cm™!, Si-C at 1258 and 785 cm™!, Si-
O-Si at 1083 and 1008 cm™') are observed in various materials
(PSF, p-PSF, P:P@p-PSF). After plasma treatment, the represen-
tative peak at 3000-3700 cm™! is the stretch vibration peak of

© 2024 The Authors. Advanced Sensor Research published by Wiley-VCH GmbH

85U8017 SUOLILLOD BATea.D 3(edldde au) Aq pausenob ae Sa[ole YO ‘88N JO S8|NJ o Akeid18UlUO A8|1M UO (SUOIPUOD-pUe-SW.SI W00 A8 | imA1q 1 Ul |UO//SdNY) SUORIPUOD pue SWis | 8L 88S *[7202/20/22] uo Areiqiauliuo AB|IM ‘puesusend ueyinos JO AIseAIuN Ag 0FTO0EZ0Z SPe/Z00T OT/I0p/Woo A8 | 1M Aeiq Ul |uoy//Sdny wouy pepeojumod ‘v ‘#202 ‘6T2ZTTSLE


http://www.advancedsciencenews.com
http://www.advsensorres.com

ADVANCED
SCIENCE NEWS

ADVANCED
SENSOR
RESEARC

en Access,

www.advancedsciencenews.com

www.advsensorres.com

0 v v v v 0 0-
400 800 1200 1600 2000 400 800 1200 1600 2000 400 800 1200 1600 2000
d Pore diameter (um) Pore diameter (um) Pore diameter (um)
; e 10%

| 4 - "n-PSF-. e 30%
) ) P:P@p-PSF-§ 3%
IS —T0%
| 2
| = i
‘Hj ;
|
v 0 01

P:p P:p, P:p 0 200 400 600 800 1000
@p.pqu @"‘PSF.G @D‘PSF.e Time (s)

lan)

(¢4
FS
o
©

o
©
o

@ o
Resistance (kQ2)
- N w
o o o
o o o
itress g'd’a)

o o

>

Weight percent (%) _,

2 3
Coating times

Figure 2. a;—c;), a,—c,) SEM images of PSFs with different pore sizes and the statistical histograms of the pore size distribution derived from the
cross-sections SEM micrographs. d) The coated PEDOT:PSS weight percent (the green curve) and the resistance (the orange cure) of P:P@p-PSF-8 as
a function of the dip-coating times. e) Effect of PSF pore structure on final product resistance. f) The stress-time curve of P:P@p-PSF-8 during cyclic

compression.

Si-OH (Figure 3b), indicating the methyl groups on the surface
of PSF are partially replaced by hydroxyl groups to form silanol
bonds. Simultaneously, Figure 3a shows characteristic peaks of
PEDOT:PSS (-SO,- group at 1159 cm™!, the sulfonic acid group
at 1058 and 1038 cm™, S-O at 708 cm™!). Remarkably, there is a
new characteristic peak of sulfonic acid ester at 1371 cm ™!, which
is attributed to the chemical reaction between the silanol bonds
on the surface of p-PSF and some sulfonic acid groups of PE-
DOT:PSS during the dip-coating process. Furthermore, the TG
tests were used to explore the effect of conductive coating on
the thermal stability of composites and the results are shown in
Figure 3c,d. The P:P@p-PSF began to decompose slowly when
the temperature increased to 530 °C, and reached its maximum
thermogravimetric rate at a temperature of 615 °C, which was
much higher than those of PSF (decomposed at 380 °C, reached
maximum thermogravimetric rate at 485 °C, respectively). Fi-
nally, the Si-O-Si main chain gradually decomposed to form sta-
ble SiO, particles and carbides. Interestingly, the maximum ther-
mal weight loss rate of the P:P@p-PSF (72.9%) is lower than that
of PSF (80.1%), further confirming that the coating improves
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thermal stability and mechanical durability at higher tempera-
tures of PSF. This provides a guarantee for the subsequent po-
tential applications of the sensor.

