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Preface

Polymer-based flexible materials play a significant role in modern technology and daily life, from

flexible electronics, sensors, and wearable devices to biomedical applications, and their wide range of

applications highlights their outstanding performance and versatility. The purpose of this reprint is to

collect the recent advancements in the research and potential applications of polymer-based flexible

materials in various fields. In addition, it will present some innovative application examples that

not only demonstrate the practical value of polymer-based flexible materials, but also highlight their

potential in advancing science and technology and improving the quality of human life. Finally, we

will discuss the major challenges we are currently facing in this field and future research directions,

with the aim of inspiring more researchers and engineers to pursue the study of polymer-based

flexible materials, encouraging further developments in the field. Through the introduction and

discussion in this reprint, readers will gain a comprehensive understanding of the importance of

polymer-based flexible materials and their significant impact on society. We expect that this reprint

will inform and inspire researchers, engineers, and students in related fields, and promote further

research and applications in this area. This collection was assembled and organized by Associate

Professor Xu Jiangtao of South China Agricultural University, and Associate Professor Zhang Sihang

of Hainan University contributed as a Guest Editor. We are very grateful to all of the experts and

scholars who actively contributed to this reprint.

Jiangtao Xu and Sihang Zhang

Editors
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Linear Capacitive Pressure Sensor with Gradient Architecture
through Laser Ablation on MWCNT/Ecoflex Film
Chenkai Jiang 1,2 and Bin Sheng 1,2,*

1 School of Optical-Electrical and Computer Engineering, University of Shanghai for Science and Technology,
Shanghai 200093, China; 15003438539@163.com

2 Shanghai Key Laboratory of Modern Optical Systems, Engineering Research Center of Optical Instruments
and Systems, Shanghai 200093, China

* Correspondence: bsheng@usst.edu.cn

Abstract: The practical application of flexible pressure sensors, including electronic skins, wearable
devices, human–machine interaction, etc., has attracted widespread attention. However, the linear
response range of pressure sensors remains an issue. Ecoflex, as a silicone rubber, is a common mate-
rial for flexible pressure sensors. Herein, we have innovatively designed and fabricated a pressure
sensor with a gradient micro-cone architecture generated by CO2 laser ablation of MWCNT/Ecoflex
dielectric layer film. In cooperation with the gradient micro-cone architecture and a dielectric layer of
MWCNT/Ecoflex with a variable high dielectric constant under pressure, the pressure sensor exhibits
linearity (R2 = 0.990) within the pressure range of 0–60 kPa, boasting a sensitivity of 0.75 kPa−1.
Secondly, the sensor exhibits a rapid response time of 95 ms, a recovery time of 129 ms, hysteresis
of 6.6%, and stability over 500 cycles. Moreover, the sensor effectively exhibited comprehensive
detection of physiological signals, airflow detection, and Morse code communication, thereby demon-
strating the potential for various applications.

Keywords: flexible capacitive pressure sensor; gradient micro-cone architecture; laser ablation;
dielectric constant; linear response; silicone rubber

1. Introduction

The wide use of flexible sensors, including use in applications such as electronic
skins [1–4], human–computer interaction [5,6], cardiovascular monitoring [7], body joint
detection [8–10], breathing tests [11–13], and information communication [14,15], has at-
tracted academic attention. According to the working principles, flexible pressure sensors
can be classified as piezoresistive [16,17], capacitive [18], triboelectric [19], and piezoelec-
tric [20], which can effectively convert mechanical deformation into quantifiable electrical
signals. However, the main problem with existing pressure sensors is the nonlinear change
in sensor sensitivity under pressure, making it imperative to devise a capacitive pressure
sensor with both good sensitivity and linearity.

Solid silicone rubber (PDMS, Ecoflex) is often used in conventional capacitive sensors,
but the sensitivity is limited due to the lack of a micro-structured dielectric layer and poor
deformation capacity. Therefore, microstructure dielectrics with higher compressibility
have been developed to raise sensitivity, including micro-domes [21], micro-cones [22],
micro-pyramids [23–25], and porous structures [26–28]. Although microstructure dielectrics
can be manufactured using various molds [29,30], the expense and inefficiency of the
technology limits its development. To overcome these constraints, Xue et al. [31] introduced
the method of obtaining microstructures in dielectric layers through laser ablation, which is
of high efficiency and which is capable of producing large manufacturing areas, providing
a new way to prepare microstructures.

In addition, several studies have already proved that increasing the dielectric constant
can improve the sensitivity of sensors [32–34], which is usually achieved by mixing silicone
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rubber with conductive fillers (carbon nanotubes [33] and graphene [35]). Meanwhile,
carbon nanotubes, due to their excellent conductivity and high aspect ratio, can signifi-
cantly reduce dielectric permeation thresholds and have become the most commonly used
conductive filler in research.

To improve the linearity of the sensor over the working range, Zhou et al. [36] suc-
cessfully presented a capacitive sensor with the MWCNT/PDMS gradient architecture
dielectric layer, achieving a high level of linearity (R2 = 0.993) and sensitivity of 0.065 kPa−1

at a pressure of 1600 kPa. Xie et al. [37] proposed a linear capacitive pressure sensor
with wrinkled PDMS/CNT dielectric layers that exhibits good linearity (R2 = 0.975) and
sensitivity of 1.448 kPa−1 at 20 kPa. However, the above studies failed to analyze the
variations in the dielectric constant of dielectric layer composite films when film is subject
to pressure. This crucial factor ensures linearity response in pressure sensors, which is the
issue explored in our study.

In this work, we present an MWCNT/Ecoflex pressure sensor with a gradient micro-
cone architecture achieved through laser ablation. The response in the relative dielectric
constant of the MWCNT/Ecoflex film under pressure was investigated. The sensor exhib-
ited good linearity and sensitivity by coordinating the gradient micro-cone architecture and
the film, reaching sensitivity of 0.75 kPa−1 and significantly improving linearity (R2 = 0.990)
with the 2.5 wt% MWCNT under 0–60 kPa. Additionally, the sensor demonstrated ex-
cellent repeatability with a fast response time of 95 ms and a recovery time of 129 ms
over 500 cycles. Laser ablation significantly accelerates the microstructure manufacturing
process, and the gradient micro-cone-structured dielectric layer can be formed within
5 min, which supports being customized separately. Finally, we demonstrate the applica-
tions of pressure sensors in human signal detection, airflow detection, and Morse code
communication.

2. Materials and Methods
2.1. Materials

MWCNTs (purity: >95%; diameter: <8 nm; length: 0.5–2 µm) were purchased from
Suzhou Tanfeng Material Technology. Ecoflex 00-30 was obtained from Smooth-On. Hexane
(≥97.0%) purchased from the China Pharmaceutical Group Corporation was used as the
diluent.

2.2. Preparation of Ecoflex Film

The beaker, glass rod, and Petri dish were cleaned with hexane and then dried in a
heated oven at 60 ◦C for 30 min. Subsequently, they were removed from the oven and
cooled. Ecoflex parts A and B were mixed at a ratio of 1:1 and stirred for 15 min. The
resulting mixture was then poured into a Petri dish and put into a vacuum oven for 15 min
to eliminate air bubbles. The Ecoflex fluid was then cured at room temperature for 3 h.

2.3. MWCNT/Ecoflex Film Preparation

The MWCNT and dispersant (polyvinylpyrrolidone, PVP) were precisely quantified
to provide a mass ratio of 10:1 [38]. The MWCNT and PVP were dispersed into the hexane
solution by an ultrasonic cleaner (30 min) (GW0303, GW Ultrasonic Instruments Co., Ltd.,
Shenzhen, China). Ecoflex part A was then incorporated into the solution and agitated at
1000 rpm for 30 min at high speed. Ecoflex part B was then added and the mixture was
stirred for an additional 30 min. The resulting liquid mixture was poured into a mold.
After the evaporation of hexane, the uncured MWCNT and Ecoflex mixture was then
vacuum-dried in an oven for 30 min and heated at 60 ◦C for 1 h to achieve complete curing.

2.4. Experimental Setup

The sensor was placed on a pressure test platform (ZQ-990B, ZhiTuo, Ltd., Dongguan,
Guangdong, China) that is capable of applying a pressure of 0–60 kPa. The capacitance
data were collected using an LCR instrument (TH2822D, Tonghui, Jiangsu, China) with a
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copper wire connecting the sensor and the LCR operating at 1 kHz. All data were collected
at a room temperature of 25 ◦C. The morphologies of the samples were analyzed using
a scanning electron microscope (JSM-IT500HR, Japan Electronics, Tokyo, Japan). Fourier
Transform Infrared (FTIR) spectra of the samples were obtained using a Spectrum FTIR
spectrometer manufactured by PerkinElmer (L1280127, PerkinElmer, Waltham, MA, USA).
X-ray photoelectron spectroscopy (XPS) (AXIS Ultra DLD, Shimadzu, Kyoto, Japan) was
used to analyze the elemental composition of samples. Raman spectra were acquired
through use of a Raman microscope (RAMANtouch, Nanophoton, Kyoto, Japan) with
532 nm laser excitation. The Tri-Strong TIDE Industrial Camera Microscope was used to
measured optical microscope images.

3. Results and Discussion
3.1. Fabrication of the Sensor

Figure 1a shows the structure of the sensor. The sensor comprises electrodes and a
gradient micro-cone architecture dielectric layer. It can be attached to the skin to measure
physiological parameters. Among them, the electrodes and dielectric layer were glued
together with Ecoflex. Copper foil (5 µm) and PI tape (0.02 mm) were combined to form
the electrodes. The fabrication schematic for the dielectric layer is shown in Figure 1b.
First, the MWCNT/Ecoflex solution was poured into a mold for curing. Second, an 8 × 8
(8 mm × 8 mm) array was designed using CAD and downloaded to a CO2 laser (K3020,
Julong Laser Co, Ltd., Liaocheng, Shandong, China). Finally, we used a CO2 laser to ablate
the surface of the MWCNT/Ecoflex film to form a gradient micro-cone architecture after
cleaning the carbide material produced during the ablation process. The finished sensor is
shown in Figure S10.
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Figure 1. (a) Structure of a flexible pressure sensor on human skin. (b) Dielectric layer fabrication
step for flexible pressure sensors.

To investigate the effect of microstructures on sensor performance, the Ecoflex film
was ablated using different power levels and different numbers of ablations. The ablation
region is shown in black in Figure S1, in which an 8 × 8 array of micro-cones was fabricated.
The low heights of the micro-cones (Figure S2) can be attributed to the utilization of low
power when we ablated the films using the parameters in Table S1. Conversely, when the
Ecoflex film was ablated utilizing the parameters in Table S2, the high power destroyed
the micro-cones (see Figure S3). Consequently, we used the appropriate power parameters
in Table S3 for the following study, which allowed us to ablate high micro-cones (see
Figure S4) with increasing micro-cone heights as the number of ablations increased.

Figure 2a shows the relative capacitive response of the Ecoflex dielectric sensor with
different numbers of ablations at 0–60 kPa. Sensor sensitivity increases as the number of
ablations increases, owing to the improved deformability of the dielectric layer caused by
the increased height of the micro-cones. Sensor sensitivity was 0.041 kPa−1 at 0–60 kPa
when the ablations were repeated four times. As described in [36], it has been shown in
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recent years that sensors with linear gradient architecture dielectric layers exhibit more
linearity and sensitivity than those without a gradient architecture dielectric layer. There-
fore, to fabricate a micro-cone dielectric layer with linear gradient micro-cones, small areas
were ablated (Table S4) after the micro-cones were fabricated, as shown in Table S3. Finally,
four levels of linear gradient micro-cones (see Figure S5) were fabricated in the dielectric
layer. Two ablation schemes with different numbers of height distributed micro-cones are
shown in Figures S6 and S7. Figure 2b shows the sensor’s relative capacitive response
for the three ablation schemes. The sensitivity of the ablation scheme shown in Figure S7
(0.055 kPa−1) is higher than that of the scheme shown in Figure S6 (0.047 kPa−1) and the
scheme shown in Figure S1 without the linear gradient architecture (0.041 kPa−1). The
linear range of Figure S7 is also greater than that of Figure S1 without a gradient archi-
tecture. In summary, we chose Figure S7 for the ablation in the present study. However,
sensor sensitivity still dropped, resulting in a nonlinear response over the pressure range
(0–60 kPa). To solve these issues, Ecoflex film was mixed with MWCNTs.
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(b) Relative capacitive response of Ecoflex pressure sensors with three different laser ablation schemes.

3.2. Characterization

The height of the micro-cone ablation for MWCNT/Ecoflex was slightly lower than
that of the micro-cone ablation for Ecoflex alone. Figure 3a–d show side views of the
MWCNT/Ecoflex micro-cones. The height of the micro-cone structure increases as the
number of ablations increases (see Table S5). Figure 3e,f show SEM images of the MWCNT/
Ecoflex dielectric layer with gradient micro-cones, enabling distinct observations of the
laser ablation micro-structured at four different height levels (see Table S6). Figure 3f–i
show the SEM images of the cross-section of the MWCNT/Ecoflex film. The presence of
micron-scale porous cracks in the cross-section, which has a porosity of 2.7%, was attributed
to the volatilization of hexane.

Figure 4 displays the ATR-FTIR and Raman spectra, and Figure 4a illustrates the ATR-
FTIR spectrum acquired for the MWCNT/Ecoflex film, the MWCNT/Ecoflex film after
laser ablation, and the ablation product of the MWCNT/Ecoflex film. The absorption peaks
of the MWCNT/Ecoflex film are almost consistent with those of the MWCNT/Ecoflex film
after laser ablation because the Si-C and SiO2 peaks are located at a position similar to that
of Si-O-Si, and the signals of its peak are hidden in the Si-O-Si peak. The spectrum exhibits
an absorption peak at 2963 cm−1, which can be attributed to the asymmetric vibration of
CH3. The CH3 group exhibited an asymmetric stretching vibration, leading to a relatively
weak peak at 1412 cm−1 and a strong absorption peak at 1258 cm−1. The asymmetric
stretching vibration and deformation of Si-O-Si caused significant absorption peaks at
1066 cm−1 and 1010 cm−1. The prominent absorption peak at 788 cm−1 was related to
Si-CH3 [15]. The ATR-FTIR spectra of the ablation product of MWCNT/Ecoflex film are
depicted in Figure 4a, which shows an absorption peak at 1066 cm−1 from the asymmetric
tension vibration of Si-O-Si. The weak peak at 800 cm−1 was related to the asymmetric

4



Polymers 2024, 16, 962

and symmetric deformation of Si-O and Si-C. Therefore, we considered that SiO2 and SiC
were produced during laser ablation. These analyses above were similar to the findings
of previous studies [15,39]. In addition, Figure 4b shows the Raman spectra of the Ecoflex
film, MWCNT film, and the MWCNT/Ecoflex film, as well as the MWCNT/Ecoflex film
after laser ablation. Here, the MWCNT film, MWCNT/Ecoflex film, and laser-ablated
MWCNT/Ecoflex film showed three peaks of carbon in the D band at ~1346 cm−1, the G
band at ~1582 cm−1, and the 2D band at ~2703 cm−1. Meanwhile, for the MWCNT/Ecoflex
film, the laser-ablated MWCNT/Ecoflex film also exhibited the characteristic peaks of the
Ecoflex signals, and the Si-C signals of the laser-ablated films are adjacent to the peaks of the
Ecoflex signals. These peaks are consistent with the conclusions of a previous study [40].
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Figure 3. The surface morphology of MWCNT/Ecoflex dielectric layers. (a–d) Side view optical
images of the MWCNT/Ecoflex micro-cones obtained using the parameters of Table S5 with different
ablation numbers: (a) one time, (b) two times, (c) three times, (d) four times. (e,f) SEM images of the
side view of the dielectric layer with gradient micro-cones. (g–i) Cross-sectional SEM images of the
MWCNT/Ecoflex film. The black area is MWCNTs and the white area is Ecoflex.
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Figure 4. The ATR-FTIR spectrum and Raman spectrum. (a) The ATR-FTIR spectrum of
MWCNT/Ecoflex film, the ATR-FTIR spectrum of MWCNT/Ecoflex film after laser ablation, and the
ATR-FTIR spectrum of the ablation product of MWCNT/Ecoflex film. (b) The Raman spectrum of
the MWCNT/Ecoflex film after laser ablation, the Raman spectrum of MWCNT/Ecoflex film, the
Raman spectrum of MWCNT film, and the Raman spectrum of Ecoflex film.

To comprehensively analyze the composition and functional groups present in
MWCNT/Ecoflex film, the XPS spectra of C1s, O1s, and Si 2p in these films were col-
lected. The fitted spectra of the C1s peaks of the MWCNT/Ecoflex film and the laser-ablated
MWCNT/Ecoflex film (Figure 5a,d) can be deconvolved into two distinct peaks at 284.4 and
284.8 eV, which are attributed to C-C(sp2) and C-C(sp3). The fitted spectra of the O1s peaks
of the MWCNT/Ecoflex film and the laser-ablated MWCNT/Ecoflex film (Figure 5b,e)
exhibit two distinct peaks at 531.9 eV and 532.7 eV, signifying C-Si-O and Si-Ox. The fitted
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spectra of the Si 2p peaks of the MWCNT/Ecoflex and laser-ablated MWCNT/Ecoflex
films (Figure 5c,f) can be decomposed into three distinct peaks at 101.8 eV, 102.5 eV, and
100.9 eV, respectively, which are attributed to C-Si-O, Si-Ox, and Si-C. Notably, the x values
of the Si-Ox peaks in the O 1s and Si 2p spectra of the MWCNT/Ecoflex film and the
MWCNT/Ecoflex film after laser ablation are estimated to be in the range of 1 to 2. These
peaks are consistent with previous findings [40–42]. The XPS findings are consistent with
the findings obtained from the Raman and ATR-FTIR spectroscopy analyses.
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The dielectric constant of the MWCNT/Ecoflex film was also investigated as shown
in Equation (1), where ε0, εr, A, and d represent the dielectric constant in vacuum, the
relative dielectric constant, the area directly opposite electrodes, and the distance between
the electrodes, respectively. c is the capacitance. Figure 6a shows the dielectric constant of
the MWCNT/Ecoflex film at different mass fractions. The MWCNT/Ecoflex film exhibited
an optimal relative dielectric constant of 650 at 2.5 wt%.

εr =
cd

ε0 A
(1)

σ =
l

RA
(2)

The conductivity and percolation thresholds are shown in Figure 6b. The equation for
electrical conductivity is outlined in Equation (2). σ represents conductivity, R denotes the
resistance of the MWCNT/Ecoflex film, A represents the film’s cross-sectional area, and l
indicates the spacing between electrodes. Owing to the exceptional electrical conductivity
and high aspect ratios exhibited by MWCNTs, the film was able to swiftly establish conduc-
tive pathways. Hence, percolation theory exhibits a significant increase in conductivity at
the critical mass fraction of MWCNTs. Percolation theory establishes the relation between
conductivity and the mass fraction of MWCNTs as follows:

σa ∝ σ0(p − pa)
t (3)
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As shown in Equation (3), σa represents the film’s conductivity and σ0 is the initial
conductivity, where p denotes the MWCNT mass fraction, pa signifies the percolation
threshold, and t is the threshold index. For the MWCNT/Ecoflex films, Equation (3) was
used to calculate pa and t as 0.7 wt% and 2.4, respectively. These data are similar to the
findings of previous studies [43,44]. Figure 6c illustrates the Young’s modulus of the
MWCNT/Ecoflex films with different mass fractions of MWCNTs, ranging from 0.40 MPa
to 0.54 MPa. Figure 6d depicts the response in permittivity under pressure (0–60 kPa)
with different mass fractions of the MWCNT/Ecoflex films. We collected the value of
the deformation of the film under pressure on the test platform, and the initial thickness
value minus the deformation value is the true height of the film under pressure. Using
Equation (1), we then obtained the exact dielectric constant of the film under pressure. All
of the above capacitance data were measured at an LCR frequency of 1 kHz. The response
of the relative dielectric constant of the films increases with increasing MWCNT mass ratio
under 60 kPa and reaches a maximum 3.2 at 2.5 wt%.
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Figure 6. The characteristics of MWCNT/Ecoflex film. (a) Relative dielectric constant of
MWCNT/Ecoflex films with different mass fractions of MWCNTs. (b) The relationship between the
mass fraction of MWCNTs and the conductivity of MWCNT/Ecoflex films. (c) Young’s modulus of
MWCNT/Ecoflex films with different mass fractions of MWCNTs. (d) The response of the relative
dielectric constant of the MWCNT/Ecoflex films with different mass fractions of MWCNTs under
60 kPa.

3.3. The Performance of the Flexible Pressure Sensor

A classical parallel plate capacitor was used for our capacitive pressure sensor, as
shown in Equation (4). In our sensor, the dielectric constant under vacuum and the area
directly opposite the area directly opposite the two electrodes was fixed. In this case, the
capacitance change is caused by εr and d. Figure 7a shows a working flow diagram and
the equivalent circuit.

c =
ε0εr A

d
(4)

7



Polymers 2024, 16, 962
Polymers 2024, 16, x FOR PEER REVIEW 8 of 14 
 

 

 

Figure 7. A working flow diagram and the performance of the sensor. (a) Working flow diagram of 

the MWCNT/Ecoflex capacitive pressure sensor with gradient architecture. (b) Relative capacitive 

response of pressure sensors with different mass fractions of MWCNTs under 60 kPa. (c) Linear 

fitting of capacitance response for the sensor under 60 kPa. (d) Relative capacitive response of the 

pressure sensor during a 60 kPa hysteresis test. (e) Sensor sensitivity and linearity range compared 

to recently published capacitive pressure sensors. (f) Relative capacitive response of the sensor dur-

ing a step pressure test at 0–60 kPa. (g) Response time of the sensor at a pressure of 1.3 kPa. (h) The 

stability test of the sensor for 500 cycles at 60 kPa. 

The sensor’s dielectric layer consists of the micro-cone layer and the thin film layer. 