The microstructures of PSF, P:P@PSF and P:P@p-PSF were
characterized, and the corresponding SEM images are shown in
Figure 4. Pores and skeletons which are typical for foams are
shown in PSF and P:P@p-PSF. There are apparent differences of
surfaces between P:P@p-PSF and PSF. Interestingly, the skele-
ton surface of pure PSF has many wrinkles with hills and valleys
(shown in Figure 4a,,a,). The high-magnification SEM images in
Figure 4c,,c; show that the filmy P:P (PDEOT:PSS) tightly cov-
ered the foam skeletons and formed relatively smoother surfaces
compared to the rough surface of the pure PSF. Comparatively,
in P:P@PSF, most of P:P sheets were segregated from PSF skele-
ton or total existed in the pores due to the incompatible interfaces
(Figure 4b,,b,). These results confirm that plasma treatment suc-
cessfully activates groups on the PSF skeleton, which makes the
coating closely combined with the substrate.

The stability of the coating interface plays an important role
in the reliability and durability of the compressively sensitive
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Figure 3. a) FTIR spectra of various materials (PSF, p-PSF, P:P@p-PSF and PEDOT:PSS). b) The local amplification range of FTIR spectra of (a). Ther-
mogravimetric curves c) and thermogravimetric rate (DTG) curves d) of PSF and P:P@p-PSF.

100 pm
I

Figure 4. a;.-c;) SEM morphologies of the cross-section at the skeleton of PSF, P:P@PSF and P:P@p-PSF. (a,-c,) The local amplification diagram of
a;—Cy). a3.-c3) SEM morphologies of surfaces of PSF, P:P@PSF and P:P@p-PSF foams.
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Figure 5. a) Optical photographs of P:P@PSF and P:P@p-PSF during ultrasonic treatment. SEM b) morphologies and EDS c,d) images of the surface

of the pores of P:P@p-PSF at 40% compressive strain for 50 cycles.

performance. As shown in Figure 5a, P:P@PSF and P:P@p-PSF
were respectively put into beakers filled with isopropyl alcohol
for ultrasonic cleaning for 10 min. Many P:P sheets fell from
P:P@PSEF. No significant black sheets can be observed in iso-
propyl alcohol containing P:P@p-PSF, which well confirmed
the good adhesion between PEDOT:PSS and p-PSF. Moreover,
we also investigated the effect of compressive strain of multiple
cycles on the coating stability. The microstructure of the P:P@p-
PSF after repeated compressing (40% compressive strain for 50
cycles) is observed and shown in Figure 5b, and the distribution
of elements is also analyzed in Figure 5e. The flat surface
of the pores can be clearly observable in SEM morphologies,
which demonstrates no obvious conductive material fell off the
surface of the pores. In the images of EDS, the representative
Si element (21%) and S element (10%) indicate that a complete
PEDOT:PSS coating is firmly attached to the pore wall, further
verifying the excellent stability performance for P:P@p-PSF
coating.

Adv. Sensor Res. 2024, 3, 2300140 2300140 (6 of 10)

2.3. Piezoresistive Performance

In order to construct the piezoresistive sensor, the P:P@p-PSF
was cut into a blocky shape and the copper mesh with conductive
silver glue was attached to the foam to obtain stable signals. A
typical resistance responsive curve and Gauge Factor (GF) of
P:P@p-PSF with increasing strain is shown in Figure 6a. In the
whole region, the relative resistance (AR/R,, where AR = R-R,
R, is initial resistance and R is the resistance with external com-
pressive strain) exhibits a positive value and substantial change
with increasing applied strain. Further, the GF generally defined
as the slope of the relative resistance change ((AR/R,)/Ae,
where Ac is the strain difference) is calculated to reflect the
sensitivity to applied strain. Interestingly, the sensor presents
a rapid increase in AR/R, with a large GF of 6.25 even in the
subtle strain range of 1%-8%, revealing an obvious decrease in
electrical resistance. This may be due to the new connections of
P:P layers during the deformation of skeletons. As the applied
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Figure 6. a) The relative resistance variations (AR/Ry) and gauge factor (GF) of the P:P@p-PSF with the increase of compressive strain. b,c) Cyclic
signal of relative resistance variations of the sensors under six different compressive strains. d) Current-voltage (I-V) curves of the P:P@p-PSF sensor
under different compressive strains. ) Relative resistance variations of the P:P@p-PSF sensor at different compression rates under 20% compressive
strain. f) Cyclic signal of relative resistance variations of the sensors based on three different temperatures under 20% compressive strain. g) Relative
current variations of the P:P@p-PSF sensor to a loading and unloading; the insets show magnified images of the response edges during loading and
unloading. (h) The reproducibility test of the P:P@p-PSF sensor for 100 cycles with the strain range from 0% to 20%. (i) Magnified view of seven cycles

for the middle stage of h).

strain further increased (8%—-32%), the composite also presented
a visible change in AR/R,, from 45% to 83%. This is due to the
increased contact area between conductive pore walls during
pore deformation. Notably, the sensitivity (GF) of the P:P@p-PSF
(6.25 at strain < 8%, 1.69 at strain of 8%-32%) is much higher
than those of the porous PDMS-based sensors (1.12 at loading
strain < 91% of CB/PDMS foam)!?’] and other porous PU-based
sensors (2.2 at strain < 9% and —0.38 at a strain of 9%—50% of
CB@PU sponge,*1 0.051 at strain < 50% and —2.13 at a strain
of 50%—82% of MWNT—rGO@PU,33! 1.09 at strain < 20% and
—1.37 at strain of 20%— 46% of gold (Au)@PU,*? 0.80 at strain
< 66% and 1.55 at strain of 66-82.57% of MWCNTs-rGO/PU
Foam,!*! etc.) (see Table S1, Supporting Information). When the
applied compression reached 32%, though the GF value dropped
to 0.33, the progressive change of AR/R, also well confirmed the

Adv. Sensor Res. 2024, 3, 2300140 2300140 (7 of 10)

good response to large strain. Continuous and stable resistance
response signals can be observed at different compressive strains
(19%—40%) (Figure 6b,c). When compress strain of 1% and 5%,
the peak values of AR/R, are 8.2%, and 20.0%, respectively,
which demonstrates again that our piezoresistive sensor has
an extremely low-strain sensitivity. At a large strain of 40%, the
P:P@p-PSF also presents a good performance with the obvious
change in AR/R, of 90.1%.

To further identify the reliability of the P:P@p-PSF, the related
tests of the sensor were conducted. As shown in Figure 6d, the
current-voltage (I-V) curves of the P:P@p-PSF sensor strictly
obey Ohm’s law and their slopes increase with the increase
of the compressive strain because of the corresponding de-
crease of resistance, indicating an excellent reliability in the
compressive process of the sensor. What's more, we evaluated
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Figure 7. Applications of P:P@p-PF sensor for various physiological signals’ detection and mechanical deformation monitoring: a,b) Real-time moni-
toring of resistance signal changes generated by blowing with the rubber suction bulb and finger touching. c) Relative resistance variations of the sensor
placed under three objects with different weights., d) Recognition of various sound stimuli signals when the wearer spoke “Hi”, “Carbon”, or “Silicon”.
€) Monitoring wrist position pulse of adult women under different motion states. (f) Relative resistance variations of the sensor while fixed on the index

finger to detect finger bending.