The micro-cone layer contains two parallel capacitors denoted by 𝑐1  and  𝑐2, where 𝑐1 

represents a capacitor with air in the micro-cone layer and  𝑐2  represents the 

MWCNT/Ecoflex micro-cones. The MWCNT/Ecoflex dielectric film capacitor is indicated 

by  𝑐3. As shown in Figure 7a-I, the three capacitors maintain their initial capacitance un-

der unpressured conditions. In Figure 7a-II, it can be observed that the gradient architec-

ture micro-cones in the sensor are gradually compressed when subjected to pressure. This 

can be attributed to the air and lower Young’s modulus in the micro-cone layer compared 

to the film layer, while the Δ𝑑 value of the micro-cone layer exhibits a rapid increase dur-

ing this stage. Meanwhile, the Δ𝑑 value of the film layer is almost negligible. Equation (5) 

shows the Lichtenecker rule, where 𝜀𝑎 , 𝜀 𝑐 ,  𝑣𝑎,  and 𝑣𝑐  represent the relative dielectric 

constant of air, the relative dielectric constant of the MWCNT/Ecoflex film, and the vol-

ume fractions of air and the MWCNT/Ecoflex film, respectively. When the sensor’s dielec-

tric layer is compressed, the air is replaced by the MWCNT/Ecoflex material. In this study, 

the dielectric constant of 𝜀𝑎 was equal to 1, while the dielectric constant of 𝜀𝑐 for the 2.5 

wt% MWCNT/Ecoflex composite was measured to be 650. As the sensor is compressed, 

the MWCNT/Ecoflex micro-cones progressively replace the air, resulting in an increase in 

the relative dielectric constant, which is indicated by 𝜀𝑡. In Figure 7a-II, the sensor’s re-

sponse to pressure is related to changes in 𝑐1 and  𝑐2 in the micro-cone dielectric layer, 

while the change in 𝑐3 is negligible. The micro-cone layer was pressed into the film as the 

pressure increased, as shown in Figure 7a-Ⅲ. The response for 𝑐3 is that of sensor capac-

itance. As the dielectric constant of the film increases under pressure, the capacitance of 

Figure 7. A working flow diagram and the performance of the sensor. (a) Working flow diagram of
the MWCNT/Ecoflex capacitive pressure sensor with gradient architecture. (b) Relative capacitive
response of pressure sensors with different mass fractions of MWCNTs under 60 kPa. (c) Linear
fitting of capacitance response for the sensor under 60 kPa. (d) Relative capacitive response of the
pressure sensor during a 60 kPa hysteresis test. (e) Sensor sensitivity and linearity range compared to
recently published capacitive pressure sensors. (f) Relative capacitive response of the sensor during
a step pressure test at 0–60 kPa. (g) Response time of the sensor at a pressure of 1.3 kPa. (h) The
stability test of the sensor for 500 cycles at 60 kPa.

The sensor’s dielectric layer consists of the micro-cone layer and the thin film layer. The
micro-cone layer contains two parallel capacitors denoted by c1 and c2, where c1 represents
a capacitor with air in the micro-cone layer and c2 represents the MWCNT/Ecoflex micro-
cones. The MWCNT/Ecoflex dielectric film capacitor is indicated by c3. As shown in
Figure 7a-I, the three capacitors maintain their initial capacitance under unpressured
conditions. In Figure 7a-II, it can be observed that the gradient architecture micro-cones in
the sensor are gradually compressed when subjected to pressure. This can be attributed to
the air and lower Young’s modulus in the micro-cone layer compared to the film layer, while
the ∆d value of the micro-cone layer exhibits a rapid increase during this stage. Meanwhile,
the ∆d value of the film layer is almost negligible. Equation (5) shows the Lichtenecker
rule, where εa, ε c, va, and vc represent the relative dielectric constant of air, the relative
dielectric constant of the MWCNT/Ecoflex film, and the volume fractions of air and the
MWCNT/Ecoflex film, respectively. When the sensor’s dielectric layer is compressed, the
air is replaced by the MWCNT/Ecoflex material. In this study, the dielectric constant of
εa was equal to 1, while the dielectric constant of εc for the 2.5 wt% MWCNT/Ecoflex
composite was measured to be 650. As the sensor is compressed, the MWCNT/Ecoflex
micro-cones progressively replace the air, resulting in an increase in the relative dielectric
constant, which is indicated by εt. In Figure 7a-II, the sensor’s response to pressure is
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related to changes in c1 and c2 in the micro-cone dielectric layer, while the change in c3
is negligible. The micro-cone layer was pressed into the film as the pressure increased, as
shown in Figure 7a-III. The response for c3 is that of sensor capacitance. As the dielectric
constant of the film increases under pressure, the capacitance of the sensor continues to
increase. Therefore, the micro-cone dielectric layer, in combination with a thin film, results
in a sensor with high sensitivity and linearity.

εt = εava + εcvc (5)

s =
∂
(

∆c
c0

)

∂p
(6)

Optimization of dielectric layer film thickness is also considered (Figure S8). When
the thickness of the film layer is 200 µm, the compression range of the dielectric layer is
smaller, resulting in a working range that is narrower than that of a sensor with a thickness
of 400 µm. When the thickness of the film layer reaches 600 µm, the linear range of the
sensor is smaller than that of a sensor with a substrate thickness of 400 µm, which means
that the microstructures become less useful in the pressure range when the thickness of
film increases. This result is consistent with the findings of previous related work [23].
Figure 7b illustrates the relative capacitive response of the pressure sensor with different
mass fractions of MWCNTs at 60 kPa. The relative capacitance change is expressed as
∆c/c0 , in which ∆c and c0 represent the change capacitance and the starting capacitance,
respectively, while ∂p is the range of pressure changes. Compared to the other MWCNT
mass fractions, the relative dielectric constant reaches an optimum value of 650 at 2.5 wt%
(see Figure 6a). Meanwhile, the variation in the MWCNT/Ecoflex film’s relative dielectric
constant under pressure also shows the highest change at 2.5 wt% (see Figure 6d). These
two factors are responsible for the highest response of the sensor occurring at 2.5 wt%. The
sensitivity of the sensor is defined by Equation (6). When the mass fraction of MWCNTs
was 2.5 wt%, the capacitive sensor exhibited a sensitivity 0.75 kPa−1 at 60 kPa, which
is 14 times higher than that with the Ecoflex dielectric layer. The linearity of the sensor
(R2 = 0.990) is shown in Figure 7c. As shown in Figure 7d, a maximum hysteresis of 6.6%
is obtained by loading and unloading pressure. Figure 7e compares the performance of
our sensor and other capacitive sensors in terms of sensitivity and linearity. Detailed
information is provided in Table S7. Figure 7f displays the capacitance response of the
sensor when a step pressure of 0–60 kPa was applied to it. The limit response of the sensor
at 1 Pa was also investigated (Figure S9). Figure 7g shows a response time of 95 ms and
a recovery response time of 129 ms at a pressure of 1.3 kPa. Due to its close proximity to
human skin’s response time, it can be applied to applications involving real-time signal
processing on the surface of humans [45]. To examine the stability of the sensor under
pressure, a 500-cycle test was performed at 60 kPa, as shown in Figure 7h where 10 cycles
between 90 and 100 cycles and 420 and 430 cycles are shown.

3.4. Applications of the Sensor

Pulse signals indicate an individual’s health because of their association with cardiac
systole and diastole. Our sensor can detect small signals from carotid arteries, as shown
in Figure 8a. Swallowing is a complicated muscular process in the human body, and it is
noteworthy that various digestive disorders can impede swallowing. Consequently, the
monitoring of swallowing signals becomes imperative in the course of treatment for such
disorders. In Figure 8b, throat swallowing is monitored by attaching the sensor. Figure 8c
shows that the sensor can detect a bending elbow. The capacitive signal, which increases
with the degree of elbow flexion, also increases. This indicates that the sensor has the
potential to be a reliable instrument for recording arm activities. Figure 8d shows the
pressure sensor attached to the body’s abdomen. It can be observed that the capacitance
changes regularly with breathing. The sensor can thus detect muscle activity. Assessment
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of the condition of the calf muscles is imperative for sprinters during the development of a
scientific training program. The sensor can be affixed to the calf region, where it monitors
the tension and relaxation of the calf muscles, as shown in Figure 8e. Additionally, the
sensor was able to detect the perceived degree of airflow (Figure 8f). Morse code is a form
of communication that can be emitted not only by radio but also by other means, such as
sound and gestures. This type of communication plays an irreplaceable role in emergency
rescue and disaster preparedness. Figure 8g–i show an application of Morse code, where
the user presses a finger on the sensor causing a change in capacitance, which outputs the
Morse code for “SOS” and “USST”.
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mized the power and speed of the laser ablation to determine the optimum ablation pa-

rameters, as well as the optimal height of the microstructure. Variation in the 
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demonstrated exceptional linearity (R2 = 0.990) from 0 to 60 kPa with a response time of 

Figure 8. Relevant applications of the sensor. (a) The detected signal from carotid artery pulsation
when the sensor is bonded to the neck. (b) The detection of swallowing signals when the sensor
is bonded to the throat surface. (c) The sensor attached to arm joints to detect different degrees of
flexion. (d) The sensor detecting breathing in the human abdomen. (e) The detection of muscle
activity when the sensor is bonded to the calf. (f) Different levels of squeeze applied to an air blow
ball result in different degrees of airflow, which can be detected by the sensor. (g–i) Morse code
output from a finger pressing on the sensor.

4. Conclusions

In this work, we proposed the fabrication of a new manufacturing method for ca-
pacitive pressure sensors whose MWCNT/Ecoflex dielectric layer includes a thin film
and a gradient micro-cone structure achieved by CO2 laser ablation. This fabrication
method offers the advantages of high manufacturing efficiency and customizability. We
have optimized the power and speed of the laser ablation to determine the optimum
ablation parameters, as well as the optimal height of the microstructure. Variation in the
MWCNT/Ecoflex film’s relative dielectric constant under pressure and with different mass
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fractions was also investigated. In addition, we studied the effect of doped MWCNTs on
sensor performance and ultimately confirmed that the optimal configuration was MWC-
NTs with a mass ratio of 2.5 wt%. The sensor exhibited a sensitivity of 0.75 kPa−1 and
demonstrated exceptional linearity (R2 = 0.990) from 0 to 60 kPa with a response time of
95 ms, a low lag time of 6.6%, and a recovery time of 129 ms. Finally, this study elucidates
the potential applications of this sensor, including the detection of body signals such as
pulse signals, swallowing signals, and arm joint flexion signals, the testing of calf muscle
strength, and outputting Morse code messages entered by finger presses.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/polym16070962/s1, Figure S1: Design drawing of the CO2 laser ablation
array (black areas are ablated areas); Table S1: CO2 laser ablation parameters; Figure S2: Side view of
the Ecoflex micro-cones using the parameters of Table S1; Table S2: CO2 laser ablation parameters;
Figure S3: Side view of the Ecoflex micro-cones using the parameters of Table S2; Table S3: CO2 laser
ablation parameters; Figure S4: Side view of the Ecoflex micro-cones using the parameters of Table S3;
Table S4: CO2 laser ablation parameters; Figure S5: Side view of the Ecoflex micro-cones using the
parameters of Table S4; Table S5: CO2 laser ablation parameters; Figure S6: Scheme with gradient
micro-cone architecture with 20 W of ablation power in the black area, 6 W in the dark blue area,
7 W in the light blue area, and 8 W in the green area; Figure S7: Scheme with gradient micro-cone
architecture with 20 W of ablation power in the black area, 6 W in the dark blue area, 7 W in the light
blue area, and 8 W in the green area; Table S6: CO2 laser ablation parameters; Figure S8: Relative
capacitive response of sensors with different dielectric layer thicknesses; Table S7: Comparison of
work in recent years. Figure S9: The limit of detection of sensor. Figure S10: Top and side views of
the finished sensor. References [46–55] are relevant capacitive flexible pressure works and are cited in
Table S7.
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Abstract: A series of epoxy vitrimers (EVs) with enhanced glass transition temperatures (Tgs) were
synthesized by curing epoxy resin E51 with different ratios of phthalic anhydride and sebacic acid
as curing agents, and 1,5,7-triazabicyclic [4.4.0] dece-5-ene as a transesterification catalyst, and
their curing dynamics, rheological properties, mechanical properties, and thermal stability were
comprehensively investigated. By adjusting the molar ratio of the anhydride to the carboxylic acid in
the curing agent, the Tgs of the EVs increased from 79 to 143 ◦C with the increase in the anhydride
content. In particular, the material EV-5.5 with a high usable Tg of 98 ◦C could undergo stress
relaxation through the transesterification reaction when exposed to high temperatures (160 to 200 ◦C),
and the correlation between the relaxation time and temperature follows the Arrhenius equation.
Moreover, EV-5.5 exhibited elastomeric behavior, where brittle fractures occurred before yielding,
which demonstrated a tensile strength of 52 MPa. EV-5.5 also exhibited good thermal stability with
a decomposition temperature (Td5) of 322 ◦C. This study introduces new possibilities for practical
applications of thermoset epoxy resins under special environmental conditions.

Keywords: epoxy vitrimer; glass transition temperature; epoxy resin E51; curing agent; phthalic
anhydride; sebacic acid

1. Introduction

Epoxy resins are frequently used as coatings, flame retardant materials, structural
materials, and semiconductor component packaging materials in the application fields
of construction, electronics, automotives, aerospace, and so on, due to their excellent
mechanical properties, good heat resistance and chemical resistance, and good adhesion
to a variety of substrates [1,2]. However, since epoxy resins are thermosets with internal
polymer chain cross-linked structures that are three-dimensional and permanent, making
them insoluble and infusible, it is difficult for them to be recycled and reused once they
have been shaped, which limits their applications to a large extent and results in a waste of
resources [3].

In 2011, Leibler and coworkers [4] used zinc acetate and zinc acetyl acetonate as
catalysts to catalyze the classic epoxy chemistry reaction of the diglycidyl ether of bisphenol
A and fatty dicarboxylic and tricarboxylic acids, and obtained a cure containing a large
number of dynamic exchange ester bonds. Thanks to the transesterification reaction (TER),
the classic thermoset epoxy resin was fluid while maintaining the integrity and insolubility
of its cross-linked network at high temperatures and could be reshaped and reprocessed.
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Such polymers with covalently cross-linked networks and glass-like fluid properties are
therefore called vitrimers [5]. After Leibler’s group proposed the TER-based epoxy vitrimer
(EV), numerous researchers developed vitrimers based on disulfide bonds [6–10], amino
exchange [11,12], olefin metathesis [13,14] and dynamic imine bonds [15–17], which greatly
enriched the vitrimer system. However, due to the fact that the introduction of dynamic
bonds mostly requires special functional groups, and the preparation processes are complex
or costly, the research on EVs continues to focus on the creation of dynamic covalent bonds
via TER [18–20].

Most TER-based EV materials are prepared on the basis of acid anhydride- or car-
boxylic acid-cured epoxy resins. The raw materials for epoxy resins are diverse and so are
the curing agents, and the key to the preparation of EVs is the addition of the appropriate
catalysts to initiate the TER and catalyze curing reactions. The present catalysts mainly
include organic salts (zinc acetate, zinc acetyl acetonate, dibutyltin diacetate, etc.), strong
bases (1,5,7-triazide bicyclic (4.4.0) dece-5-ene (TBD), etc.) [20,21] and so on. Currently,
most researchers in this field are focusing on the effects of bio-based resin feedstocks [22,23],
curing agent types, catalyst types or catalyst-free conditions, epoxy group functionality,
and material grain size on the cross-linking process and the mechanical properties of
EV materials [21], which have facilitated the development of diverse applications, such
as chemical recycling and self-healing, energy storage, electronic devices, shape-shifting
materials and devices, artificial muscles, and microfabrication [24–29].

The ultimate potential of vitrimers, however, is limited by the ability to tune the glass
transition temperature (Tg) for the target application. At elevated temperatures, vitrimers
exhibit the characteristics of viscoelastic fluids, displaying flow behavior. Conversely, at
lower temperatures, the exchange reactions within vitrimers occur at a significantly slower
rate, giving them characteristics resembling those of conventional thermoset materials. The
transition from a liquid-like state to a solid state is reversible and corresponds to a glass
transition phenomenon [30]. The Tg is the critical parameter that demarcates the transition
between a glassy state and a rubbery state, which is of significant relevance in determin-
ing the temperature at which vitrimers become activated [31]. Advanced and smart EV
materials have sparked our interest in their application to aerospace vehicles. Aerospace
vehicles are a special target application case. Because the exposed components of aerospace
vehicles frequently reach temperatures beyond 90 ◦C when operating continuously under
the special environment conditions of air resistance and solar radiation [32], the suitable
EV materials are suggested to have an appropriate Tg of above 90 ◦C while maintaining
certain mechanical properties. For this purpose, we concentrate on the design, preparation,
and characterization of EVs with enhanced Tgs exceeding 90 ◦C.

Tg is the temperature at which the chain segments in the polymer change from the
frozen state to the moving state, and the movement of the chain segments is realized
through the internal rotation of single bonds on the main chain. Hence, the flexibility of
the polymer chain has an influence on the Tg of the polymer. Binary and ternary fatty
acids tend to have long flexible chains connected via multiple single bonds, so the Tgs of
epoxy resins or vitrimers cured with them are typically low, mostly less than 50 ◦C [30].
Currently, researchers primarily employ two methods to produce epoxy resins or vitrimers
with elevated Tgs. The first approach involves the use of epoxy monomers and curing
agents that incorporate rigid groups, such as phenyl and biphenyl, or multifunctional
groups. This strategy aims to enhance the rigidity of the molecular chains and the cross-
linking density of the cured products, thereby augmenting the resistance to molecular
chain segment movement [33–36]. For example, Wu and coworkers [37] used such an
effective strategy, where natural glycyrrhizic acid (GL) with sebacic acid (SA) were used
as curing agents to prepare TER-based EVs. The prepared V4 exhibited a fast stress
relaxation (a relaxation time of 130 s at 180 ◦C) and a usable Tg of 61 ◦C. An alternative
approach is to combine epoxy with other resins with high Tgs, such as benzocaine and
cyanate. Through copolymerization, the resulting product could exhibit a Tg exceeding
150 ◦C [38,39]. However, improving the Tg, network rearrangement rate, and mechanical
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properties simultaneously to meet material requirements in the special environment of
aerospace vehicles remains a big challenge for TER-based EVs [40].

Based on previous reports, our group investigated the use of some curing agents con-
taining rigid groups in the original epoxy–carboxylic acid vitrimer system. The preliminary
experiments revealed that aromatic carboxylic acids such as isophthalic acid and tereph-
thalic acid demonstrated higher melting points (greater than 200 ◦C) and lower reaction tem-
peratures with the epoxy group (the reaction could occur at 130 ◦C under the condition of
TBD catalyst), which resulted in poor process performance; 4,4′-diaminodiphenylmethane
with a melting point of 90 ◦C could be used to cure the diglycidyl ether of bisphenol A or
E51 to enhance the Tg of the products, but high-Tg systems suffered from insufficient TERs
due to the lack of ester bonds and the low network mobility.

Finally, in this study, a determined curing agent containing rigid groups employed to
cure epoxy resin oligomers is reported. Specifically, epoxy resin E51 was utilized as the
monomer, while a mixture of phthalic anhydride (PA) and sebacic acid (SA) in varying
proportions served as the curing agent. The curing reaction took place in the presence of
the transesterification catalyst of TBD. As a result, EVs with elevated Tgs were successfully
synthesized (Figure 1), which introduce new possibilities for practical applications of
thermosets such as healing or convenient processability in a wider temperature range.
Additionally, the created EV-5.5 with a Tg of 98 ◦C had a suitable stress relaxation rate as
well as strong mechanical and thermal stability, making it an intriguing candidate material
for use in aerospace applications under unique environmental circumstances.
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Figure 1. Curing reaction of EVs synthesized from E51, PA, and SA using TBD as the catalyst.

2. Materials and Methods
2.1. Chemicals

The petroleum-based epoxy resin E51 was from Nantong Xingchen Synthetic Material
Co., Ltd. (Jiangsu, China); the TBD, and SA came from Tianjin HEOWNS Biochemical
Technology Co., Ltd. (Tianjin, China); and the PA came from Shanghai Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China). All chemicals used were of analytical grade.

2.2. Synthesis

At ambient temperature, a total of 4 g of epoxy resin E51 and a varying amount of
SA (ranging from 0.21 to 1.23 g) were carefully measured and placed into a container.
The container, which had a metal bowl coated with polytetrafluoroethylene on the inner
wall, was then positioned in a magnetic stirring heating sleeve and heated to a constant
temperature of 135 ◦C for a duration of 5 min. This heating process facilitated the melting
of the epoxy resin E51 and the SA. Subsequently, the heating was discontinued, and a
quantity of PA (ranging from 1.21 to 2.72 g) was added to the mixture. Continuous agitation
was maintained throughout the cooling process to ensure that the PA melted and formed
a eutectic with the E51 and SA. Once the eutectic temperature reached 125 ◦C, 0.28 g
of TBD was introduced into the container. After 30 s of vigorous stirring, the container
was promptly removed to prevent the excessive polymerization of the prepolymer. The
resulting prepolymer mass of 2 to 3 g was then weighed and placed on a die specifically
designed for plate pressing. The EV material was obtained by subjecting the prepolymer to
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hot pressing at a temperature of 180 ◦C and a pressure of 4 MPa for a duration of 4 h using
a hot press [3]. The quantities of the raw materials used for each EV are given in Table 1.

Table 1. Feed compositions of each EV (the relative relationship between the moles of groups or
molecules and the mole number of the epoxy group is set to 10).

Label Epoxy Group (E51) Anhydride Group (PA) Carboxyl Group (SA) TBD

EV-4 10 4 6 1
EV-5 10 5 5 1

EV-5.5 10 5.5 4.5 1
EV-6 10 6 4 1
EV-7 10 7 3 1
EV-8 10 8 2 1
EV-9 10 9 1 1

2.3. Characterization

Differential scanning calorimetry (DSC) was performed on a DSC instrument (Q2000,
TA Instruments, Newark, DE, USA), utilizing a standard aluminum crucible. The sample
weight was carefully controlled within the 6–10 mg range. The temperature range for the
DSC test was set from 0 to 200 ◦C, with a heating rate of 10 ◦C/min. The entire test was
carried out under a nitrogen atmosphere.