the reproducibility of the sensor, and the AR/R, response as a
function of time during the compression-release loop at different
compression rates was also investigated (Figure 6e). The AR/R,
response to the strain of 20% exhibits stable durability at com-
pression speeds of 5, 10, and 20 mm min~. The peak variations
of the response signals at the different speeds were almost
the same. Moreover, the sensor displays an outstanding cyclic
signal even at a high ambient temperature of 100 °C, as shown
in Figure 6f. The periodic variations of AR/R, indicate good
thermal adaptability and good stability of our sensor. During the
cyclic compressive procedure, such a sensor also presents a rapid
response time and a recovery time, i.e. ~43 ms and ~41 ms (see
Figure 6g), respectively. This is comparable with the response
of human skin (30-50 ms),[*?! indicating an excellent response
behavior. Furthermore, the sensor displays an excellent cyclic
signal even after 100 compressing-releasing cyclic tests with
the pressure range from 0% to 20%, as indicated in Figure 6h.
The periodical variation of resistance and similar maximum
resistance values in each cycle in Figure 6i well indicate a long
lifetime and excellent stability of our sensor.

2.4. Application Demonstration

Due to the flexibility and high sensitivity, the P:P@p-PSF
piezoresistive sensor has good capability to detect various strain
levels, and its versatility for underlying applications in wearable

Adv. Sensor Res. 2024, 3, 2300140 2300140 (8 of 10)

electronics is worth studying further. Therefore, the sensors
were installed in different situations and a series of simulation
experiments were carried out (Figure 7). As shown in Figure 7a,b,
with the P:P@p-PSF sensor fixed on the table, sharp peaks of the
related electrical resistance change can be accurately recorded
when gently blowing to the upper surface of the sensor with a
rubber suction bulb or the finger touched it. Moreover, Figure 7c
shows the AR/R, changes while placing with a bean (0.2 g), a bolt
(5 g), and a bolt with two nuts (9 g). The magnitude of the AR/R,
changes signals increase with the increase of weight of objects.
Based on its excellent performance, we further demonstrated
the potential application of the P:P@p-PSF piezoresistive sensor
in real-time human health monitoring. As shown in Figure 7d,
the AR/R, changes of the sensor show obvious and repeating
patterns when the tester repeatedly pronounced “Hi”, “Carbon”,
and “Silicon” twice, respectively, displaying its feasible applica-
tion in voice recognition devices. Furthermore, when a sensor
was attached to the inner wrist of a 25-year-old woman, the fast
pulse signal (122 min™') of the subject after exercise can be
precisely recorded in comparison with the slow pulse (71 min™?)
in natural tranquility state (Figure 7e). Interestingly, the sensor
can well detect the regular waveforms of blood pulse of the
radial artery with a periodic heart beating, and the characteristic
peaks of “P-wave” (percussion), “T-wave” (tidal), and “D-wave”
(diastolic) in every period can be clearly recognized. What's
more, the sensor was fixed on the joint of the index finger, when
the finger was bent the sensor would be compressed, generating
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the raise in AR/R, (Figure 7f). Notably, the AR/R, variations
present favorable sensing performance in the case of large
deformation of joints of the human body. These results suggest
that the optimized sensors possess great potential in electronic
skin and healthcare monitoring.

3. Conclusion

In summary, a flexible and high-performance piezoresistive sen-
sor based on P:P@p-PSF porous CPC was developed by an
ultrasonic-assisted dip-coating method and a strong interfacial
reaction design. The effects of surface activation of PSF by
plasma treatment, pore size of PSF, coating technology, and coat-
ing times on the structures and properties of the materials were
systematically discussed. The strong interfacial bonding between
PEDOT:PSS and p-PSF was constructed by forming covalent
bonds and hydrogen bonds. The optimized P:P@p-PSF has good
electrical conductivity, excellent mechanical deformability, good
stability, and high-temperature resistance. The P:P @p-PSF based
strain sensor shows excellent sensitive performance: high sensi-
tivity under small strain (obviously AR/R, changed with a large
GF of 6.25 even in the subtle strain range of 1%-8%), wide strain
range (AR/R, can reach 97.4% when compress strain is 60%) and
good repeatable stability. In addition, the composite material also
has good applicability even with temperature changes from 25 to
100 °C. Finally, the optimized sensors were installed in various
parts of the human body to detect vital signs and limb behavior,
showing that the sensor has great application potential in the field
of electronic skin.