Stress–relaxation experiments were conducted on a USA TA Instruments rheometer
(AR-G2, TA Instruments, Newark, DE, USA) in torsion geometry with 8 mm diameter
samples. An axial force of −0.01 N and a deformation of 1% were applied. The relaxation
times were measured for 63% relaxation.

The tensile properties were evaluated using an electronic universal material testing ma-
chine (5943, Instron, Boston, MA, USA). Rectangular samples measuring 40 × 10 × 0.5 mm3

were cut from the EV material and placed on the machine. The test procedure involved grad-
ually increasing the axial tension from 0 N at a rate of 30 N/min until the sample fractured.

The surface morphology was examined using a scanning electron microscope (SEM,
Quattro C, Thermo Fisher Scientific, Waltham, MA, USA).

Thermogravimetric (TG) and differential thermal gravimetric (DTG) analyses were
performed using a thermogravimeter (TGA-Q50, TA Instruments, Newark, Delaware, USA).
The EV material was subjected to a gradual heating process in a nitrogen atmosphere,
reaching a maximum temperature of 740 ◦C at a heating rate of 10 ◦C/min.

3. Results and Discussion
3.1. Proposed Mechanisms of the Curing Reactions

The potential mechanisms underlying the reactions between epoxy groups and anhy-
drides or carboxylic acids, catalyzed by bases, are depicted in Figure 2. Figure 2a illustrates
various reaction steps involving the epoxy group and the anhydride, with a base (take
R3N as the example) as the catalyst. Firstly, the anhydride reacts with R3N, resulting in the
formation of a carboxylate anion. Subsequently, the carboxylate anion reacts with the epoxy
group, causing the opening of the epoxy group and the formation of an alkoxide anion.
Finally, the alkoxide anion reacts with another anhydride, leading to the formation of a
new carboxylate anion [41]. Similarly, Figure 2b demonstrates the reaction steps between
the epoxy group and the carboxylic acid, catalyzed by a base (abbreviated as B). Initially,
the carboxylic acid reacts with the B, resulting in the formation of a carboxylate anion.
Subsequently, the carboxylate anion reacts with the epoxy group, leading to the opening
of the epoxy group and the formation of an alkoxide anion. Finally, a new reaction occurs
between the alkoxide anion and another carboxylic acid.

However, upon comparing step 3 in Figure 2a with step 3 in Figure 2b, it becomes
evident that the use of anhydrides as a curing agent leads to the formation of carboxylate
anions (marked with the red box), which will subsequently react with epoxy groups. This
results in the repetition of steps 2 and 3, leading to the creation of new branch structures on
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the polymer chain. Consequently, the cross-link density of the cured product is increased.
Conversely, when carboxylic acids are employed as a curing agent, the reaction with
epoxy groups does not yield such branch structures. Therefore, by adjusting the ratio of
anhydrides to carboxylic acids in the curing agent, it is possible to modify the cross-link
density and, consequently, the Tg of the resulting EV material.
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3.2. Tgs of EV Materials

To investigate the effect of the curing agent on the Tg of the vitrimer, DSC was
performed on the EV materials cured with varying levels of anhydride content in the curing
agent. Figure 3a displays the DSC curves for the different EV materials, and Figure 3b
illustrates their detailed Tgs. As depicted in Figure 3, the Tgs of the EVs gradually increased
from 79 to 143 ◦C as the proportion of anhydrides in the curing agents increased. This
can be attributed to two primary factors. First, the presence of rigid benzene rings in
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PA leads to significant steric hindrance, thereby raising the energy barrier for molecular
chain rotation. Second, in contrast to carboxylic acids, the reaction of anhydride with
epoxy groups, facilitated by a base catalyst, enhances the cross-linkage density of cured EV
materials. Consequently, when the total molar amount of anhydride and carboxyl groups
in the curing agent and the molar amount of epoxy groups in the epoxy oligomer were
maintained at a 1:1 ratio, the higher the proportion of PA in the curing agent, the higher the
Tg of the cured EV. The Tg of the cured EV increased beyond 90 ◦C when the molar ratio of
anhydride to carboxyl groups in the curing agent was 5:5, which met the basic material
requirements for low-orbit spaceflight [32].
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3.3. Rheological Properties of EV Materials

In order to investigate the rheological properties of EV materials at elevated tempera-
tures, shear stress relaxation experiments were conducted on EV materials with Tgs exceeding
90 ◦C at 150 and 180 ◦C. The results presented in Figure 4 and Table 2 demonstrate that the
majority of EV materials exhibited stress relaxation within the duration of the test (40,000 s)
at both temperatures. This suggests that the EV materials were capable of undergoing a
TER at higher temperatures, leading to changes in the cross-linked network’s topology. No-
tably, the relaxation times of EV-5, EV-6, and EV-7 at 180 ◦C were significantly shorter than
those at 150 ◦C. This observation can be attributed to the accelerated TER rate at elevated
temperatures, which expedites the rearrangement process of the cross-linked network.

Polymers 2023, 15, x FOR PEER REVIEW 6 of 11 
 

 

3.2. Tgs of EV Materials 
To investigate the effect of the curing agent on the Tg of the vitrimer, DSC was per-

formed on the EV materials cured with varying levels of anhydride content in the curing 
agent. Figure 3a displays the DSC curves for the different EV materials, and Figure 3b 
illustrates their detailed Tgs. As depicted in Figure 3, the Tgs of the EVs gradually increased 
from 79 to 143 °C as the proportion of anhydrides in the curing agents increased. This can 
be attributed to two primary factors. First, the presence of rigid benzene rings in PA leads 
to significant steric hindrance, thereby raising the energy barrier for molecular chain ro-
tation. Second, in contrast to carboxylic acids, the reaction of anhydride with epoxy 
groups, facilitated by a base catalyst, enhances the cross-linkage density of cured EV ma-
terials. Consequently, when the total molar amount of anhydride and carboxyl groups in 
the curing agent and the molar amount of epoxy groups in the epoxy oligomer were main-
tained at a 1:1 ratio, the higher the proportion of PA in the curing agent, the higher the Tg 
of the cured EV. The Tg of the cured EV increased beyond 90 °C when the molar ratio of 
anhydride to carboxyl groups in the curing agent was 5:5, which met the basic material 
requirements for low-orbit spaceflight [32]. 

 
Figure 3. (a) DSC curves and (b) Tgs of EVs prepared with different ratios of anhydride to carboxylic 
acid as curing agents. 

3.3. Rheological Properties of EV Materials 
In order to investigate the rheological properties of EV materials at elevated temper-

atures, shear stress relaxation experiments were conducted on EV materials with Tgs ex-
ceeding 90 °C at 150 and 180 °C. The results presented in Figure 4 and Table 2 demonstrate 
that the majority of EV materials exhibited stress relaxation within the duration of the test 
(40,000 s) at both temperatures. This suggests that the EV materials were capable of un-
dergoing a TER at higher temperatures, leading to changes in the cross-linked network’s 
topology. Notably, the relaxation times of EV-5, EV-6, and EV-7 at 180 °C were signifi-
cantly shorter than those at 150 °C. This observation can be attributed to the accelerated 
TER rate at elevated temperatures, which expedites the rearrangement process of the 
cross-linked network. 

 
Figure 4. Stress–relaxation curves of several EV materials with Tg > 90 °C at different temperatures: 
(a) 150 °C, (b) 180 °C. 
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Table 2. Relaxation time of each EV (Tg > 90 ◦C) in the shear rheological test at different temperatures.

Test Temperature (◦C)
Relaxation Time (s)

EV-5 EV-6 EV-7 EV-8

150 10,872 15,170 32,800 >40,000
180 660 1334 3460 6170
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Furthermore, the relaxation curves at the same test temperature reveal that the higher
the content of PA in the curing agent, the longer the relaxation time of the cured EV
material. This phenomenon can be attributed to the molecular structure of PA and its
reaction characteristics with the epoxy group. In the presence of the base catalyst, the
reaction between carboxylic acid and epoxy oligomers efficiently generates two reactants,
namely the ester group and the hydroxyl group, facilitating transesterification. Conversely,
the reaction between anhydride and epoxy oligomers, facilitated by the base catalyst, only
produces ester groups. Consequently, a higher content of anhydride in the curing agent
leads to an unfavorable group composition in the curing product for the TER. Additionally,
PA possesses a rigid benzene ring structure with significant steric hindrance, which hinders
contact between the ester groups and hydroxyl groups in EV materials. Based on the
aforementioned findings, it can be concluded that a higher amount of PA in the curing
agent hampered the TER of the prepared EV material and slowed down the stress relaxation
process. One thing to note here is that the principle of shear rheology testing is based on
some basic assumptions; i.e., only when the input or output strain or stress is applied to
the sample, and the flow field is a pure shear flow field, the test results are reliable, so
different samples often need to adopt their own specific test conditions and techniques to
ensure that these basic assumptions are valid [42]. The set of samples (EV-5, EV-6, EV-7,
and EV-8) used here to determine the relaxation times were different, but in order to ensure
the comparability of the test results, the same test conditions were used, which may affect
the accuracy of the absolute values of the relaxation times for the samples. Therefore, the
absolute values of the relaxation times here are suggested to be neglected and their relative
values are considered. Comprehensively considering the performance requirements of a Tg
above 90 ◦C and a shorter stress relaxation time, the material EV-5.5 should be able to meet
the criteria. Thus, EV-5.5 was primarily evaluated in the follow-up work.

Shear stress relaxation experiments were conducted on EV-5.5 at various temperatures,
ranging from 160 to 200 ◦C. The stress relaxation curves of the EV-5.5 material at different
temperatures are depicted in Figure 5a, while the corresponding relaxation times are pre-
sented in Table 3. The experimental findings indicate that, as the shear stress relaxation
test temperature increased from 160 to 200 ◦C, the relaxation time of the EV-5.5 material
gradually decreased from 23,354 s to 1350 s. This observation suggests that the rate of
the topological transition of the cross-linked network within the material accelerates with
increasing temperature. The test results further indicate that the correlation between the
relaxation time (τ) and the shear rheological test temperature (T) for the EV-5.5 material
adheres to the Arrhenius equation, lnτ = lnτ0 + Ea/RT. Specifically, the lnτ at each tem-
perature exhibits a linear relationship with 1000/T, as depicted in Figure 5b. This finding
provides further evidence that the EV materials possessed the rheological characteristics
that are commonly observed in vitrimer materials at elevated temperatures [30]. By ana-
lyzing the slope of the fitted curve and employing the Arrhenius equation, the activation
energy (Ea) associated with the relaxation process of the EV-5.5 material was determined
to be 123.8 kJ/mol, which was in good agreement with those reported by Leibler and
other researchers (69–150 kJ mol−1) [35]. Compared with V4 with glycyrrhizic acid as the
component curing agent, as reported by Wu et al. [37], EV-5.5 exhibited a higher Tg and
a slower relaxation rate, which was capable of meeting the requirements for our target
applications in aerospace.

Table 3. Relaxation times for the EV-5.5 material at various temperatures.

Test temperature (◦C) 160 170 180 190 200

Relaxation time, τ (s) 23,354 10,536 4664 2231 1350
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3.4. Mechanical Properties of EV-5.5

To assess the mechanical properties of the EV material, EV-5.5 was subjected to a
tensile test at room temperature. The resulting tensile curve is depicted in Figure 6a.
The graph illustrates the linear relationship between stress and strain with increasing
applied load. Upon reaching an applied load of 52 ± 6 MPa, the material experienced
a rupture, exhibiting a 12.5 ± 1.9% elongation at the rupture and a rupture energy of
3.83 ± 1.02 MJ/m3.

Polymers 2023, 15, x FOR PEER REVIEW 8 of 11 
 

 

 
Figure 5. (a) Normalized stress–relaxation curves of the EV-5.5 material at different temperatures; 
(b) fitting of the relaxation times to the Arrhenius equation. 

Table 3. Relaxation times for the EV-5.5 material at various temperatures. 

Test temperature (°C) 160 170 180 190 200 
Relaxation time, τ (s) 23,354 10,536 4664 2231 1350 

3.4. Mechanical Properties of EV-5.5 
To assess the mechanical properties of the EV material, EV-5.5 was subjected to a 

tensile test at room temperature. The resulting tensile curve is depicted in Figure 6a. The 
graph illustrates the linear relationship between stress and strain with increasing applied 
load. Upon reaching an applied load of 52 ± 6 MPa, the material experienced a rupture, 
exhibiting a 12.5 ± 1.9% elongation at the rupture and a rupture energy of 3.83 ± 1.02 
MJ/m3. 

 
Figure 6. (a) Tensile curve of EV-5.5; (b) SEM image of the rupture cross-section. 

The tensile curve does not display any stress peaks or plateaus prior to the material’s 
rupture, implying the absence of significant yield phenomena; namely, the EV-5.5 mate-
rial exhibited typical elastomeric behavior throughout the stretching process, with brittle 
breaking occurring before yielding. This observation is further supported in the SEM im-
age of the rupture’s cross-section, as displayed in Figure 6b. The fracture surface of EV-
5.5 exhibited smooth and well-ordered streamer-like lines, indicating the occurrence of 
stress concentrations during tensile processes and confirming the brittle fracture behavior. 
Compared with the reported V4 and a few bio-based vitrimers, EV-5.5 showed a signifi-
cantly better tensile strength [37]. 

Figure 6. (a) Tensile curve of EV-5.5; (b) SEM image of the rupture cross-section.

The tensile curve does not display any stress peaks or plateaus prior to the material’s
rupture, implying the absence of significant yield phenomena; namely, the EV-5.5 material
exhibited typical elastomeric behavior throughout the stretching process, with brittle break-
ing occurring before yielding. This observation is further supported in the SEM image
of the rupture’s cross-section, as displayed in Figure 6b. The fracture surface of EV-5.5
exhibited smooth and well-ordered streamer-like lines, indicating the occurrence of stress
concentrations during tensile processes and confirming the brittle fracture behavior. Com-
pared with the reported V4 and a few bio-based vitrimers, EV-5.5 showed a significantly
better tensile strength [37].

3.5. Thermal Stabilities of EV-5.5

The thermal stability of EV-5.5 was characterized using TG analysis and the results
are presented in Figure 7. The red TG curve shows how the weight of the EV-5.5 sample
decreased when it was heated. The initial decomposition temperature of EV-5.5 was de-
termined to be 260 ◦C. Within the temperature range of 0–260 ◦C, the sample experienced
a weight loss of 0.5%, which is attributed to the volatilization of the TBD catalyst, the
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unreacted curing agent, and other substances. As the temperature increased, the decompo-
sition rate of EV-5.5 accelerated, with decomposition temperatures of 322, 341, and 437 ◦C
corresponding to weight losses of 5%, 10%, and 50%, respectively. The EV-5.5 material
demonstrated good thermal stability, and the temperature at 5% weight loss (Td5) was sub-
stantially higher than 263 ◦C [37]. By performing differential calculations on the TG curve,
the DTG curve (blue line) was obtained, which provides insight into the decomposition rate
of the materials at different temperatures. The DTG curve reveals that EV-5.5 decomposed
rapidly within the temperature range of 300–500 ◦C, with the decomposition rates peaking
at 354 and 415 ◦C.
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4. Conclusions

The EV materials were synthesized using epoxy E51 as the base resin, with PA and
SA as the curing agents and TBD as the catalyst. Shear rheology tests revealed that the EV
materials exhibited stress relaxation behavior at high temperatures, and the relaxation time
was found to be consistent with that of vitrimer materials. DSC and shear rheology tests
demonstrated that the Tg of the cured EV material increased, and the fluidity decreased
with higher anhydride contents in the curing agent. This can be attributed to the larger steric
hindrance of the molecular structure of PA, which leads to an increased cross-linking density
in the cured product when reacted with epoxy under TBD catalysis. Tensile tests revealed
that the EV-5.5 sample displayed elastomeric properties, with brittle breaking occurring
before yielding, which exhibited a tensile strength of 52 MPa, an elongation at fracture of
12.5%, and a fracture energy of 3.83 MJ/m3. The initial decomposition temperature of EV-5.5
was 260 ◦C, according to the TG analysis data. Two decomposition peaks appeared as the
temperature rose, at 354 and 415 ◦C, respectively, and the decomposition temperatures
of 5%, 10%, and 50% were 322 ◦C, 341 ◦C, and 437 ◦C, respectively. This study, aiming
to prepare EV materials with enhanced and tunable Tgs, opens up new opportunities for
thermosets’ practical applications.
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Abstract: This study aims to reveal the effects of flexible chain lengths on rosin-based epoxy resin’s
properties. Two rosin-based epoxy monomers with varying chain lengths were synthesized: AR-
EGDE (derived from ethylene glycol diglycidyl ether-modified acrylic acid rosin) and ARE (derived
from acrylic acid rosin and epichlorohydrin). Diethylenetriamine (DETA), triethylenetetramine
(TETA), and tetraethylenepentamine (TEPA) with different flexible chain lengths were used as
curing agents. The adhesion, impact, pencil hardness, flexibility, water and heat resistance, and
weatherability of the epoxy resins were systematically examined. It was found that when the
flexible chains of rosin-based epoxy monomers were grown from ARE to AR-EGDE, due to the
increased space of rosin-based fused rings, the toughness, adhesion, and water resistance of the
rosin-based epoxy resins were enhanced, while the pencil hardness and heat resistance decreased.
However, when the flexible chains of curing agents were lengthened, the resin’s performance did
not change significantly because the space between the fused rings changed little. This indicates
that the properties of the rosin-based resins can only be altered when the introduced flexible chain
increases the space between the fused rings. The study also compared rosin-based resins to E20, a
commercial petroleum-based epoxy of the bisphenol A type. The rosin-based resins demonstrated
superior adhesion, water resistance, and weatherability compared to the E20 resins, indicating the
remarkable durability of the rosin-based resin.

Keywords: rosin; flexible chain; film property; bio-based epoxy; curing agent

1. Introduction

Epoxy resins are three-dimensional network structure polymers formed by the reac-
tion of epoxy monomer and a curing agent; thus, the properties of epoxy resins depend
on the structure of the epoxy monomer and curing agent [1]. Consequently, epoxy resins
containing polar groups such as hydroxyl and ether feature excellent mechanical strength,
good dielectric properties, chemical resistance, strong adhesion, low shrinkage, and ease of
processability [2,3], allowing for their widespread applications in different fields such as
adhesives, coatings, composites, construction, and electronics. However, almost 70% of the
world’s production of epoxy resin is derived from bisphenol A (BPA), a petroleum-based
compound [4,5]. Using renewable resources instead of BPA can protect petrochemicals,
fix CO2, accelerate the C-cycle process, and reduce greenhouse gases, all the while meet-
ing society’s requirements. A number of studies have demonstrated that humans could
overcome the resource problem by utilizing just seven percent of the biomass that exists [6].

Rosin, a renewable resource that is abundantly available, is produced from pine and
conifer trees, with a yearly global yield of approximately 1.27 million tons [7,8]. It is a
mixture containing around 75% rosin acid, and the rosin acid molecules consist of a fused
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ring and active functional groups, such as double bonds and a carboxyl group, which are
easily chemically modified. Diels–Alder type reactions produce rosin derivatives such as
fumaropimaric acid (FPA), acrylicpimaricacid (APA), maleopimaric acid (MPA), and methyl
maleopidate (MMP). Owing to their structural characteristics, low cost, biodegradability,
biocompatibility, and corrosion resistance, rosin and its derivatives are valuable feedstocks
for an array of polymers [9,10] and have found a broad range of applications [8], such as
coatings [11–18], packaging [19,20], electrical equipment [6], antibacterial and antiviral
polymers [19,21–24], surfactants, and adhesives [25–29]. Hence, the replacement of BPA
with rosin and its derivatives as a fossil feedstock has gained increasing attention [4,5,30–33].
It has been demonstrated that the mechanical and thermal properties of rosin-based epoxy
resin are comparable to those of bisphenol A epoxy resin, due to the analogous rigidity
of the fused ring of rosin and the benzene ring of bisphenol A. It enables rosin to be
a potential partial or full substitute for petroleum-based epoxy monomers and curing
agents [2,30,34–42]. On the other hand, in order to improve the mechanical and thermal
properties of bio-based epoxy resins and vitrimers such as vegetable oil-based epoxy
resins that meet the application requirements of industry, rosin-based derivatives are often
introduced as epoxy monomers or curing agents [43,44]. However, the fused ring of rosin-
based epoxy resin is not only rigid but also brittle, leading to brittle fractures in reaction to
external pressures and a decrease in its mechanical properties. For example, MPA (rosin-
based curing agents) was employed by Liu et al. as a co-curing agent for DGEBA. As
the MPA content grew, the material’s mechanical parameters fell. The flexible chain was
incorporated into the rosin-based epoxy resin to reduce the brittleness of the rosin-based
fused ring to obtain a resin with improved performance. The effect of the quantity of
flexible chains on the mechanical properties of rosin-based epoxy resin was studied in
our previous research [45]. It was shown that the introduction of appropriate flexible
chains into the rosin-based epoxy monomer can reduce brittleness and increase toughness,
thereby improving its mechanical properties. Huang et al. combined the rigid rosin epoxy
monomer with a flexible dimer acid epoxy monomer, producing resins with enhanced
mechanical and thermal properties [46]. Li et al. combined curing agents derived from rigid
rosin and flexible fatty acids to achieve balanced mechanical and thermal properties [47].

However, to our knowledge, the effects of epoxy monomers and curing agents with
different flexible chain lengths on the properties of rosin-based epoxy resins have not been
studied systematically, nor have the effects of flexible chains with different structures been
compared. In this study, rosin-based epoxy monomers with various flexible chains were
obtained: ARE, a diglycidyl ester derived from acrylic acid rosin and epichlorohydrin that
lacked flexible chains, and AR-EGDE, an ethylene glycol diglycidyl ether-modified acrylic
acid rosin with flexible chains. Diethylenetriamine (DETA), triethylenetetramine (TETA),
and tetraethylenepentamine (TEPA) with different chain lengths were used concurrently
to cure the aforementioned epoxy resins. The impacts of epoxy monomers and curing
agents with various flexible chains on the adhesion, impact, pencil hardness, flexibility,
water and heat resistance, and weatherability of rosin-based epoxy resins were studied. In
the meantime, the effects of two distinct flexible chains on the properties of rosin-based
epoxy resin were compared, and the structure of the flexible chain required to increase
its toughness was determined. In addition, commercial epoxy resin was utilized for
comparison purposes. According to the results, the bio-based resin with superior adhesion
outperforms the commercial one (DGEBA).
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2. Experimental
2.1. Materials

Wuzhou Sun Shine Forestry & Chemicals Co., Ltd. (Wuzhou, China) provided the
acrylic acid rosin (ARA) (238 mg KOH·g−1). Ethylene glycol diglycidyl ether (EGDE) with
an epoxy value of 0.73 mol/100 g was acquired from Wuhan Yuancheng Create Technology
Co. (Wuhan, China) E-20 (DGEBA with an epoxy value of 0.20 mol/100 g) was purchased
from Wuxi Resin Factory of Blue Star New Chemical Material Co., Ltd. (Wuxi, China).
From Sinopharm Group Chemical Reagent Co., Ltd. (Shanghai, China), diethylenetriamine
(DETA) and triethylenetetramine (TETA) were purchased. Epichlorohydrin (EC), ethanol
(EtOH), acetone, potassium hydroxide (KOH), and triethylamine (Et3N) were of chemically
pure quality and were utilized directly.

2.2. Preparation of Epoxy Monomers
2.2.1. ARE, Diglycidyl Ester from ARA (Figure 1)

ARA (100.00 g; 0.42 mol of carboxyl group), EC (156.67 g; 1.68 mol of epoxy group),
and Et3N (0.51 g; 0.2 wt% of the total weight of ARA and EC) were added to a 500 mL
four-neck round-bottom flask equipped with a reflux condenser, a mechanical stirrer, a
thermometer, and an N2 inlet. The temperature of the system was raised to 110 ◦C and
maintained until the acid number declined below 0.5 mg KOH/g. After cooling to 70 ◦C,
0.42 mol of solid NaOH (17.00 g) was added, and the temperature was maintained for 3
h. After the reaction, the precipitate was filtered out, and the filtrate was neutralized with
water. After separation, the organic layer was evaporated at approximately 50 ◦C to recover
excess epichlorohydrin, resulting in a yellow, transparent, viscous liquid.
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2.2.2. AR-EGDE, the Copolymers of Ethylene Glycol Diglycidyl Ether-Modified ARA
(Figure 2)

EGDE (116.50 g, 0.85 mol of epoxy group) and ARA (50 g, 0.21 mol of carboxyl group)
were added to a 500 mL four-necked flask equipped with a reflux condenser, agitator,
thermometer, and nitrogen tubing. Et3N (0.02% of the ARA mass) was added as a catalyst
once the acrylic rosin had been completely dissolved. After reacting at 130 ◦C for 1 h,
an additional 50.00 g of ARA (0.2117 mol carboxyl group) was added, and the reaction
temperature was maintained until the acid value fell below 0.5 mg KOH/g, at which point
the reaction was terminated. The product was a yellow, viscous, transparent liquid.
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2.3. Preparation of Test Samples

Stoichiometrically, the epoxy monomers and curing agents were blended. Then,
certain amounts of mixed solvents (xylene and butanol) were added to the above blends.
The ratio of xylene to butanol by mass was 70:30. The method yielded a mixture that was
aged for 30 min before being coated on 120 mm × 50 mm tinplates. This was carried out in
accordance with GB/T 1727-2021 [48]. For each test, at least three tinplates were prepared.
The formulations for the epoxy resins are listed in Table 1, and Figure 3 depicts the structure
of epoxy resin based on rosin. Simultaneously, the epoxy monomer and curing agent were
theoretically combined to produce 80 mm × 10 mm × 4 mm strip resin samples. The curing
procedure required 12 h at room temperature, followed by 4 h at 100 ◦C in the oven.

Table 1. The formulas of epoxy resins.

Epoxy Resins Epoxy Monomer Curing Agent

ARED ARE DETA
ARET ARE TETA
AREP ARE TEPA

AR-EGDED AR-EGDE DETA
AR-EGDET AR-EGDE TETA

E20D E20 DETA
E20T E20 TETA
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2.4. Characterization

Using the KBr method, an RFX-65A (Analect) FTIR instrument was used to acquire
the infrared spectra of the prepared epoxy monomers.
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The hardness was assessed in accordance with GB/T 6739-2006 [49].
Using the paint film scriber A2012058 (Elcometer), the adhesion was evaluated using

a cross-cut test per GB/T 9286-2021 [50].
The impact resistance was evaluated in accordance with GB/T 1732-2020 [51], using a

20 cm impact height and a 1 kg mallet.
The flexibility was determined via GB/T 1731-2020 [52].
The heat resistance was measured as per GB/T 1735-2009 [53]. The tinplates were

placed in an oven at 100 ◦C for 3 days. They were cooled to room temperature and examined
for color changes or other signs of coating deterioration.

The tinplates were placed in the sun for 60 days to test weatherability.
For 49 days, painted tinplates were immersed vertically in 3000 mL water-filled glass

beakers to study the water resistance behavior of the films. Regular inspections of the
tinplates were conducted to assess the level of attack on the paint coatings and the substrate.
At various intervals, the tinplates were removed, rinsed with water, and visually inspected
for film integrity, overall appearance, and film failure.

The swelling behavior was investigated by immersing strip-shaped samples in water at
room temperature. The percent change in mass was obtained using the following equation:
percent change in mass = (W2 − W1)/W1 × 100%, where W2 and W1 are the weights after
and before absorption, respectively.

3. Results
3.1. Characterization of Epoxy Resin Monomers

By reacting the carboxyl groups of ARA with EC or EGDE, respectively, it is possible to
generate ester-containing ARE and AR-EGDE. Figures 1 and 2 depict the formulations of the
chemical reactions. The FTIR spectra of the EGDE, ARA, and epoxy monomers (AR-EGDE
and ARE) are shown in Figure 4. For ARE and AR-EGDE, the broad absorption peaks
attributed to the -COOH of ARA between 3000 and 3500 cm−1 and around 1698 cm−1 nearly
disappeared. Simultaneously, the conspicuous absorption peaks at 1726 cm−1, ascribed
to the elongation of carbonyl groups in the ester groups are clearly visible. This indicates
that the ARE and AR-EGDE formed. The epoxy groups were also confirmed by absorption
bands at 1245, 910, and 852 cm−1. The acid number of the reaction mixture decreased
over the course of the reaction, reaching 0.5 mg KOH/g at the conclusion. This also
demonstrated the esterification of the carboxyl and epoxy groups. In addition, the epoxy
values for ARE and AR-EGDE were 0.35 mol·100 g−1 and 0.20 mol·100 g−1, respectively.
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3.2. Film Properties of the Rosin-Based Epoxy Resins with Different Flexible Chains

The rigidity and brittleness of a rosin-based fused ring structure will have distinct
effects on the material properties [45]. Epoxy resin film properties, such as the pencil
hardness, adhesion, flexibility, and impact resistance, are listed in Table 2.

Table 2. Results of film performance.

Coating
Sample Pencil Hardness Grading of

Cross-Cut Tests Flexibility Impact Resistance

ARED 3H 3 Destroyed Cracks and spalling
ARET 3H 3 Destroyed Cracks and spalling
AREP - 3 - Cracks and spalling

AR-EGDED 2H 0 Not affected No cracks and spalling
AR-EGDET 2H 0 Not affected No cracks and spalling

E20D 3H 5 Not affected No cracks and spalling, slight wrinkles
and stress whitening phenomenon.E20T 3H 5 Not affected

3.2.1. The Effects of Epoxy Monomer Flexible Chain on the Film Properties of Rosin-Based
Epoxy Resin

As shown in Table 3, the hardness of the ARE coatings (ARED and ARET) was
3H. Upon replacing ARE with AR-EGDE, the hardness of AR-EGDED and AR-EGDET
decreased to 2H when the epoxy monomer flexible chain length was increased. This is due
to the presence of more rosin-based fused rings in the former. The rigidity of the rosin-based
fused ring results in an increase in the hardness value as its content increases. However,
the adhesion test results were the opposite of the hardness test results. The evaluation
for adhesion, which refers to the capacity of the coating to adhere to the substrate, was
conducted utilizing the cross-cut test. This test involves the classification of adhesion on a
numerical scale ranging from 0 to 5. A smaller numerical value is indicative of superior
adhesion. For the AR-EGDE coatings with flexible chains, the grade was 0, with no signs of
damage, while for the ARE coatings, the grade was 2-3, with flaking of about 5–35 percent.
The potential reason for this phenomenon can be attributed to the inherent characteristics
of the rosin-based fused ring structure, which possesses materials of both rigidity and
brittleness. The presence of brittleness has a negative impact on the level of adhesion.
The incorporation of a flexible chain into rosin-based epoxy resin leads to a reduction in
brittleness, thereby resulting in enhanced adhesion properties [45,54]. In order to find out
the reason, the flexibility and impact resistance of the epoxy coatings were tested. The
AR-EGDE coatings with flexible chains have better flexibility and impact resistance than
the ARE coatings(see Table 3). It suggests that introducing a flexible chain of glycidyl ether
into rosin epoxy monomers increases the toughness and impact resistance of rosin-based
epoxy coatings, and thus improves adhesion.

Table 3. Water absorption rates of cured resins.

Epoxy Resins 16 h 24 h 48 h

ARED 0.24% 0.40% 0.57%
ARET 0.18% 0.39% 0.60%

AR-EGDED 5.78% 6.54% 9.35%
AR-EGDET 6.37% 7.30% 10.26%

E20D 0.26% 0.54% 1.34%
E20T 0.25% 1.14% 1.76%

30



Polymers 2023, 15, 4246

3.2.2. The Effects of Curing Agent Flexible Chains on the Film Properties of Rosin-Based
Epoxy Resin

The test results of pencil hardness, adhesion, flexibility, and impact resistance of
rosin-based epoxy resins remained nearly identical when the epoxy monomers remained
unchanged, but the curing agent was switched from DETA, which possesses a short flexible
chain, to TETA, which possesses a long flexible chain. For instance, the ARE coatings
exhibited a pencil hardness value of 2H, a cross-cut test grade of 3, and failed in the
flexibility and impact resistance tests, regardless of the type of curing agent used. The above
results show that the use of the amine curing agents, which possess flexible chains of longer
lengths, does not improve the brittleness of the rosin-based fused ring. Consequently, it
does not lead to enhancements in impact resistance, flexibility, and adhesion while reducing
the hardness of the rosin-based epoxy resin.

3.2.3. A Comparison of Film Properties between the Rosin-Based Epoxy Resin and
Bisphenol A Epoxy Resin

The film properties of bisphenol A epoxy (E20) resin were also found to be unaffected
by the flexible chain length of its curing agent. The pencil hardness of the E20 coatings was
3H, which was equivalent to that of the ARE coatings. This indicates that the rosin-based
fused ring structure is comparable to the rigidity of the benzene ring of the bisphenol A
type. The results of the E20 coating tests for flexibility and impact resistance were superior
to those of ARE, indicating that the brittleness of rosin-based fused rings is greater than
that of benzene rings. However, the cross-test grades of the E20 coatings were 5, which
were not only lower than the AR-EGDE coatings with flexible chains, but also lower than
that of the ARE coating, which indicates that the rosin-based fused ring has better adhesion
than the benzene ring of bisphenol A epoxy resin.

3.3. Water Resistance Tests of the Rosin-Based Epoxy Resin with Different Flexible Chain Lengths

Figure 5 shows test images of tinplates immersed in water. The ARE epoxy coating
without flexible chains turned white, whereas the AR-EGDE epoxy coating with flexible
chains became wrinkly. This indicates that the water resistance of the rosin-based epoxy
coating decreases as the flexible chain length of the epoxy monomers increases [55]. The
reason for this is that as the flexible chain increases, the rigidity of the rosin-based fused
ring decreases, and the cross-linking density of AR-EGDE resins decreases. Moreover,
the flexible chain of the epoxy monomers contains hydroxyl groups and ether bonds that
can form hydrogen bonds with water (see Figure 3). This conclusion was also supported
by the water absorption tests of cured resins. In Table 3 and Figure 6, the AR-EGDE
resins had 10 times higher water absorption rates than the ARE resins. When the epoxy
monomers were identical and the curing agents were different, such as ARED and ARET,
AR-EGDED and AR-EGDET, there was little variation in the water resistance of the resins.
This demonstrates that the length of fatty amine curing agents has little effect on the water
resistance of epoxy coatings.

There was no whitening phenomenon observed in E20 epoxy coatings, but there was
slight rusting. The water resistance of the E20 epoxy coatings was even worse than that
of the AR-EGDE from a rust perspective. In most cases, a material’s low water resistance
results from its high water absorption. Nevertheless, the water absorption rates of the E20
coatings were significantly lower than those of AR-EGDE coatings (Figure 6). This suggests
that the fused ring structure of the AR-EGDE resins is more resistant to water than the
benzene ring of bisphenol A types, which should be related to their superior adhesion.
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3.4. Heat Resistance of the Rosin-Based Epoxy Resin with Different Flexible Chain Lengths

Figure 7 depicts photographs of each epoxy coating heated in an oven at 100 ◦C for
three days. Based on Figure 7, the AR-EGDE coatings were the darkest brown, followed
by the ARE coatings in golden yellow and the E20 in pale yellow when the same curing
agent was used. The lower the heat resistance, the darker the color. Accordingly, the heat
resistance decreases with increasing flexible chains and decreasing rosin-based fused rings,
indicating that the fused ring structure has some heat resistance, but its heat resistance
at 100 ◦C is inferior to that of bisphenol A epoxy resin. When the epoxy monomers are
identical, there is no significant color difference between the ARED and ARET, E20D, and
E20T coatings. This indicates that changes in the flexible chain of the curing agent have
no effect on heat resistance. However, AR-EGDED has a slightly darker hue than AR-
EGDEDT, indicating that the longer the flexible chain length, the greater the heat resistance
of AR-EGDEDT.
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In addition, TGA was used to evaluate the thermal degradation of the material.
Figure 8 depicts the TG and DTG as diagrams. From the TG curve, the temperature at
which degradation begins (T5%) and the remaining solid residue at 700 ◦C were determined.
From the DTG curve, the maximal weight loss rate temperatures (Tmax) were determined.
The information is shown in Table 4. Figure 8b,d show that the Tmax of rosin-based epoxy
resins has two distinct peaks, and their second peak height (approximately 420 ◦C) is
nearly identical. It suggests that the first peaks correspond to the breakdown of the flexible
chain segment, while the second peaks correspond to the breakdown of the rosin-based
fused ring. The first Tmax of the E20 resins exhibits a lower value compared to rosin-based
epoxy resins, accompanied by a notably weaker peak intensity. Consequently, the T5%
of the E20 resins is lower than that of rosin-based epoxy resin. On the other hand, the
second Tmax which corresponds to the degradation of the benzene ring, is higher in the
E20 resins compared to rosin-based epoxy resin. This demonstrates that, in comparison to
rosin-based epoxy resin, the thermal degradation of bisphenol A epoxy resin is weaker at
low temperatures and stronger at high temperatures.
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Table 4. Thermal properties of the epoxy resins.

Cured Resins T5% Tmax Residue at 700 ◦C (%)

ARED 259.93 350.27, 423.73 16.883
ARET 249.9 340.69, 419.88 26.248

AR-EGDED 287.1 343.21, 418.98 8.549
AR-EGDET 268.41 346.11, 413.81 8.612

E20D 203.94 193.69, 434.1 16.254
E20T 208.8 188.83, 433.94 20.368
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3.5. Weather Resistance of Rosin-Based Epoxy Resin Using Monomers and Curing Agents
Containing Different Amounts of Flexible Chains

Figure 9 displays photographs depicting the coatings’ conditions following the 60-day
outdoor weather resistance tests. The specific outcomes of these tests are provided in Table 5.
It is evident that none of the rosin-based coatings sustained any damage, whereas the E20
coatings exhibited wrinkling, flaking, and pulverization. The information suggests that
the fused ring in rosin-based epoxy resin exhibits superior weather resistance properties
compared to bisphenol A epoxy resin. This characteristic has the potential to compensate
for the inadequate weather resistance of bisphenol A epoxy resin.
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Table 5. Results of the weatherability tests for 60 days.

Coating Sample Observations

ARED unchanged
ARET unchanged

AR-EGDED unchanged
AR-EGDET unchanged

E20D wrinkling, flaking, and pulverized
E20T wrinkling, flaking, and pulverized

3.6. Effects of Flexible Chains on Properties of Rosin-Based Cured EPOXY Coating

When the curing agent remained the same, the adhesion, flexibility, and impact
resistance of the rosin-based epoxy resins improved as the flexible chain of the epoxy
monomer increased from ARE to AR-EGDE. This indicates that the introduction of flexible
chains decreased the brittleness of rosin-based fused rings and enhanced the toughness of
rosin-based epoxy resins. When the epoxy monomer remained unchanged and the curing
agent’s flexible chain grew from DETA to TETA, the performance of the resin, including
its flexibility and impact resistance, remained relatively constant. This demonstrates that
although the flexible chain of the curing agent was lengthened, the brittleness of the resin
was not significantly reduced, so the toughness was not enhanced.

To investigate the reasons, structural fragments of three rosin-based epoxy resins
were illustrated (see Figure 10). By comparing the spacing of the fused rings in ARED
and AR-EGDED (rosin-based epoxy resins using the same curing agents and different
monomers), it can be seen that the spacing increases with the growth of the flexible chain,
whereas the spacing of ARED and ARET (rosin-based epoxy resins with the same epoxy
monomer and different curing agents) changes very little with the growth of the flexible
chain of the curing agent. This is because the flexible chain of the epoxy monomer did
not cross-link in the resin, so the introduction of the flexible chain increased the spacing
of the fused ring; the N atom in the flexible chain of the curing agent was cross-linked
with the epoxy monomer containing the fused ring, which increases the number of fused
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rings while extending the flexible chain, resulting in a minimal change in the spacing of
the fused rings. The spacing between fused rings is a significant factor in determining
toughness. As the spacing widens, the molecular chain of motion increases, resulting in
an improvement in toughness [35]. The spacing does not change significantly, and thus
neither does the toughness.
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To reduce the negative effects of the brittleness of rosin-based epoxy resin and increase
its toughness, it is not necessary to simply increase the flexible chains of the epoxy monomer
and curing agent; rather, the structure of the cured resin must be designed so that the rigid
rosin-based fused ring is separated by an appropriate distance.
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4. Conclusions

The adhesion, flexibility, impact resistance, water resistance, and heat resistance of
rosin-based epoxy resins containing epoxy monomers and curing agents with different
flexible chains were compared. When the curing agent was left unchanged and the length
of the flexible chain of the epoxy monomer was increased (from ARE to AR-EGDE), the
toughness of the rosin-based epoxy resins increased, resulting in an increase in adhesion
and a decrease in heat resistance. When the epoxy monomer was left unchanged and
the length of the flexible chain of the curing agent was increased (from DETA to TETA),
the performance of the rosin-based epoxy resin was not significantly altered. Analyzing
the structure of rosin-based epoxy resin revealed that changing the epoxy monomer from
ARE to AR-EGDE with a longer flexible chain increased the spacing between the rosin-
based fused ring, thereby decreasing the brittleness and altering its properties. However,
changing the curing agent from DETA to TETA, which has a longer flexible chain, had
minimal effects on brittleness and resin performance. Therefore, when introducing a flexible
chain to improve the brittleness of rosin-based resins, it is necessary to increase the spacing
between the fused rings in the resins. In addition, rosin-based epoxy resin outperformed
bisphenol A epoxy resin E20 in adhesion and weather resistance, allowing it to have a
broader range of applications.
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Abstract: Polyimide (PI) is widely deployed in space missions due to its good radiation resistance
and durability. The influences from radiation and harsh temperatures should be carefully evaluated
during the long-term service life. In the current work, the coupled thermal and radiation effects on
the mechanical properties of PI samples were quantitatively investigated via experiments. At first,
various PI specimens were prepared, and electron irradiation tests were conducted with different
fluences. Then, both uniaxial tensile tests at room temperature and the dynamic mechanical analysis
at varied temperatures of PI specimens with and without electron irradiation were performed. After
that, uniaxial tensile tests at low and high temperatures were performed. The fracture surface of
the PI film was observed using a scanning electron microscope, and its surface topography was
measured using atomic force microscopy. In the meantime, the Fourier-transform infrared spectrum
tests were conducted to check for chemical changes. In conclusion, the tensile tests showed that
electron irradiation has a negligible effect during the linear stretching period but significantly impacts
the hardening stage and elongation at break. Moreover, electron irradiation slightly influences the
thermal properties of PI according to the differential scanning calorimetry results. However, both
high and low temperatures dramatically affect the elastic modulus and elongation at break of PI.

Keywords: electron irradiation; high and low temperature; polyimide film; mechanical property

1. Introduction

Due to its good mechanical properties and lightweight, a polyimide (PI) film is usually
applied as a substrate material of space solar cells and even structural material in spacecraft.
Recently, a PI-based flexible solar wing was successfully deployed in the core module
assembly of China Space Station for the first time [1]. The materials and structures em-
ployed in space missions will endure unfavorable irradiation and alternate temperatures,
which usually affect their mechanical properties [2,3]. Considering the radiation effect, the
National Aeronautics and Space Administration (NASA) has taken all kinds of PI films into
the International Space Station (ISS) to assess their durability via the Materials International
Space Station Experiment (MISSE). Many achievements have been reported [4–7]. After
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one to two years of space exposure in a low Earth orbit (LEO), the PI specimens show
degradation in surface characteristics and mechanical properties. However, the results
from ground tests show that electron beam (EB) and ultraviolet (UV) irradiation had an
insignificant impact on its mechanical properties. It is reported that the erosion from atomic
oxygen (AO) irradiation in a LEO causes the degradation of the mechanical properties of PI
films [8,9]. Ground tests rather than in-orbit experiments are more applicable for cost and
time-saving. Recent research reveals that an irradiation-load coupling effect appeared by
applying high tensile stress to PI during electron irradiation on the ground. The radiation
damage effect of polyimide fibers under electron irradiation and gamma-ray radiation
and the coupling effect of irradiation with preload are presented [10–12]. Electron irradia-
tions were reported to have considerable influence on the mechanical properties of other
components, such as polymers [13–15] and semiconductor materials [16]. In summary,
high-energy electron irradiation in space has a noticeable effect on PI’s morphology and
mechanical properties [17].