4. Experimental Section

Materials:  Poly(3, 4-vinyldioxthiophene)-polystyrene sulfonic acid
(PEDOT:PSS, 1.04 wt.%) was purchased from Shanghai Ouyi Organic
Photoelectric Materials Co., Ltd. (China). Three PDMS pre-polymers, viz.
dihydroxy polydimethylsiloxane (PDMS-OH), poly (methylhydrosiloxane)
(PDMS-H), and vinyl dimethicone (PDMS-Vi) were purchased from Zhe-
jiang Xinan Chemical Industrial Group Co., Ltd. (China). Karstedt was sup-
plied by Betely Polymer Materials Co., Ltd. All chemical reagents were used
as-received without further purification. The inhibitor was obtained from
Zhejiang Runhe Chemical New Material Co., Ltd. (China). Isopropanol
(IPA) was obtained by Sinopharm Chemical Reagent Co., Ltd. (China).

Fabrication of PSF: The PSF was synthesized by using a facile and
green one-step foaming method, which was introduced in previous
works.[4346] First, a prepolymer mixture was prepared by mixing the
PDMS-H, PDMS-OH, inhibitor, and a certain content of water at a speed
of 1200 rpm for 5 min. Then, the PDMS-Vi and Pt catalyst were added to
the above prepolymer mixture and stirred at 1200 rpm for 5 min. Subse-
quently, the above mixture was poured into a mold and foamed at room
temperature for 15 min to completely foam and preliminarily cure. Finally,
the sample was put into an oven for further curing at 120 °C for 1 h. The
pore size of the PSF was adjusted by adding the content of the inhibitor,
and the content was 4 %o, 6 %o, and 8 %o, respectively.

Fabrication of P:P@p-PSF Composites:  First, the prepared PSF was cut
into blocks of 10 x 10 X 7 mm? and then an oxygen plasma treatment
was conducted. The gas flow rate was adjusted to 1.5 — 2.0 x 10~" mbar,
and the RF LEVEL was adjusted to a High block. The upper and lower
sides of the foam were treated for 6 min respectively. After that, the PSF
treated by oxygen plasma (named p-PSF) was put into a beaker equipped
with PEDOT:PSS solution. After the foam soaked into the solution and
was filled with PEDOT:PSS solution, the entire beaker was ultrasonically
treated for 1 h at the power of 300 W to increase the contact chance and
binding strength between the conductive particles and the pore walls (The
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selection of ultrasound duration was obtained from the study in Figure S3,
Supporting Information). Then, the sample was taken out and dried in an
80 °C blast oven for 2 h. The above process from dip-coating to drying
was repeated three times. Finally, the subsequent sample was obtained
and named P:P@p-PSF. The comparative sample named P:P@ PSF was
prepared by directly coated PEDOT:PSS on the original PSF by the same
dip-coating method. When testing the compressively sensitive behavior of
P:P@p-PSF composite, the copper mesh with conductive silver glue was
attached to the silicon foam as a conductive electrode.

Characterization: SEM micrographs were obtained with a field emis-
sion scanning electron microscope (ZEISS Sigma-500) at a voltage of 3 kV
in SE2 mode. The elements of skeleton P:P@p-PSF were analyzed by an
SEM-EDX instrument (ZEISS Sigma-500). Fourier transform infrared spec-
trometer was used by the wavelength scanning test at the range of 4000—
600 cm™', and the instrument model was Bruker Alpha-T. The thermal
properties of the samples were detected by thermogravimetric analysis
(TGA) (TA Instrument Q500) from 40 to 800 °C under N, atmosphere at a
heating rate of 10°C min~'. Compression tests were measured using dy-
namic mechanical analysis (DMA) (TA-Q800). The initial resistance and
the real-time resistance variations during the sensing behaviors testing
were measured by a source meter (2601B, Keithley, America). Compressive
sensitive behaviors of the samples were investigated during compression
tests, which were conducted by DMA and source meter.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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