Moreover, PI will experience harsh high- and low-temperature cycles in space. The
risk of thermal stress concentration may occur after a thermal cycling test to solar array
with flexible printed circuit (FPC), whose main structure is made of PI, with temperatures
ranging from −100 ◦C to 130 ◦C [18]. Similar fracture behaviors have been observed for
thin-film solar cells after thermal cycling and thermo-vacuum tests [19]. Furthermore, the
tensile strength, stretching modulus, and elongation variations in polyimide films after
temperature alternating from −190 ◦C to +200 ◦C have also been reported [20]. The stability
of PI under electron irradiation can be attributed to the aromatic imide ring structure [21].
From the DMA and DSC analyses [22], there exists a decrease in the thermal stability of
irradiated PI. The tensile properties of PI are hardly affected by electron irradiation, and
the formation of crosslinking results in a change in glass transition temperature observed
in irradiated polyimides [23,24]. Under the joint effect of 2 MeV electron irradiation and
high temperature at 373 K, mechanical tests showed an increase in plasticity, and long-term
hardening was observed [25]. The effects of low temperature and mechanical loading were
seldom investigated.

Systematic research on the mechanical behaviors of a PI film under coupling effects of
electron irradiation and harsh temperature is presented in this work. The PI specimens were
first irradiated by high-energy electrons. Then, quasi-static, dynamic stretching, and high-
and low-temperature tests were carried out. At last, various characterization experiments
were performed.

2. Materials and Methods

The workflow of this study is summarized in Figure 1. At first, all the PI specimens
including dumbbell-shaped, rectangular, and square tensile test specimens were cut by
a silhouette CAMEO desktop cutting machine (see Figure 1a). Moreover, specimens for
mechanical tests were fabricated along the same axial direction. Then, some PI specimens
were subjected to an electron irradiation test (see Figure 1b). After that, uniaxial tensile and
DMA tests were performed to evaluate the mechanical properties of the PI specimens with
or without electron irradiation, and variable temperature factors were also considered (see
Figure 1c).

More specific information about the test type and quantity of the PI specimens is
listed in Table 1. All the PI specimens were double-checked under an optical microscope to
eliminate samples with unexpected flaws.

Electron irradiation experiments were conducted at Xinjiang Technical Institute of
Physics & Chemistry, Chinese Academy of Sciences. The ELV-8 II electron accelerator can
provide 1 MeV electron beam with an electron flux of 1.012 × 1012 e/(cm2·s). According to
ISO standard 23038 [26] and China national standard GB 38190 [27], the PI specimens were
exposed to a maximum total fluence of 1 × 1016 e/cm2. Details are shown in Table 2.
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Table 1. List of PI samples.

Shape/Type Test Type Dimension (mm) Quantity/Pieces

Dumbbell Uniaxial tensile test l1 = 25; l2 = 115; a = 6; t = 0.05 15
Dumbbell Tensile test with temperature l1 = 25; l2 = 115; a = 6; t = 0.05 35

Rectangular Dynamic mechanical analysis a = 6; b = 30; t = 0.05 10
Square AFM surface topography a = 6; t = 0.05 5

Table 2. Electron irradiation arrangements.

Flux Electron Fluence (e/cm2)
Quantity/Pieces

Dumbbell Rectangular Square

1 × 1012 e/(cm2·s)

5 × 1014 3 2 1
1 × 1015 3 2 1
5 × 1015 3 2 1
1 × 1016 3 2 1

Uniaxial tensile tests were carried out by a universal material testing machine (Range
500 N, Instron 5943, Boston, MA, USA). PI specimens both with and without electron
irradiation were elongated to breakage. The loading speed was set as 100 mm/min, as
suggested by China national standard GB/T 1040.3 [28], at ambient temperature and
humidity. The whole loading process was recorded by a high-resolution CCD camera.

To investigate the high and low temperature effects, tensile tests with different temper-
atures were carried out in a temperature chamber. The testing temperature was increased
or decreased from room temperature at a constant rate of 10 ◦C/min to a specific value and
then was maintained for about 30 min. Based on the working temperature in space, high
temperatures were chosen from 60 ◦C to 200 ◦C at intervals of 20 ◦C, and low temperatures
were chosen from 0 ◦C to −90 ◦C at intervals of 30 ◦C.

The dynamic mechanical analysis (DMA) test of PI was carried out by TA DMA850
to investigate the coupling effect of temperature and electron irradiation. Rectangular
PI specimens and the thin-film tensile kit were selected to perform the tensile test in the
atmosphere. At first, the temperature was increased from room temperature to about
390 ◦C at a speed of 5 ◦C/min. Then, a new set of specimens fabricated from the same slice
was tested as temperature decreased from room temperature to about −90 ◦C at a speed of
5 ◦C/min. The frequency was 1 Hz, and the amplitude was 20 microns.
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The influence of electron irradiation on the glass transition temperature (Tg) was mea-
sured by a differential scanning calorimetry (DSC) instrument (TA Q2000, New Castle, DE,
USA). The temperature ranged from room temperature to 500 ◦C in a nitrogen environment,
at a rate of 5 ◦C/min. Moreover, the comparative group was cooled down to −120 ◦C
rapidly, then heated up to 20 ◦C at a rate of 5 ◦C/min by TA DSC250. The fracture surface
of PI after the tensile test was observed using scanning electron microscopy (SEM, FEI
Quanta 650, Columbus, OH, USA). The surface topography was measured using atomic
force microscopy (AFM, Oxford Instruments Asylum Research Cypher ES, San Diego, CA,
USA) in a tapping mode. Firstly, an area of 5 µm × 5 µm on a PI specimen was randomly
selected to perform the coarse scan, and then, an area of 1 µm × 1 µm within was selected
to perform the fine scan. Fourier-transform infrared spectroscopy (FTIR) test was carried
out using ThermoFisher Nicolet iS20 (Waltham, MA, USA). The wavenumber was chosen
from 400 to 4000, and a transmittance mode was selected to perform the test. All the above
specimens were cleaned with absolute alcohol and deionized water before the test.

3. Results
3.1. Uniaxial Tensile Test
3.1.1. Effect of Electron Irradiation

Based on the force–displacement curves of the uniaxial tensile test (Figure 2a), electron
irradiation has negligible influence on the elastic modulus of PI in the linear elastic stage.
However, in the hardening stage, PI becomes “stronger” after electron irradiation and is
gradually reinforced by the radiation fluence. Moreover, the secant modulus of PI in the
hardening stage shows an increasing trend with electron irradiation.
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Figure 2. (a) Force–displacement curve from uniaxial tensile test for polyimide specimens with none,
5 × 1014 e/cm2, 1 × 1015 e/cm2, 5 × 1015 e/cm2, and 1 × 1016 e/cm2 electron irradiation fluence.
(b) Maximum elongation at break.

Furthermore, electron irradiation significantly affects elongation at break of PI. When
the total electron fluence reaches 5 × 1014 e/cm2, the mean elongation at break decreases by
8.9%. When electron fluence reaches a maximum of 1 × 1016 e/cm2, the mean elongation
at break decreases by 15.5% (Figure 2b). On the contrary, the ultimate tensile strength tends
to increase after electron irradiation.

Amorphous regions and semi-crystalline regions coexist and overlap each other in
PI material. The latter is related to mechanical properties. The elastic stage is dominated
by the elongation of semi-crystalline and amorphous regions, which cross each other and
are insensitive to electron irradiation. However, the hardening stage is dominated by
the alignment and sliding of the crystalline region, where electron irradiation may cause
chemical changes and affect the crystalline phase. Finally, the electron irradiation may
bring reinforcement and embrittlement to the PI specimen. As a result, the ultimate tensile
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strength of PI film increases, but elongation at break decreases after irradiation. Finally, the
tensile process of PI was further evaluated by digital image correlation (DIC) algorithm,
more details can be seen in Figure A1 of Appendix A.

3.1.2. Effect of High Temperature

As shown in Figure 3a, the high temperature of the tensile test chamber was set from
60 ◦C to 200 ◦C, with increments of 20 ◦C for each tensile set. Compared to the tensile
results at room temperature, the mean break elongation shows an increasing trend with the
rise in temperature. In contrast, elastic modulus and tensile strength present an opposite
trend. Compared to the elongation at break at room temperature, an increase of 12.1%
and 18.7% were observed at the temperatures of 160 ◦C and 200 ◦C, respectively (see
Figure 3b). Regarding the ultimate tensile strength, a decrease of 34% and 39.9% appeared
at the temperatures of 160 ◦C and 200 ◦C, respectively. The mean elastic modulus at
room temperature was about 2.45 GPa, which decreased to 1.58 GPa and 1.43 GPa at the
temperatures of 160 ◦C and 200 ◦C, respectively.
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elongation at break.

3.1.3. Effect of Low Temperature

The low temperature range was set from 0 ◦C to −90 ◦C, with decrements of 30 ◦C
for each tensile set as shown in Figure 4a. Similar to the cases in high temperatures, the
mechanical properties of PI show an enhancement trend with the decrease in temperature.
Compared to the ultimate tensile strength at room temperature, a maximum increase of
23% was achieved at the temperature of −90 ◦C. Moreover, the secant modulus of PI in the
hardening stage presents an increase of 77.8%. However, a decrease in mean elongation at
break comes to 35.7% at the temperature of −90 ◦C compared to that at room temperature
(see Figure 4b).

3.2. DMA Test
3.2.1. Effect of Electron Irradiation and High Temperature

The storage modulus of PI with or without electron irradiation presents a kind of
decrease as the temperature increases from 30 ◦C to 390 ◦C (Figure 5a), which exhibits
a “softening” process. However, this trend shows a bifurcation when the temperature
comes to about 350 ◦C. The storage modulus for the samples without electron irradiation
appears to drop rapidly, while for those with irradiation, it appears to be smaller. That
means electron irradiation may influence the glass transition temperature (Tg), which was
validated in the following DSC test.
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From the loss modulus curve (Figure 5b), PI with or without electron irradiation can be
divided into three to four stages. When the temperature increases from 30 ◦C to about 90 ◦C,
the loss modulus of PI presents an increasing trend. However, when the temperature is over
90 ◦C, the loss modulus slope shows a kind of oscillation and a decreasing trend. When
the temperature is more than 250 ◦C, the loss modulus slope shows a kind of smoothness.
Finally, when the temperature is over 350 ◦C, there is a clear bifurcation in loss modulus
curve of PI before and after electron irradiation.

Similarly, the damping factor δ (see Figure 5c) also undergoes three to four dissimilar
stages as the temperature changes, but in a different trend. When the temperature is more
than 300 ◦C, the damping curve presents an opposite trend compared to the loss modulus
(Figure 5b), that is, because the storage modulus shows a decline after the temperature is
higher than 300 ◦C, as shown in Figure 5a.

According to previous research [11,12], the loss modulus at around 250 ◦C depends
on the transitions due to the rotation of aromatic rings (β-transition). The loss modulus
slope around 250 ◦C shows no significant difference with or without electron irradiation,
which may indicate that the structure of aromatic rings was not influenced by electron
irradiation. When the temperature is over 350 ◦C, the loss modulus is related to the
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segmental motion of the backbone (α-transition). Combined with the storage modulus
results, it can be concluded that electron irradiation brings the scission of chemical bonds in
PI and forms radicals. This may cause molecular chain crosslinking and therefore change
the PI’s crystalline state.

3.2.2. Effect of Electron Irradiation and Low Temperature

As the temperature decreases from 20 ◦C to −90 ◦C, the storage moduli of PI with or
without electron irradiation all present a kind of increase, which exhibits a “hardening” pro-
cess (see Figure 6a). After receiving a total electron radiation fluence of 1 × 1016 e/cm2, the
storage modulus of PI presents a most significant increase as the temperature approaches
−90 ◦C. Meantime, a similar phenomenon can be observed in the case of loss modulus
(see Figure 6b) and damping factor (see Figure 6c). Unlike the high temperature situation,
storage modulus, loss modulus, and damping factor all present an ascending trend as the
temperature descends. Referring to the results of Section 3.1.1, electron irradiation had
an insignificant effect on the elastic stage of PI, when quasi-static tests were carried out
at ambient temperature, while the DMA test focused on small displacement in a cyclic
loading process. Therefore, under the dynamic test condition, there is a coupling effect of
electron irradiation and low temperature on the mechanical behavior of PI.
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3.3. Changes in Thermal Properties

DSC tests were carried out to investigate whether electron irradiation impacts thermal
properties of PI, such as glass transition temperature (Tg). Firstly, a small bump around
100 ◦C is observed, and the glass transition temperature fluctuates between 380 ◦C and
390 ◦C. After receiving a total fluence of 5 × 1015 e/cm2, the Tg temperature reaches a
maximum of 388.8 ◦C (Figure 7a). Then, as the temperature rises from −90 ◦C to 20 ◦C, the
DSC curve presents a slowly ascending slope both with and without electron irradiation
(Figure 7b). From the above DSC results, the thermal properties of PI are almost unaffected
by electron irradiation. From the reference, electron irradiation leads to crosslinking of the
polyimide chains and may induce a higher glass transition temperature [29]. As a result,
crosslinking of polyimide chains is not likely to happen when receiving a low electron
fluence such as 5 × 1014 e/cm2.
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3.4. Changes in Morphology
3.4.1. Morphology Changes on Fracture Surface

After the tensile test, the fracture surfaces of the PI specimens were studied under
SEM. As shown in Figure 8, when down to the scale of microns, the inner space of PI is
not entirely intact and spaceless. The morphology of fracture section presents a layered
structure full of microvoids because some gas was produced during electron radiation [30].
The inner structure may change topography during electron irradiation and other “defects”
are generated [31]. Then, the aggregation and entanglement of the “defects” chains changed
the matrix topology. Another noticeable topology change is that more fiber-like structures
appear after a different fluence of electron irradiation, as shown in Figure 8b–e.
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3.4.2. Morphology Changes on the Surface

Furthermore, the surface topography of the specimens was measured by AFM. From
previous research, the surface roughness of PI may either increase significantly [11] or de-
crease after electron irradiation [32]. According to our research, the variations of the
surface roughness are nonmonotonic. As shown in Figure 9, the average roughness
of pristine PI is 2.603 nm and drops to 2.318 nm after receiving electron irradiation of
5 × 1014 e/cm2. Then, it reaches a maximum of 2.737 nm as irradiation fluence increases to
1 × 1015 e/cm2. Further, it comes to a minimum of 2.118 nm in the case of 5 × 1015 e/cm2

and increases to 2.716 nm after irradiation fluence of 1 × 1016 e/cm2. More details about
measured roughness are listed in Table A1 of Appendix A, and other influencing factors
are discussed. Due to previous experimental data [33], 1 MeV electron has sufficient energy
to penetrate through the 50-micron thickness of the PI specimens employed in this study.
Apparent morphology changes can be observed both on the interior and exterior surfaces.
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4. Discussion and Conclusions

Based on the FTIR test results, no new substance is created after electron irradiation.
However, significant differences on each peak of the pristine and irradiated PI specimens
indicate a change in the quantity of each chemical composition. More details can be seen
in Figure A2 and Table A2 of Appendix A. From the tensile test results after electron
irradiation, electron irradiation has little influence on mechanical properties in the linear
elastic stage. An increase in stretching stiffness and decrease in elongation at break can
be observed during the nonlinear stretching stage, which is believed to be induced by
electron irradiation. Regarding the temperature effect on the mechanical properties of
PI, high temperature causes a decline in elastic modulus but an increase in elongation at
break. The opposite trend is observed in the case of low temperatures. Changes in thermal
properties can be attributed to molecular crosslinking and chain scission. In this study,
electron irradiation had negligible influence on the thermal stability of the PI samples. The
rotation of aromatic rings (β-transition) of PI is not likely influenced by electron irradiation,
but the segmental motion of the backbone (α-transition) of PI is slightly changed. Both
surface and inner topography of the PI samples changes with electron irradiation in a
complex way. The aggregation and entanglement of molecular chains as well as generation
of internal gas may be the reasons; both bring adverse influences on PI-based flexible space
devices such as thin-film solar cells (see Figure A3 in Appendix A). Electron irradiation
and low temperature have a coupling effect on PI under dynamic test conditions, which
should be thoroughly investigated in the future.
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Appendix A

After recording the uniaxial tensile test process of the PI film in real time, a DIC algo-
rithm such as Ncorr [34] was taken to analyze the tensile process. Meantime, commercial
software ABAQUS (version 6.14) was used to simulate the uniaxial tensile process of a PI
specimen. The PI specimen was set as an isotropic elastic material with Poisson’s ratio
of 0.34 and Young’s modulus of 2.45 GPa, measured from the experiment. The geometry
dimensions of the dumbbell specimen are the same as those in Figure 1a and Table 1. A
number of 18,150 8-node linear brick elements with reduced integration and hourglass
control (C3D8R) were employed for the PI specimen in the simulation. While one end of
the dumbbell specimen was fixed, the other end was subjected to the measured maximum
displacement just before elongation at break. Finally, a comparison of the DIC results
and FEM simulation is shown in Figure A1. The width of the PI film becomes narrow
after elongation, this is also confirmed by the simulation, see Figure A1a. According to
Figure A1b, the maximum strain along the stretch direction happened in the middle section
of the PI specimen. However, from the DIC results on the left, there is an area with the
darkest color, at which point, finally, the PI film breaks.
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Three different square areas of 1 µm × 1 µm from the pristine and irradiated PI
surfaces were randomly selected for an AFM scan. The measured roughness and calculated
average roughness (mean Ra) are listed in Table A1. The standard deviations σ of AFM
roughness can be calculated by the following formula:

σ =

√
1

V_npnts − 1
Σ(Yi − V_avg)2 (A1)

where V_npnts represents the number of points, V_avg denotes the mean Ra, and Yi is Ra
of each area.

Table A1. Measured average roughness of pristine and irradiated PI.

Pristine 5 × 1014 e/cm2 1 × 1015 e/cm2 5 × 1015 e/cm2 1 × 1016 e/cm2

Area 1 2.606 nm 2.375 nm 2.758 nm 2.14 nm 3.05 nm
Area 2 2.646 nm 2.132 nm 2.931 nm 1.88 nm 2.559 nm
Area 3 2.556 nm 2.447 nm 2.521 nm 2.334 nm 2.538 nm

Mean Ra 2.603 nm 2.318 nm 2.737 nm 2.118 nm 2.716 nm
σ 0.045094346 0.165054536 0.205831242 0.227798156 0.289731773

After the FTIR test of PI with or without electron irradiation, a noticeable difference ex-
ists on each peak of different specimens in the transmittance mode, as shown in Figure A2.
Based on a previous study [15], the peak observed at 2932 cm−1 represents the C-H bonds
in tert-butyl and cyclohexyl groups. The peaks around 1775 cm−1 and 1718 cm−1 represent
coupled stretching vibration of carbonyl group C=O. The wavenumber of 1500 cm−1 repre-
sents stretching vibration band of phenyl ring C=C. Here, 1375 cm−1 represents stretching
vibration band of amide group =C-N, and 1242 cm−1 represents stretching vibration band
of aromatic oxide C-O-C. More details are presented in Table A2. However, the test re-
sults reveal that fluctuation does not simply increase with irradiation fluence. Finally,
the wavenumber presents a most noticeable increase after receiving electron irradiation
of 1 × 1016 e/cm2. Each band mentioned above shows a remarkable difference. When the
radiation fluence reaches 1 × 1016 e/cm2, the chemical bond is more likely to break and
cannot recombine, which in consequence causes a fluctuation of the vibration peak in the
FTIR spectra. No new characterizing peak is created, meaning no new substance is created
after electron irradiation. Chemical bond breakage and recombining of radicals are the
most potential reasons for the degradation of mechanical properties and a change in glass
transition temperature.
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Table A2. Spectrum bands at different wavenumbers of pristine and irradiated PI.

Wavenumbers Pristine 5 × 1014 e/cm2 1 × 1015 e/cm2 5 × 1015 e/cm2 1 × 1016 e/cm2

2932 cm−1 97.2 97.3 97.4 97.2 98.3
1775 cm−1 67.5 73.3 68.4 68.4 83.3
1718 cm−1 15.0 26.5 15.7 16.6 52.0
1500 cm−1 11.8 23.6 13.2 14.0 49.5
1375 cm−1 16.7 27.5 18.1 18.7 50.9
1242 cm−1 13.5 23.3 14.9 15.5 46.8

Figure A3 shows a thin-film solar cell based on a PI film from Shanghai Institute of
Space Power-Sources. The thin-film GaAs solar cell is an inverted metamorphic triple
junction (3J IMM) solar cell, with InGaAs, GaAs, and GaInP as the bottom, middle, and top
junctions. A bonding metal layer connects the flexible PI substrate and epitaxial layer of
the battery. The thickness of the PI substrate is about 50 microns, and the total thickness of
the solar cell is about 70 to 80 microns. The influences of radiation and temperature will be
investigated in future work.
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Abstract: Continuous fiber-reinforced thermoplastic composites (CFRTPCs) have advantages such
as high specific strength, high specific modulus, corrosion resistance, and recyclability and are
widely used in the fields of aerospace, rail transit, new energy, and so on. However, traditional
methods for preparing CFRTPCs, such as placement and molding, rely more on forming molds,
resulting in high manufacturing costs and a slow response speed, which limits the promotion
and application of the new generation of CFRTPCs with complex configurations and designable
performance. Three-dimensional printing can efficiently create products with multiple materials,
complex structures, and integrated functions, introducing new ways and opportunities for the
manufacturing of CFRTPCs. However, poor mechanical properties are the bottleneck problem in
achieving 3D printing of CFRTPCs. This paper summarizes the research status of the fused deposition
modeling (FDM) 3D printing process and the corresponding mechanical properties of CFRTPCs.
The focus is on analyzing the influences of the FDM process parameters, such as the material type,
printing temperature, speed parameters, layer thickness, scanning space, stacking direction, and fiber
volume content, on the mechanical properties of CFRTPCs. Finally, the main problems and future
prospects of current CFRTPCs-FDM are analyzed and forecasted, providing new references and ideas
for 3D printing of high-performance CFRTPCs.

Keywords: three-dimensional printing; CFRTPCs; FDM; process parameters; mechanical properties

1. Introduction

Continuous Fiber-Reinforced Thermoplastic Composites (CFRTPCs), composed of
reinforcing fiber and matrix resin through certain forming processes, have advantages such
as high specific strength, high specific modulus, corrosion resistance, fatigue resistance,
recyclability, good damping and shock absorption, designable performance, and multifunc-
tional integration [1–3]. As shown in Figure 1, they have been widely used in various fields
such as aviation, aerospace, rail transit, new energy vehicles, nuclear power, wind energy,
and so on [4,5].

The traditional process methods for preparing CFRTPCs (such as compression mold-
ing [6], resin transfer molding [6], automated winding/placement [7], autoclave mold-
ing [8], etc., as shown in Figure 2) are excessively dependent on the forming die, with high
manufacturing costs and slow response speeds. However, with the continuous promo-
tion and application of composite materials, the design of the appearance of products is
becoming increasingly complex, the accuracy requirement is becoming higher, and the
market rapid response and lightweight requirement are becoming more stringent. Relying
on traditional process methods, it is difficult to meet the above technical and efficiency
requirements of complex high-performance CFRTPCs.
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Figure 2. Traditional preparation processes for CFRTPCs.

Three-dimensional printing can directly build products with multiple materials, com-
plex structures, and integrated functions, according to the CAD model without the need
for traditional mold development and mechanical processing, which makes the forming
not limited by the shape of the parts and the mold, and greatly shortens the product
development cycle. Therefore, 3D printing of CFRTPCs has become a new generation of
composite material forming methods, namely composites 2.0 [4,5,9,10].

Applying 3D printing technology to the field of forming CFRTPCs can fully lever-
age the manufacturing advantages of 3D printing and the performance advantages of
composite materials [11], which can truly achieve the transformation of the design and
manufacturing philosophy of CFRTPCs from “design for manufacturing” to “manufactur-
ing for design”. Fused deposition modeling (FDM) is a widely used 3D printing method
due to its advantages of low cost, easy operation, and relatively simple process. This paper
analyzes and summarizes the current research status of CFRTPCs-FDM. Firstly, the process
principles, classification, and corresponding mainstream printing equipment of CFRTPCs-
FDM are analyzed and introduced. Secondly, a detailed discussion is conducted on the
impact mechanism and research status of the FDM process parameters on the mechanical
properties of CFRTPCs. Finally, based on the current research status, the main problems,
future research directions, and development trends of CFRTPCs-FDM are considered and
prospected.
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2. CFRTPCs-FDM Principles and Equipment

According to the different ways of embedding continuous fibers into the resin matrix,
the process principles of CFRTPCs-FDM can be mainly divided into two categories: online
infiltration co-extrusion and offline prepreg double nozzles extrusion.

Online infiltration co-extrusion: As shown in Figure 3a, continuous fiber dry bundles
and pure resin wires are used as raw materials, and both are fed into the same printing
head. The fibers are embedded in the resin and soaked inside the printing head and then
extruded and deposited on the current printing layer together. The infiltrating time and
pressure inside the printing head directly affect the infiltrating effect of fibers/resins. By
controlling the feeding speed of resin wires, the fiber volume content of the part can be
adjusted.
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Offline prepreg double nozzles extrusion: As shown in Figure 3b, a prepreg wire
premade of continuous fibers and resin is used as the raw material, and the prepreg is
melted, extruded, and deposited in one of the printing nozzles. The other printing head
uses pure resin wire as the raw material. On the one hand, the pure matrix resin is melted
and deposited to form a good bonding interface between the prepreg layers required by
the design, and on the other hand, the pure matrix resin can be used to print the outer
frame of the product or fill the internal space to obtain a better appearance and dimensional
accuracy. By controlling the printing amount of the pure matrix resin, the fiber volume
content can be indirectly adjusted.

The representative printer of online infiltration co-extrusion is the Combot series
printing equipment developed by Xi’an Jiaotong University, as shown in Figure 4a; the
representative printer of offline prepreg double nozzles extrusion is the Mark series printing
equipment developed by the MarkForged Company (Waltham, MA, USA), as shown in
Figure 4b.
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The principle of CFRTPCs-FDM determines the structural form of the 3D printers.
For CFRTPCs with the same component, using different process principles and printer
structures results in significant differences in the degree of infiltration between the fibers
and resins and significant differences in the mechanical properties of the parts. Therefore,
when selecting the process principle and corresponding printing equipment, factors such
as printing cost, printing efficiency, material performance, and molding quality should be
comprehensively considered [12,13].

At present, CFRTPCs-FDM is still in its early development stages, with problems such
as low forming accuracy and poor mechanical properties caused by high porosity and
multiple interfaces [14], as shown in Figure 5. Figure 6 shows the fracture surface SEM
micrographs of the CF/ABS composites printed by FDM and by compression molding,
respectively, indicating that pore enlargement is evident around the fibers in the FDM
sample, while no significant enlargement is seen in the compression molding sample.
How to efficiently integrate CFRTPCs with AM and achieve rapid and accurate additive
manufacturing of CFRTPCs is of great significance.
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3. Influence of the Process Parameters on the Mechanical Properties

The schematic diagram of CFRTPCs-FDM and its process parameters based on online
infiltration co-extrusion is shown in Figure 7. The mapping relationship between the
process parameters and the mechanical properties is the basis for parameter optimization.
Table 1 summarizes the relationship that has been studied in the existing literature, where
the mechanical properties include tensile, bending, shear, and compression, and the process
parameters include the printing temperature, speed parameters, printing layer thickness,
scanning space, etc.
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Table 1. A list of the literature on the parameters and performance relationship of CFRTPCs.

Tensile/Elastic Bending/Flexural Shear Compressive Impact Fracture Porosity Fiber Content

Material type Refs. [16–20] Refs. [17,18,20] Ref. [21] Ref. [22] Ref.
[17] Ref. [17]

Printing
temperature Refs. [23–26] Refs. [26–30] Refs.

[25,30] Ref. [30] Ref. [31]

Printing speed Refs.
[23,24,26,32] Refs. [26,28,30,33] Ref. [4] Ref. [4] Ref. [9]

Layer thickness Refs. [18,23,
24,26,34,35]

Refs.
[18,26,27,29,30,33]

Refs.
[21,30,36] Ref. [37] Refs.

[22,30] Refs. [26,27,35–37]

Scanning space Ref. [23] Refs. [27,28,33,38] Ref. [36] Refs. [27,36]

Stacking
orientation Ref. [18] Ref. [18] Ref. [22]

Fiber orientation Refs.
[17,19,39,40] Refs. [17,28,41] Ref. [40] Ref. [41] Ref.

[17] Ref. [17]

Fiber content
Refs.

[17,39,42] Refs. [17,41,43] Ref. [21] Refs. [41,43] Ref. [22] Ref.
[17]

3.1. Material Type

CFRTPCs are composed of two types of materials: a matrix phase thermoplastic resin
and a reinforcing phase continuous fiber. The continuous fiber is used to enhance the
load-bearing capacity, while the resin is used to support and protect the fibers and evenly
transmit and distribute loads. Currently, for CFRTPCs-FDM, commonly used fibers include
carbon fiber (CF), glass fiber (GF), and Kevlar fiber (KF); commonly used thermoplastic
resins include polylactic acid (PLA), acrylonitrile butadiene styrene copolymers (ABS),
polyamide (commonly known as nylon) (PA), and polyether ether ketone (PEEK). Table 2
shows the mechanical parameters of the materials.

Different fiber/resin combinations result in significant differences in the mechanical
properties of the 3D printed CFRTPCs due to the different interphase interface properties.
Oztan et al. [16] used CF and KF to enhance the nylon matrix and found that the tensile
strength of the 3D printed part increased by 2 to 11 times, reaching the strength level of
aviation aluminum alloys. In the literature [17–19,22], CFRTPCs were 3D printed with
continuous CF, GF, and KF as reinforcing phases and nylon as the matrix phase, respectively.
It was found that the mechanical properties of the CF-reinforced composites were the best,
followed by GF, and KF was the worst. In addition to the differences in the properties
of the fibers themselves, Dickson et al. [17], Caminero et al. [21], and Goh et al. [20,31]
also found in the study of the interlayer mechanical properties that the interfacial bonding
performance between the reinforced fibers and the matrix is an important factor affecting
the mechanical properties of the workpiece.
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Table 2. Parameters of commonly used fibers and resins in CFRTPCs-FDM.

Material Parameters
Reinforcing Fibers Matrix Resins

CF GF KF PLA ABS PA PEEK

Density (g/cm3) 1.27–1.76 1.5 1.2 1.25 1.04 1.1 1.32
Tensile Strength (MPa) 700 590 610 15.5–72.2 36–71.6 54 97
Tensile Modulus (GPa) 54 21 27 2.02–3.55 0.1–2.413 0.94 2.8

Tensile Strain at Break (%) 1.5 3.8 2.7 0.5–9.2 3–20 260
Flexural Strength (MPa) 470 210 190 52–115.1 48–110 32 142
Flexural Modulus (GPa) 51 22 26 2.392–4.93 1.917–2.507 0.84 3.7

Flexural Strain at Break (%) 1.2 1.1 2.1 - - - -
Compressive Strength (MPa) 320 140 97 - - - -
Compressive Modulus (GPa) 54 21 28 - - - -

Compressive Strain at Break (%) 0.7 - 1.5 - - - -

The above research indicates that the material properties of fibers and resins, as well
as their interfacial properties, are important factors affecting the mechanical properties of
CFRTPCs. To improve the mechanical properties, on the one hand, efforts can be made
to develop high-performance fibers and matrices and expand the material system; on
the other hand, fiber modification technology can be combined to make the fiber surface
rougher or undergo chemical reactions to generate new polar groups to promote matrix
impregnation of the fibers and improve the interfacial bonding performance between the
fibers and the matrix.

3.2. Printing Temperature

The printing temperature directly affects the melt flow performance of the matrix resin
after heating, affecting the mechanical properties of the CFRTPCs from two aspects:

(1) Influence on the infiltration between fibers and resins

The printing temperature is too low, resulting in high viscosity and poor fluidity
during resin melting, making it difficult to complete the printing work. The increase in
printing temperature enhances the resin melt fluidity, making it easier to enter the interior
of the fiber bundle, improving the degree of infiltration between the fibers and resin, and
thus improving the forming quality of the workpiece. However, excessive temperature can
easily lead to strong resin fluidity and even decomposition and vaporization, which is not
conducive to 3D forming. In general, the reasonable range for 3D printing temperature
selection is above the glass transition temperature of the resin material and below the
thermal decomposition temperature. Tian et al. [27] confirmed this through experiments.
When the printing temperature is below 180 ◦C, the fluidity of the PLA is poor, and the
nozzle is prone to blockage. When the temperature is above 240 ◦C, PLA is in liquid form
and naturally flows out from the nozzle, which cannot guarantee printing accuracy. Based
on comprehensive analysis, it can be concluded that the reasonable printing temperature
for PLA is 180–230 ◦C. Shan et al. [25] found that when the printing temperature increased
from 180 ◦C to 220 ◦C, the tensile strength of the specimen increased by about 20% (188 MPa
vs. 225 MPa), and the bending strength increased by about 8% (274 MPa vs. 296 MPa).

(2) Influence on the multi-interface bonding performance of CFRTPCs

Three-dimensional printed CFRTPCs have multiple interfaces, as shown in Figure 6,
mainly including the interphase interface of fiber/resin, the interface between adjacent
layers, and the interface between adjacent wires in the layer, among which the latter two
belong to the resin wire interface.

(1) For the fiber/resin interface, a reasonable printing temperature is beneficial for the
resin matrix to remain above the glass transition temperature for a relatively long
time, which is conducive to the full infiltration between the resin and the fiber bundle,
thereby obtaining a phase interface with good performance.
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(2) For the interface between resin wires, as shown in Figure 8, the formation process
of the wire interface includes three stages: the contact between the wire surfaces,
the radial growth between adjacent wires, and the diffusion and fusion of molecular
chains. A reasonable printing temperature is conducive to the full diffusion and fusion
of molecular chains near the contact surface of the printed wire, promoting the radial
growth of the wire contact surface, and finally forming a good wire interface.
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3.3. Speed Parameters

The speed parameters include the printing speed and substrate feeding speed. The
printing speed refers to the movement speed of the printing head, which is also the wire
output speed of continuous fibers at the printer nozzle. The printing speed determines
the forming efficiency of the workpiece and the soaking time of the continuous fibers and
molten resin in the printing head. For online infiltration co-extrusion, the substrate feeding
speed refers to the volume of resin material entering the printing head per unit time. Since
the nozzle inner diameter remains unchanged, the substrate feeding speed determines
the impregnation pressure between the fiber and the molten matrix, and to some extent
determines the fiber volume content of the product.

When determining the speed parameters, it is necessary to comprehensively consider
the nozzle diameter and the type and performance of the fiber and resin. In general, a
lower printing speed and a higher substrate feeding speed can improve the impregnation
pressure and degree, which is beneficial for improving the interfaces’ bonding performance.
However, too low a printing speed can prolong the heating time of the resin matrix inside
the nozzle, causing thermal decomposition of the resin and preventing normal printing.
Excessive substrate feeding speed may cause the molten resin to overflow from the nozzle,
affecting the normal printing work. Zeng et al. [28] also found that the bending strength and
modulus of the specimen decreased with the increasing printing speed (1 mm–6 mm/s).
Dou et al. [23] concluded that the tensile strength and modulus of the CF-reinforced
PLA specimens decreased by 7.70% (200.43 MPa vs. 185 MPa) and 17.07% (23.31 GPa vs.
19.33 GPa), respectively, by increasing the printing speed from 50 mm/min to 400 mm/min.

3.4. Layer Thickness

As shown in Figure 5, the printing layer thickness refers to the spatial distance between
the nozzle and the previous printing layer. A smaller layer thickness is beneficial for
enhancing the compaction effect of the nozzle on the material during the process [37,44,45].
On the one hand, it can promote the resin in the molten state to better infiltrate the reinforced
fibers and improve the fiber/matrix interface performance. On the other hand, it is also
beneficial for improving the interface performance between adjacent printing wires within
and between layers. At the same time, the layer thickness also affects the fiber volume
content and porosity in the material. As the thickness decreases, the fiber volume content
of the product shows an upward trend, and the corresponding porosity decreases.

For 3D printed CFRTPCs, Shan et al. [25] found that with the increase in the layer
thickness (0.8–1.2 mm), the tensile strength and bending strength of the workpiece de-
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creased by 33.82% (253.28 MPa vs. 167.63 MPa) and 37.17% (224.78 MPa vs. 141.22 MPa),
respectively. Tian et al. [27] found that with the increase in the thickness (0.3–0.8 mm), the
bending strength and modulus decreased by 58.9% and 66.3%, respectively. Hu et al. [29]
found in their study that the thickness has the most significant impact on the bending
performance of composite materials. As the thickness decreases, the bending strength and
modulus of the 3D printed continuous CF-reinforced PLA composite can reach 610.1 MPa
and 40.1 GPa, respectively. The reduction in the pore defects and the increase in the fiber
volume content in materials are the main reasons for the significant improvement in the
bending performance. Ning et al. [24] also found that a decrease in the thickness can
reduce the porosity of the composite, thereby improving the mechanical properties. Chacón
et al. [18,21,22,46] found in 3D printing research that an increase in the layer thickness leads
to a decrease in the printing efficiency, and the impact of the thickness on the material
mechanical properties is also related to the specific material stacking direction and load
action form. Ming et al. [33] found that when the printing layer thickness is large, weak
compaction leads to poor interface bonding performance between adjacent layers. But
when the thickness is too small, the strong compaction effect can lead to fiber breakage and
printing nozzle blockage. Only when the thickness is reasonably selected, can the surface
of composite materials be relatively flat, the material can have good fiber continuity and
low porosity, and the mechanical properties of the composite are at their highest.

Therefore, when selecting the thickness of the printing layer, it is necessary to compre-
hensively consider the relationship between the material mechanical properties, printing
accuracy, and printing efficiency and make a compromise.

3.5. Scanning Space

As shown in Figure 5, the scanning space refers to the center distance between adjacent
printing wires within the same printing layer. Usually, to ensure sufficient contact between
printed wires and reduce porosity, a certain overlap area is required. Different scanning
spaces can lead to differences in overlap and contact pressure, which in turn affect the
degree of fiber/resin infiltration and the multi-interface bonding performance. When the
scanning space is too small and the overlapping proportion is too high, fiber wear and
fracture occur in the printed structure. If the scanning spacing is too large, there is no
overlap between the adjacent wires, and there are obvious pore defects. And the different
scanning space also affects the fiber volume content and mechanical properties of the
composites.

In the study of the 3D printing of CFRTPCs, Shan. et al. [25] found that with the
increase in the scanning space (0.5–1.1 mm), the tensile strength and bending strength of
the composites increased first and then decreased. When the scanning space was 0.65 mm,
the mechanical property was the highest. When the scanning space was less than 0.65 mm,
fiber wear, fracture and warpage occurred during printing, resulting in poor mechanical
properties. When the space was greater than 0.65 mm, the increase in the scanning space
reduced the impregnation degree and also caused the decrease in the fiber volume content,
which led to the decrease in the mechanical strength. Tian et. al. [27,38] discussed the effect
of the scanning space on the flexural properties in detail. It was found that with the increase
in the scanning space (0.4–1.8 mm), the flexural strength and flexural modulus decreased
by 60.7% and 79.3%, respectively. In summary, the scanning space has a significant effect
on the mechanical properties of the composites.

3.6. Stacking Direction

According to the different geometric shapes and performance requirements of the
parts, different stacking directions can be used to stack and accumulate materials layer by
layer. The stacking direction is also an important factor affecting the mechanical properties
of CFRTPCs. As shown in Figure 9, in the x-y-z coordinate system, the z-axis represents
the stacking direction. It can be seen that the standard test pieces with the same geometric
shape have various stacking directions such as a flat normal direction, a side legislative
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direction, and a straight legislative direction. Three-dimensional prints with different
stacking directions have different microstructures and mechanical properties.
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Figure 9. Schematic diagram of stacking direction.

Currently, most research on the stacking direction is mainly based on experiments.
Chacón et. al. [18,22,46] systematically studied the influence of the three stacking directions
shown in Figure 7 on the mechanical properties of CFRTPCs. In terms of the tensile tests,
the performance of stacking along the flat normal and side legislative directions was close
to and good, while the performance of stacking along the straight legislative direction was
poor. In terms of the bending and impact experiments, the performance of stacking along
the lateral direction was the best, followed by the horizontal normal direction and the
vertical normal direction. It is worth noting that the impact of the stacking methods on the
mechanical properties varies under different loads [41]. The reasons can be summarized:
(a) the microstructure of composites with different stacking directions is different, resulting
in different bearing characteristics under different loads; (b) different stacking directions
can also affect the fiber volume content; (c) different stacking directions may also lead to
differences in the porosity of the composite materials.

3.7. Fiber Volume Content

Reinforcing fibers are the main load-bearing phase of CFRTPCs, and their volume
content directly determines the part’s mechanical properties. Normally, an increase in
fiber volume content results in a significant improvement in the mechanical properties.
The commonly used methods for calculating fiber content include thermogravimetric
analysis [16], geometric calculation [23,37], and image analysis [20,39]. At present, the fiber
volume content of 3D printed CFRTPCs does not exceed 50% [11,17,19,47,48], which is
lower than that of composite materials prepared by traditional processes. The low fiber
volume content is one of the important reasons for the low mechanical properties of 3D
printed CFRTPCs. Since in the 3D printing process, with the increase in the fiber volume
content, the full infiltration of fibers becomes more difficult, this results in a decrease in the
interfacial bonding strength between the fiber/resin phases of 3D printed composites. At
the same time, it also introduces more pore defects in the material, ultimately having an
adverse impact on the mechanical properties of the composite. Dickson et. al. [17] found
that the tensile properties of 3D printed composite materials significantly improved with
the increase in the fiber volume content within a certain range. However, when the fiber
volume content exceeded a certain level, the improvement in the mechanical properties of
the composite material decreased. Chacón et. al. [18,22] believe that an increase in fiber
volume content will have two distinct effects on 3D printed composite materials: on the
one hand, an increase in the fiber content will hinder the damage evolution in composite
materials and play a positive role in improving the mechanical properties of the material;
on the other hand, an increase in fiber content will make it more difficult for the fibers
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to fully infiltrate, leading to a decrease in the strength of the fiber/matrix interface and
the introduction of more pore defects in the material, ultimately affecting the mechanical
properties. It should be noted that the fiber volume content of 3D printed composite
materials is still relatively low now, and with the increase in the fiber volume content, the
sufficient infiltration of fibers cannot be effectively guaranteed, and the number of pore
defects in the material also increases, which has adverse effects on the improvement of the
mechanical properties of composite materials.

Therefore, in future research, on the one hand, effective methods to increase the fiber
volume content of 3D printed composite materials should be further explored; on the
other hand, in-depth research should also be conducted on how to improve the sufficient
infiltration and high porosity of fibers under high fiber volume content, in order to ulti-
mately achieve effective printing of high fiber volume content composite materials with
good mechanical properties, meeting the application requirements of complex engineering
structures for high-performance composite materials.

4. Improvement and Perfection for CFRTPCs-FDM
4.1. Structural Topology Optimization and Fiber Path Planning for CFRTPCs-FDM

Structural topology optimization is an important means to achieve lightweight in
CFRTPCs-FDM products, and fiber path planning aims to determine the distribution of
continuous fibers within the product. The main challenge of CFRTPCs-FDM structural
topology optimization and fiber path planning is the coupling between structural design
and the fiber distribution. Due to the anisotropic mechanical properties of fibers, the
change in the fiber distribution caused by the shape change of composite materials should
be fully considered in the topology optimization process. There are two main ideas for
topology optimization and path planning of a CFRTPCs-FDM structure. One is sequential
optimization, which first considers the overall topological shape and then considers the
fibers distribution. For example, Li et al. [49] and Fedulov et al. [50] proposed a method of
additive manufacturing of continuous carbon-fiber-reinforced nylon composites based on
path planning. The topological optimization method is used to analyze the transmission
path of the load in isotropic materials, and then the fiber trajectory design is carried out.
This method considers the load transmission path of continuous fibers and the anisotropic
mechanical properties. Papapetrou et al. [51] proposed a shape optimization method
based on the density shape level set (Figure 10a) and gave three fiber filling methods: the
offset method (Figure 10b), the equally spaced method (Figure 10c), and the streamline
method (Figure 10d). These three methods can ensure the continuity of the fiber in the
filling area.
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Figure 10. Stiffness-based optimization for the topology and fiber paths by Papapetrou.

The other is a parallel optimization that considers both the structural design and fiber
distribution. For example, Lee et al. [52,53] proposed a topology optimization method for
functionally graded composite structures, which can simultaneously design the optimal
composite topology and spatially variable fiber distribution. A three-dimensional topology
optimization method of continuous fibers based on the natural evolution method proposed
by Alexander [54] can dynamically find the local optimal distribution of the material density
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and obtain a lighter structure. Huang et al. [55] proposed a design and manufacturing
strategy integrating concurrent optimization of fiber orientation and structural topology
for CFRTPCs, realized by ingenious path planning for the 3D printing process.

4.2. Assisted Processes and Devices for CFRTPCs FDM

(1) Microwave-heating-assisted CFRTPCs-FDM

At present, the 3D printing of composite materials mainly adopts the traditional
electric heating method to melt and then solidify and deposit, which has a long curing time
and a high energy consumption. Li et al. [56] applied microwave technology to the 3D
printing of composite materials and proposed a microwave-assisted heating CFRTPCs-FDM
method, which uses microwaves to instantaneously volume heat CFRTPCs filaments. As
shown in Figure 11, microwaves can quickly heat the fiber and quickly transfer heat to the
resin, reducing the temperature change caused by the change in the printing speed, thereby
improving the mechanical properties of the parts. At the same time, compared with the
traditional heating method, the maximum printable wire diameter (1.75 mm vs. 5.48 mm)
and the maximum printable speed (10 mm/s vs. 35 mm/s) are increased. Microwave-
assisted CFRTPCs-FDM has the advantages of a fast heating speed, high thermal energy
utilization, easy control, energy savings, and environmental protection.
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(2) Ultrasonic-assisted CFRTPCs-FDM

Qiao et al. [57] proposed an ultrasonic-assisted fiber interface modification method to
improve the wettability of fiber resin and the mechanical properties of CFRTPCs parts. In
the 3D printing process of carbon fiber composites based on online infiltration co-extrusion,
the carbon fiber is first guided to infiltrate once in the resin liquid with ultrasonic action,
which reduces the porosity and improves the interfacial properties of the composites, as
shown in Figure 12.

In order to improve the bonding between the resin and the fiber and reduce the
porosity to improve the printing quality of CFRTPCs, in addition to the above process
improvements, scholars have also proposed assisted measures such as substrate ultrasonic
vibration assistance, laser melting assistance, roller pressure followup assistance, and hot
pressing post treatment to improve the mechanical properties of CFRTPCs–FDM.
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4.3. Recycling and Remanufacturing of CFRTPCs–FDM

With the wide application of CFRTPCs-FDM, the recycling and remanufacturing of
waste composite parts has become a problem that must be faced. The recovery technologies
of carbon fiber composite materials are divided into three categories: the physical recovery
method, the energy recovery method, and the chemical recovery method. The physical
recovery method is to mill, cut, or crush the waste composite materials to obtain short fibers,
particles, powders, and other substances. This method has the advantages of being low
cost, a simple process, and having no pollution, which is only suitable for uncontaminated
composite waste parts, and the strength of the fiber is seriously reduced after treatment,
and the reuse value is low. So, it can only be used as some fillers and cannot become
a material with high purity requirements. The energy recovery method is to incinerate
waste composite materials to obtain heat energy. However, this method causes secondary
pollution, which should be avoided as much as possible. The technology that can really
further recycle and reuse fibers is the chemical recovery method. The method is to degrade
the resin matrix into small molecular compounds or oligomers, so as to achieve separation
from fibers and fillers. It can not only recover the reinforced fibers but also recover the resin
as raw material. It is the most promising recovery method at present [58].

The carbon fiber obtained by the chemical recovery method is usually in a messy
and fluffy state, which is difficult to make into prepreg products with long tow lengths.
Therefore, the recovered fiber is more suitable for nonwoven materials, cut into short
fibers, or even ground into smaller particles or powders, added to the resin matrix for
remanufacturing. At present, chopped-fiber-reinforced thermoplastic materials are widely
used in the 3D printing of composite materials. Therefore, the recycled carbon fiber is
particularly suitable for the 3D printing of chopped-fiber-reinforced composites. Figure 13
shows the CFRTPCs-FDM sustainable manufacturing and circular economy [59]. Compared
with original fibers, using recycled fibers for 3D printing composite materials not only
avoids the environmental pollution caused by waste materials but also helps to reduce the
cost of the 3D printing composite materials.
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5. Summary and Prospects

Compared with traditional preparation processes, the mechanical properties of 3D
printed CFRTPCs are still relatively poor. This paper analyzes and reviews the current
research status of the 3D printing of CFRTPCs from the perspective of mechanical properties,
and draws the following conclusions:

(1) The mechanical properties of 3D printed CFRTPCs are closely related to the properties
of reinforcing fibers, matrix resins, and multiple interfaces. The influencing factors
can be summarized into three aspects: the material type, the process principle, and
the process parameters. The factors are coupled with each other, jointly determining
the forming quality of CFRTPC products;

(2) The impact of the above factors on the mechanical properties of 3D printed CFRTPCs
is ultimately reflected in three aspects: the fiber volume content, the interface bonding
strength, and the porosity. Compared with traditional forming processes, current 3D
printed CFRTPCs still face prominent problems such as a low fiber volume content, a
weak interface bonding strength, and a high porosity.

(3) The fiber volume content is determined by a combination of speed parameters, layer
thickness, scanning space, stacking direction, and so on. The pores of workpieces can
be divided into macroscopic pores caused by the minimum bending radius or scanning
overlap of the fibers and microscopic pores existing in continuous fibers, matrix
resin, and interphase interface connections. Three-dimensional printed CFRTPCs
have multiple interfaces: a fiber/resin interface and a resin interface between and
within layers. Good interface bonding characteristics are conducive to reducing the
porosity, improving the stress transfer efficiency, and interlaminar shear strength at
the interface.

However, the existing research mainly focuses on analyzing the relevant factors
through experimental methods along the lines of equipment development, experimental
design, and result comparison, and exploring the optimal process methods and parameters
under the relevant material types. In the future, research on CFRTPCs-FDM may focus on
the following aspects:

(1) It is necessary to explore the rheological and time-dependent behavior of composite
materials in the multiple states of FDM from a more microscopic perspective, so as
to construct a mechanical model that accurately describes the complex rheological
properties of materials and reveal the melting deposition mechanism of CFRTPCs at
the molecular/atomic level, to realize scientific prediction of the mechanical properties
of 3D printed CFRTPCs.
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(2) The data show that 50% to 60% of the structural failures in composite materials
are closely related to interlayer damage. The bonding ability of the CFRTPCs’ 3D
printing multi-interface (interphase interface, interlayer, and inner layer wire interface)
determines the interlaminar mechanical properties of the CFRTPCs to a large extent.
Therefore, it is necessary to further study the interface cross scale coupling model of
CFRTPCs-FDM, in order to reveal the regulatory mechanism of the interface from the
microstructure to the macroscopic performance.

(3) Researchers have established a relatively effective numerical simulation model for
the traditional forming process of composite materials, achieving prediction and
simulation of their mechanical behavior under typical load conditions. However,
numerical simulations for the 3D printing of CFRTPCs are relatively lacking. Effective
finite element and molecular dynamic models should be established based on the
rheological mechanism and interface model of CFRTPCs-FDM to achieve effective
simulation and prediction of 3D printed CFRTPCs properties.

(4) The 3D printing of CFRTPCs has anisotropic characteristics, and the stacking direction
and fiber orientation seriously affect the optimal load-bearing condition of the product.
Therefore, it is necessary to carry out configuration design in combination with
topology optimization, develop five-axis 3D printing equipment, adjust the stacking
direction in real time, and use a path planning algorithm to realize the controllable
layout of the fiber direction, so as to realize the integrated design and manufacturing
of CFRTPCs in terms of “performance–configuration–process”.

(5) It is necessary to explore and develop new process principles and improvement
methods for the 3D printing of CFRTPCs, innovate CFRTPCs’ 3D printing equipment,
and further improve the mechanical properties. Also needed is to develop new
materials and improve the material system and, on the basis of the tensile, bending,
and compression properties, further enrich the quality evaluation methods of the 3D
printing of CFRTPCs, such as the impact properties, wear properties, creep properties,
fatigue properties, and damage evolution laws.
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Abstract: As a remarkable multifunctional material, ferroferric oxide (Fe3O4) exhibits considerable po-
tential for applications in many fields, such as energy storage and conversion technologies. However,
the poor electronic and ionic conductivities of classical Fe3O4 restricts its application. To address this
challenge, Fe3O4 nanoparticles are combined with graphene oxide (GO) via a typical hydrothermal
method, followed by a conductive wrapping using poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonic sulfonate) (PEDOT:PSS) for the fabrication of composite films. Upon acid treatment, a highly
conductive porous Fe3O4@RGO/PEDOT:PSS hybrid is successfully constructed, and each component
exerts its action that effectively facilitates the electron transfer and subsequent performance improve-
ment. Specifically, the Fe3O4@RGO/PEDOT:PSS porous film achieves a high specific capacitance
of 244.7 F g−1 at a current of 1 A g−1. Furthermore, due to the facial fabrication of the highly con-
ductive networks, the free-standing film exhibits potential advantages in flexible thermoelectric (TE)
materials. Notably, such a hybrid film shows a high electric conductivity (σ) of 507.56 S cm−1, a three
times greater value than the Fe3O4@RGO component, and achieves an optimized Seebeck coefficient
(S) of 13.29 µV K−1 at room temperature. This work provides a novel route for the synthesis of
Fe3O4@RGO/PEDOT:PSS multifunctional films that possess promising applications in energy storage
and conversion.

Keywords: PEDOT:PSS; Fe3O4; GO; composite film; supercapacitor; thermoelectric

1. Introduction

Considering the rapid growth of the world’s economy and the continual consumption
of fossil fuels, green energy (such as wind, hydropower, thermoelectric, etc.) and electrical
energy storage devices are in urgent need for many applications such as portable electronic
devices and electric vehicles [1–6]. Among the variety of energy storage devices, superca-
pacitors (SCs) have attracted widespread attention for their high power density, reliable
safety, outstanding cycling stability, and low cost [2,7–10]. Generally, there are two kinds of
supercapacitors: electrochemical double-layer capacitors (EDLCs) and pseudocapacitors.
While EDLCs store electricity through the double-layer effect, the pseudocapacitor works
through a fast redox reaction, which is essential for harvesting outstanding capacitive
ability [11–13].

To explore desired electrode materials for supercapacitors, many efforts have been
put into researching transition metal oxides, such as Fe3O4, Fe2O3, Co3O4, RuO2, MnO2,
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etc. [10,14–18]. Among them, iron ferrite of Fe3O4 has been proposed as a potential super-
capacitor material because of its high specific capacitance, easy redox reaction, rich natural
storage, and environmental friendliness [10]. Nevertheless, Fe3O4 has a low conductivity in
nature, which limits its electrochemical performance. Furthermore, it remains a challenge
to avoid nanoparticle agglomeration during the preparation of electrode materials. In order
to solve the above problems, Fe3O4 is commonly combined with carbon-based materials,
especially graphene and CNTs. For instance, through a layer-by-layer method, the obtained
Fe3O4/RGO multilayer electrodes exhibited a specific capacitance of 151 F g−1 when a cur-
rent density of 0.9 A g−1 was used, and after 1000 cycles, the capacitance retained 85% of its
original value, indicating good cycling stability [19]. A sandwich-like Fe3O4/MnO2/RGO
nanocomposite was explored and the value of specific capacitance reached 77.5 F g−1 at
0.5 A g−1 and kept 35 F g−1 at 20 A g−1 in 1 M Na2SO4 [20]. CNT/Fe3O4 nanocomposites
synthesized through the hydrothermal method also achieved a specific capacitance of
117.2 F g−1 at 10 mA cm−2 in a 6 M KOH electrolyte [21]. A novel BRGO/Fe3O4-MWCNT
hybrid nanocomposite was successfully fabricated and possessed good supercapacitance
performance (165 F g−1 at a current density of 2 A g−1) [22]. Not only that, the obtained
BRGO/Fe3O4-MWCNT composites also possessed a high photo degradation efficiency. As
conductive frameworks, carbon materials in these strategies effectively avoid the collapse
of the nano-Fe3O4 particles and thus improve their electrochemical properties. However,
to realize large capacitance and practical applications requires high mass loading of active
Fe3O4, which in turn increases the electrode resistance and thus limits the performance
characteristics of the composite electrodes. In addition, binder materials like polytetraflu-
oroethylene (PTFE) and polyvinylidene fluoride (PVDF) are frequently used during the
preparation of metal-oxide-based nanocomposite films for the preparation of flexible com-
posite materials [23,24]. However, these binders are nonconductive and decrease the
electrical conductivity of the electrodes.

To address these issues, one promising strategy is to incorporate Fe3O4 nanoparticles
onto carbon-based frameworks and coat them with conducting polymers to form highly
interconnected networks for charge transformation. Thus, there is an urgent demand for
highly conductive binders that can further disperse the packed Fe3O4/carbon nanostruc-
tures. Among various conducting polymers, PEDOT:PSS is water soluble and can be used
as a binder that is capable of dispersing carbon-based materials and/or other kinds of
nanomaterials in water. Additionally, PEDOT:PSS can achieve high conductivities via
incorporating additives (such as organic solvents [25,26], ionic liquids [27], and inorganic
salts [28], etc.) and post-treatment through polar solvents (e.g., DMSO [29,30], EG [31,32],
etc.) or acids [33,34]. It is believed that the Fe3O4/carbon/PEDOT:PSS composite can be
employed as an excellent capacity electrode material that possesses considerable potential
application in energy storage devices. Furthermore, such a unique structure can effectively
increase the conductivity of the composite material, and its potential application in energy
conversion technologies, such as thermoelectric, photoelectric, and thermal sensor, can also
be expected.

Herein, we construct a ternary system based on Fe3O4@RGO/PEDOT:PSS; the graphene
oxide (GO) in the compound acts as a base supporting material, while the PEDOT:PSS
serves as a highly conductive wrapping material. Notably, after acid treatment, the as-
prepared hybrid composite is easily stripped from the glass substrate and forms porous,
highly conductive, and flexible electrode films. Benefiting from the large-scale
construction of porous structures and the highly connected conducting networks, the
Fe3O4@RGO/PEDOT:PSS electrodes exhibit a high specific capacitance of 244.7 F g−1 at
1 A g−1, and a good rate capability that remains 146.0 F g−1 at 10 A g−1. Except for energy
storage, the constructed hybrid films can also be used as thermoelectric (TE) materials,
which are capable of converting low-grade and/or waste heat into electricity, making
them an important source of green energy. A dimensionless figure of merit, ZT = S2σT/κ,
is usually applied to evaluate the TE materials’ conversion efficiency, in which σ is the
electrical conductivity of the material, S stands for the Seebeck coefficient, and T and κ
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represent absolute temperature and thermal conductivity, respectively. For polymers and
their composites, the thermal conductivity is relatively low (lower than that of the inorganic
TE materials by almost one to three orders of magnitude). Therefore, the power factor S2σ

is a good approximation for comparing organic and hybrid thermoelectric materials. The
experiment results reveal that the Fe3O4@RGO/PEDOT:PSS hybrid films possess better TE
properties than those of their single components. The related mechanism is also discussed
in detail.

2. Materials and Methods
2.1. Materials

PEDOT:PSS (PH1000, Mw = 326.388) was purchased from Heraeus Company (Hanau,
Germany); both ferroferric oxide nanoparticles (Fe3O4, Mw = 231.54 g/mol, around 20 nm
particle size) and lithium sulfate (Li2SO4, Mw = 109.94 g/mol) from Beijing InnoChem
Science & Technology Co., Ltd. (Beijing, China); GO aqueous solution (5 mg/mL) from
Suzhou Tanfeng Graphene Technology Co., Ltd. (Suzhou, China); perchloric acid (HClO4,
70~72%, ~1.76 g/mL) and hydroiodic acid (HI, 57%, 5.23 g/mL) were obtained from Tianjin
DaMao Chemical Reagent Factory (Tianjin, China) and Shanghai Mclean Biochemical
Technology Co., Ltd. (Shanghai, China), respectively. Water used in this work was all
deionized (DI) water (its resistance is around 18.2 MΩ cm). All the agents employed in the
experiments were utilized directly.

2.2. Preparation of Fe3O4@GO and Fe3O4@RGO

The Fe3O4@GO composites were prepared according to a typical hydrothermal method.
Firstly, Fe3O4 nanoparticles (12.5 mg) were added to 12.5 mL of GO aqueous solution
(2 mg mL−1). Then, 12.5 mL of deionized water was added and the mixture was shaken
well. After 30 min of sonication, the homogenous solution obtained was transferred to
a 50 mL Teflon-lined steel autoclave and heated to 180 ◦C for 12 h. Subsequently, the
steel autoclave was taken out and cooled to room temperature. The black sediment was
collected and allowed to freeze-dry for 24 h. Finally, ~20.3 mg of black-brown fluffy product
was obtained. For comparison, some Fe3O4@GO powder was also treated using HI for
preparation of Fe3O4@RGO.

2.3. Preparation of Fe3O4@GO/PEDOT:PSS Composite Films

The Fe3O4@GO/PEDOT:PSS composite films were prepared via a drop-coating method;
25 mg of Fe3O4@GO lyophilized powder was dispersed in 10 mL PEDOT:PSS solution
(1 mg mL−1). The obtained suspension was sonicated for about 1 h at room temperature.
Thereafter, the as-prepared solution was allowed to drop onto a precleaned glass substrate,
followed by a drying process at room temperature.

2.4. Preparation of Fe3O4@RGO/PEDOT:PSS Free-Standing Films

For fabrication of the free-standing Fe3O4@RGO/PEDOT:PSS films, an acid post-
treatment was applied. The as-prepared Fe3O4@GO/PEDOT:PSS hybrid films were first
immersed in HClO4 for 24 h. After that, the films were washed using DI water, followed by
an air-drying process. To ensure good conductivities of the electrodes, the samples were
further treated using HI with a similar procedure as described above. During immersion
using HI, a chemical reductant, GO, can be effectively reduced to RGO. Finally, the free-
standing Fe3O4@RGO/PEDOT:PSS hybrid films were successfully fabricated.

2.5. Characterization and Measurements

A Hitachi 4800 field emission scanning electron microscope (FE-SEM) was employed
to analyze the morphologies of the films (Hitachi Limited, Tokyo, Japan). A Thermo K-
Alpha X-ray photoelectron spectroscope (XPS) was used to determine the electron-binding
energies of the samples (Thermo Fisher Scientific, Shanghai, China). Raman spectroscopy
was performed using a LabRAM HR Evolution instrument with a 532 nm laser (HORIBA,
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Shanghai, China). An SDT Q600 (TA Instruments, New Castle, DE, USA) was applied for
thermogravimetric analysis (TGA). An electrochemical performance analysis of the samples
was conducted using a CHI 660E electrochemical workstation (Shanghai CH instruments
Co., Shanghai, China). The thermoelectric properties were measured by employing a
thin-film thermoelectric test system (MRS-3 M, Wuhan Joule Yacht Science &Technology
Co., Ltd., Wuhan, China).

In this study, cyclic voltammogram (CV) curves, galvanostatic charge–discharge
(GCD) curves, and electrochemical impedance spectroscopy (EIS) were collected via a
three-electrode system in which a platinum mesh, saturated calomel electrode, and the
as-prepared sample were used as the counter electrode, reference electrode, and work-
ing electrode, respectively. A 1 M Li2SO4 aqueous solution was used as the electrolyte.
The specific capacitance (Cg, F g−1) of the samples was calculated with the formula
Cg = I∆t/m∆V, where I stands for constant discharge current (A), ∆t for discharge time (s),
and m and ∆V for the mass of the film sample and the potential window, respectively.

3. Results and Discussion
3.1. Fabrication of Fe3O4@RGO/PEDOT:PSS Free-Standing Film

Figure 1 provides a schematic illustration of how Fe3O4@RGO/PEDOT:PSS free-
standing films are fabricated. First, Fe3O4 nanoparticles are combined with GO nanosheets
for preparation of the Fe3O4@GO nanocomposites. After washing and freeze-drying,
the Fe3O4@GO framework is successfully fabricated. For further improvement of the
electric conductivity, a PEDOT:PSS conducting polymer is incorporated for conductive
wrapping. With a subsequent HClO4 treatment, the conductivity of the PEDOT:PSS is
dramatically improved, owing to the removal of nonconductive PSS and the formation
of ordered molecular packing. Furthermore, a secondary acid treatment is conducted
using HI, an efficient reducing agent that can eliminate the attached oxygen-containing
functional groups and enhance the electrical conductivity of GO. Moreover, the Fe3O4
component is partly etched during the acid treatment, which contributes to the construction
of interconnected porous nanostructures. Based on the above analysis, we infer that the
obtained flexible, free-standing, and porous film should possess good electrochemical
properties, which will be discussed latterly.
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3.2. Structure Characterization and Analysis

First, SEM was applied to examine the surface morphology of the obtained precursors
and the final products. The as-prepared Fe3O4@GO exhibits an interconnected, highly
porous microstructure, as shown in Figure 2a,b. First, the ultrasonic process results in
homogeneous dispersion of the GO aqueous solution and Fe3O4 nanoparticles. And the
subsequent liquid interfacial polymerization, under high pressure and temperature, allows
the Fe3O4 structures to grow uniformly on the surface of the GO nanosheets. Finally, the
freeze-drying procedure maintains the lamellar structure of the GO, and a homogeneous
porous nanostructure is successfully constructed. With the introduction of the conductive
PEDOT:PSS polymer, the gained composite films no longer possess a porous architecture.
As is well known, PEDOT:PSS is water soluble and can wrap around the surface of the
Fe3O4@GO precursor, forming an electrically conductive polymer shell. As depicted in
Figure 2c,d, it can be observed visually that the Fe3O4@GO/PEDOT:PSS film shows a highly
crumpled surface, which should be derived from the Fe3O4@GO core and PEDOT:PSS
shell.
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Notably, the superficial structure of the hybrid has changed significantly after the
acid treatment. As exhibited in Figure 2e,f, the porous nanostructure is rediscovered in
the complex architecture of Fe3O4@RGO/PEDOT:PSS, which can be ascribed to the acid
treatment. As those meso-/macropores would provide a large surface area, electrolyte
transport and access to active sites could be enhanced during the charging/discharging
process. EDS element mapping was also conducted, and the results (Figure 2g,h) clearly
reveal that the Fe element is evenly distributed in the Fe3O4@RGO/PEDOT:PSS sample.
All these features would be beneficial for enhancing the supercapacitive performance of the
hybrid films. On the other hand, when it is used as a thermoelectric material, the porous
nanostructure is of importance in suppressing the thermal conductivity, whereas the large
number of holes is not conducive to the formation of conductive networks and thus leads to
a reduction in electrical conductivity and a decrease in mechanical properties. And thus, the
presence of a conductive binder becomes very important. Furthermore, the introduction
of conductive polymers is conducive to achieving relatively low thermal conductivity
(≤1 W·m−1·K−1 in general), and therefore exhibits enormous potential in TE applications.

In order to account for the structural variation in Fe3O4@RGO/PEDOT:PSS, a Ra-
man spectroscopy experiment was performed. As is depicted in Figure 3a, the pristine
Fe3O4@GO/PEDOT:PSS presents only two main characteristic peaks at 1341 and 1591 cm−1,
which are associated with the D and G bands of GO, respectively [8,33,35]. Furthermore,
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two small peaks (centered at 218 and 284 cm−1), corresponding to Fe3O4, also appear in
the Raman spectrum [21]. After acid treatment, the most obvious difference is that some
novel peaks associated with PEDOT appear. As exhibited in Figure S1, for acid-treated
PEDOT:PSS, peaks at 1561 cm−1 and 1504 cm−1 are assigned to the asymmetric Cα=Cβ

stretching, while the peak position 1430 cm−1 corresponds to the symmetric Cα=Cβ(–O)
stretching in the five-membered ring, 1366 cm−1 to the Cβ–Cβ stretching, 1254 cm−1 to
the inter-ring Cα–Cα stretching, 1095 cm−1 to the C–O–C deformation, 990 cm−1 and
576 cm−1 to oxyethylene ring deformation, 857 cm−1 and 699 cm−1 to C–S bonds, and
437 cm−1 to SO2 bending [36]. With the incorporation of Fe3O4, a shift of some character-
istic peaks is noticeable (see Figure 3b and Figure S1), indicating the interaction between
the PEDOT:PSS and Fe3O4 filler. Furthermore, it is of importance to note that the peak at
1430 cm−1 (symmetric Cα=Cβ(–O) stretching) shifts to 1429 cm−1 in the composite sample.
In general, the shift of symmetric Cα=Cβ(–O) stretching vibration is mainly related to
the ratio between the benzoid and quinoid conformations. Due to the lack of conjugated
π-electrons in Cα–Cβ, the band red-shift of the symmetric Cα=Cβ(–O) indicates that more
quinoid conformations generate. Namely, with the introduction of Fe3O4@RGO nanoparti-
cles, there is a conformation transition of the PEDOT molecules from the coiled benzoid to
the extended quinoid structure, which facilitates the carrier transformation and is beneficial
for electrical performance. Notably, with the acid treatment, the iron oxide characteristic
peaks gradually weaken, indicating a decrease in the Fe3O4 component. This change in
Fe3O4@RGO/PEDOT:PSS would favor the formation of porous nanostructures. When
compared with the acid-treated PEDOT:PSS, some PEDOT characteristic peaks become
indistinct in the composite film because of the decrease in the PEDOT proportion induced
by the addition of the Fe3O4 filler. All these phenomena indicate the presence of residual
Fe3O4 after acid treatment, and the nanostructures introduced certainly have an influence
on the energy performance, which will be further discussed in the subsequent sections.
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Figure 3. Raman spectra of the obtained hybrid films: (a) Fe3O4@GO/PEDOT:PSS films before acid
treatment and (b) Fe3O4@RGO/PEDOT:PSS films after acid treatment.

In order to further investigate the elemental composition and chemical state of the
obtained composite films, X-ray electron spectroscopy (XPS) analysis was conducted, and
the results are shown in Figure 4 and Figure S2. As depicted in the XPS survey spectrum
(see Figure S2), after acid treatment the porous Fe3O4@RGO/PEDOT:PSS contains elements
of Fe, C, O, and S. The high resolution of the Fe2p spectra was decomposed, and the result
is shown in Figure 4a. As presented, Fe2+ is predominantly correlated with the peaks at
711.2 (Fe2p3/2) and 724.5 eV (Fe2p1/2), while Fe3+ is mainly associated with the peaks at
713.8 (Fe2p3/2) and 726.7 eV (Fe2p1/2) [37,38]. Additionally, the satellite peaks at 719.1 and
731.8 eV belong to Fe2+ and Fe3+, respectively [37]. All these phenomena illustrate the
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presence of residual Fe3O4 even after a relatively lengthy treatment with HClO4 and HI,
which serve an important role in electrochemical performance.

Polymers 2023, 15, x FOR PEER REVIEW 7 of 13 
 

 

 
Figure 3. Raman spectra of the obtained hybrid films: (a) Fe3O4@GO/PEDOT:PSS films before acid 
treatment and (b) Fe3O4@RGO/PEDOT:PSS films after acid treatment. 

In order to further investigate the elemental composition and chemical state of the 
obtained composite films, X-ray electron spectroscopy (XPS) analysis was conducted, and 
the results are shown in Figures 4 and S2. As depicted in the XPS survey spectrum (see 
Figure S2), after acid treatment the porous Fe3O4@RGO/PEDOT:PSS contains elements of 
Fe, C, O, and S. The high resolution of the Fe2p spectra was decomposed, and the result 
is shown in Figure 4a. As presented, Fe2+ is predominantly correlated with the peaks at 
711.2 (Fe2p3/2) and 724.5 eV (Fe2p1/2), while Fe3+ is mainly associated with the peaks at 713.8 
(Fe2p3/2) and 726.7 eV (Fe2p1/2) [37,38]. Additionally, the satellite peaks at 719.1 and 731.8 
eV belong to Fe2+ and Fe3+, respectively [37]. All these phenomena illustrate the presence 
of residual Fe3O4 even after a relatively lengthy treatment with HClO4 and HI, which serve 
an important role in electrochemical performance. 

 
Figure 4. The Fe2p and S2p high-resolution XPS spectra of composite films including fits for the 
components: (a) Fe2p of Fe3O4@RGO/PEDOT:PSS after acid treatment; (b) S2p of Fe3O4@GO/PE-
DOT:PSS before acid treatment; (c) S2p of Fe3O4@RGO/PEDOT:PSS after acid treatment. 

To deepen understanding of the influence of acid treatment on structural variations 
in the composite films, the high-resolution S2p spectra for Fe3O4@GO/PEDOT:PSS (as pre-
pared) and flexible Fe3O4@RGO/PEDOT:PSS (after acid treatment) were analyzed, and the 
results are displayed in Figure 4b,c. As can be seen, the as-prepared Fe3O4@GO/PE-
DOT:PSS exhibits two distinct types of S element, because the S2p binding energy of the 
thiophene unit in PEDOT is very different from that of the sulfonate group in PSS. 
Namely, there are two types of S; one is related to PSS (high-binding-energy region, 
171.8~166.5 eV), and the other is associated with PEDOT (low-binding-energy region, 
166.5~162.5 eV). For the S element in PSS, S2p peaks can be divided into S2p3/2 and S2p1/2 
peaks, showing peak positions centered at 168.1 eV and 169.2 eV, respectively. Meanwhile, 

Figure 4. The Fe2p and S2p high-resolution XPS spectra of composite films including fits for the com-
ponents: (a) Fe2p of Fe3O4@RGO/PEDOT:PSS after acid treatment; (b) S2p of Fe3O4@GO/PEDOT:PSS
before acid treatment; (c) S2p of Fe3O4@RGO/PEDOT:PSS after acid treatment.

To deepen understanding of the influence of acid treatment on structural variations in
the composite films, the high-resolution S2p spectra for Fe3O4@GO/PEDOT:PSS (as pre-
pared) and flexible Fe3O4@RGO/PEDOT:PSS (after acid treatment) were analyzed, and the
results are displayed in Figure 4b,c. As can be seen, the as-prepared Fe3O4@GO/PEDOT:PSS
exhibits two distinct types of S element, because the S2p binding energy of the thiophene
unit in PEDOT is very different from that of the sulfonate group in PSS. Namely, there are
two types of S; one is related to PSS (high-binding-energy region, 171.8~166.5 eV), and
the other is associated with PEDOT (low-binding-energy region, 166.5~162.5 eV). For the
S element in PSS, S2p peaks can be divided into S2p3/2 and S2p1/2 peaks, showing peak
positions centered at 168.1 eV and 169.2 eV, respectively. Meanwhile, for the S element in
PEDOT, S2p peaks can also be classified into S2p3/2 and S2p1/2 peaks, centered at 164.1 eV
and 165.5 eV, respectively. Comparing Figure 4b with Figure 4c, it can be found that the
relative content of PSS to PEDOT decreases distinctly. This ratio decrease can be attributed
to conformational variations caused by PSS removal during acid treatment. PSS extraction
can be generally quantified by figuring the integral area ratio of the characteristic peaks.
The calculation results are shown in Figure S3 (see Supporting Information). A PSS/PEDOT
surface element ratio of 2.06 can be achieved for the as-obtained Fe3O4@GO/PEDOT:PSS
composite, whereas the post-treatment using perchloric acid and hydroiodic acid reduces
the PSS/PEDOT ratio to 1.48 (for the Fe3O4@RGO/PEDOT:PSS sample), confirming the
PSS removal effect of the acids’ treatment. Because PSS itself is not conductive in nature, its
reduction in content can effectively improve the conductive characteristics of the hybrid
films, which would not only benefit the enhancement of the electrochemical performance,
but also potentially improve the TE properties of the composite electrodes.

3.3. Electrochemical Properties of Fe3O4@RGO/PEDOT:PSS Free-Standing Films

CV and GCD were conducted to estimate the electrochemical properties of the elec-
trodes, and the results are presented in Figure 5a,b. It is suggested that the GO skeleton
is partially reduced to RGO via HI treatment. Combined with the wrapping effect of the
highly conductive PEDOT:PSS, a continuous conductive network is formed, which provides
good paths for the transport of ions and rapid redox reactions. This flexible film is expected
to be employed as a high-performance film electrode for SCs, working simultaneously
as an electrically conducting current collector and active electrode material. As can be
observed, the Fe3O4@RGO/PEDOT:PSS self-supporting film exhibits a quasi-rectangular
CV curve at a scan rate of 50 mV s−1 (see Figure 5a). For the Fe3O4@RGO electrode, nearly
no redox peak can be seen, owing to its relatively low electric conductivity, whereas for
the Fe3O4@RGO/PEDOT:PSS film, the corresponding redox couples become more clear,
which is related to the surface redox reactions between Fe2+ and Fe3+ [21]. Meanwhile,
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the area enclosed by the CV curve of the Fe3O4@RGO/PEDOT:PSS film triples that of
Fe3O4@RGO, representing a larger capacitance. Nevertheless, the pristine PEDOT:PSS
itself possesses a smaller CV curve area due to its poor electric conductivity. Promisingly,
the nonconductive PSS can be partly removed via acid treatment, which is beneficial for
improving conductivity. Meanwhile, Fe3O4 nanoparticles would be partially etched away
via acid treatment, and some macroporous microstructures formed where the reactions
take place, benefiting electrolyte transport and the electrochemical redox reactions at the
electrolyte/electrode interfaces. The influence of the PEDOT:PSS wrapping effect on the
electrochemical performance was further evaluated via GCD measurement, shown in
Figure 5b. The specific capacitance of Fe3O4@RGO is 71.68 F g−1, which is comparable
with a previous report [10], and can be substantially improved with the introduction
of PEDOT:PSS and the subsequent acid treatment. As is shown in Figure 5b, the spe-
cific capacitance of Fe3O4@RGO/PEDOT:PSS can reach a high value of 244.7 F g−1 at
1 A g−1. Notably, the shape of the Fe3O4@RGO/PEDOT:PSS curve deviates from the
ideal triangular, implying the pseudocapacitive performance is contributed from the Fe3O4
component. These results are highly consistent with the CV analysis. Therefore, we infer
that the introduction of PEDOT:PSS and the subsequent acid treatment contribute to the
pseudocapacitance storage of Fe3O4, resulting in better SC performance.

The effect of the PEDOT:PSS content on the electrochemical performance was also
researched, and the results are given in Figure S4. After PEDOT:PSS addition and the fol-
lowing acid treatment, the PEDOT:PSS molecules wrap intimately around the Fe3O4@RGO
framework via strong interactions, generating a continuous and conductive network.
Combined with the high electric conductivity of PEDOT:PSS, the porous architecture of
Fe3O4@RGO/PEDOT:PSS facilitates ion transport and fast redox reactions, leading to an
enhanced capacitance. Nevertheless, when the addition amount exceeds 28.6 wt% (which
becomes 34.06 wt% after acid treatment), the presence of excessive PEDOT:PSS may dis-
rupt the interfacial contact between Fe3O4@RGO and the electrolyte, causing a significant
reduction in redox activity sites. As a result, the capacitive performance of the flexible
film is deteriorated. Specifically, when 71.4 wt% (51.08 wt% was left after acid treatment)
Fe3O4@RGO was used, the specific capacity possessed a maximum value. As is exhibited
in Figure 5c, further CV curves in a wide range of scan rates (from 10 to 100 mV s−1)
indicate a good reversibility of the redox reactions. GCD tests of this sample with different
current densities were also performed (Figure 5d). They show high specific capacitance
of 244.7, 205.0, 181.0, and 146.0 F g−1 at 1, 2.5, 5, and 10 A g−1, respectively, which is in
accordance with the CV curves. From the relative contents of each component (Figure S5),
the quantitative contribution of the Fe3O4@RGO and PEDOT:PSS can be determined. In
our previous report, an acid-treated PEDOT:PSS film achieved a specific capacity of around
43.2 F g−1 at 1 A g−1 [33]. According to this value, the specific capacitance of Fe3O4@RGO
based on its own weight is around 379.0 F g−1. These results are comparable or even
better when compared with other Fe3O4-based electrodes [18–22,39–41]. The excellent
electrochemical performance of the porous Fe3O4@RGO/PEDOT:PSS could be ascribed
mainly to the acid treatment. First, the nonconductive PSS was effectively removed via
HClO4 and HI immersion. Secondly, for the GO component, some functional groups like
oxygen-containing groups would favor rapid ion transfer between the film surface and
interior [42]. However, the existence of these functional groups is not beneficial for electron
transport, resulting in a low electric conductivity. Via HI treatment, the balance between
the oxygen-containing functional groups and conductivity could be properly adjusted for
enhancement of the electrochemical properties. Last but not least, the interconnected con-
ductive framework was successfully fabricated via acid treatment (Figure 2e–g), ensuring
the fast ion and electron transport.
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Fe3O4@RGO/PEDOT:PSS composite samples; and (f) cycle stabilities of Fe3O4@RGO/PEDOT:PSS
during the long-term charging/discharging process at a current density of 20 A g−1.

In addition, EIS measurement was conducted to investigate the ion diffusion and
electron transfer resistance of the prepared electrodes. As can be seen from Figure 5e, the
Nyquist curve mainly consists of two parts: the high-frequency Nyquist curve is composed
of a semicircle, while the low-frequency curve is made up of a nearly straight line. Gener-
ally, the semicircle diameter at high frequency is related to the charge transfer resistance
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(Rct). To be specific, the Fe3O4@RGO possesses a charge transfer resistance of around
50 Ω. It is worthy to note that, after being wrapped with PEDOT:PSS, the electrode shows
a marked decline in Rct value. Furthermore, the slope of the Fe3O4@RGO/PEDOT:PSS
electrode at lower frequencies is very similar to that of the Fe3O4@RGO, indicating that
good diffusive behavior of the electrolyte ions is maintained after PEDOT:PSS addition.
All results of these EIS analyses are consistent with those collected from the CV and GCD
studies, illustrating that the PEDOT:PSS wrapping indeed facilitates efficient ion transport
and consequently enhances its capacitance performance. Moreover, a further cyclic sta-
bility test was carried out, and the result reveals that even at a very high current density
(20 A g−1), the Fe3O4@RGO/PEDOT:PSS integrated electrode film still retains nearly 70%
of its original capacitance when it is charged and discharged for 800 cycles (see Figure 5f).

3.4. Thermoelectric Performance of Fe3O4@RGO/PEDOT:PSS Free-Standing Films

The excellent performance of the hybrid Fe3O4@RGO/PEDOT:PSS electrodes can
be attributed to their unique architecture, which may endow this free-standing film with
wider application areas. Herein, we also investigate the thermoelectric properties of
this Fe3O4@RGO/PEDOT:PSS integrated film. For comparison, a Fe3O4@RGO sample
with a similar thickness (Figure S6) was also prepared. Figure 6 shows the variation
in the TE parameters of the composite films as a function of absolute temperature. As
can be seen, the σ of the Fe3O4@RGO sample reveals a value of 150 S cm−1 and keeps
almost constant in the tested temperature interval (Figure 6a). With the incorporation
of PEDOT:PSS and the following acid treatment, the obtained Fe3O4@RGO/PEDOT:PSS
integrated film shows a much higher σ value (507.56 S cm−1). With increasing temperature,
the σ value just shows a slight decrease, and this variation trend is very similar to those
reported in the literature [43,44]. Namely, the electric conductivity is not sensitive to the
change in temperature. As shown in Figure 6b, all the composite films exhibit positive
Seebeck coefficients, illustrating that the predominant charge carriers are holes in the
above obtained samples. The Fe3O4@RGO film shows a Seebeck coefficient of 18.96 µV
K−1 at room temperature. When the test temperature increases, the S demonstrates a
slight downward trend and decreases to 15.07 µV K−1 at 380 K. In contrast, the free-
standing Fe3O4@RGO/PEDOT:PSS film possesses an S value of only 13.29 µV K−1 at room
temperature. Upon increasing the testing temperature from 300 K to 380 K, the Seebeck
coefficient presents a visible increasing trend, and achieves an S value of 15.07 µV K−1 (the
same result with the Fe3O4@RGO sample) at 380 K. Taking into account the big variation
in electric conductivity, the Fe3O4@RGO/PEDOT:PSS film exhibits a much higher power
factor when compared with the Fe3O4@RGO sample. To be specific (shown in Figure 6c), a
maximum PF value of 11.06 µW·m−1·K−2 is achieved at 380 K, which is much higher than
that of the Fe3O4@RGO, by nearly four times.
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4. Conclusions

In summary, we have demonstrated the creation of highly conductive Fe3O4@RGO/
PEDOT:PSS porous films via a facile but efficient method. Benefiting from the supporting
effect of the GO framework and the highly conductive networks arising from PEDOT:PSS
wrapping and subsequent acid treatment, the ternary Fe3O4@RGO/PEDOT:PSS compos-
ites exhibit excellent electrochemical properties: a high specific capacitance of 244.7 F g−1

can be achieved at a current density of 1 A g−1; meanwhile, a high level of cycling sta-
bility of ~70% is maintained after 800 cycles. The superior electrochemical performance
of Fe3O4@RGO/PEDOT:PSS hybrid films greatly benefits from their unique structures.
Notably, the free-standing flexible hybrid films also show relatively high thermoelectric
properties, and a high power factor of 11.06 µW·m−1·K−2 is reached at 380 K. The novel
method proposed in this paper paves an effective way to fabricate and design highly
conductive and porous PEDOT:PSS-based composites for electrochemical energy storage
and thermoelectric applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym15163453/s1, Figure S1: Raman spectra of the PEDOT:PSS
film after acid treatment via HClO4; Figure S2: XPS survey spectrum of the porous Fe3O4@RGO/
PEDOT:PSS; Figure S3: PSS/PEDOT ratio calculated for Fe3O4@GO/PEDOT:PSS samples before acid
treatment and Fe3O4@RGO/PEDOT:PSS after acid treatment.; Figure S4: CV curves of Fe3O4@RGO/
PEDOT:PSS with different PEDOT:PSS content at a scan rate of 50 mV s−1: a, the content of PE-
DOT:PSS is 16.7 wt%; b, the content of PEDOT:PSS is 28.6 wt%; c, the content of PEDOT:PSS is
50.0 wt%; Figure S5: TG curves for Fe3O4@RGO/PEDOT:PSS flexible film; Figure S6: The thickness
of Fe3O4@RGO and Fe3O4@RGO/PEDOT:PSS films.
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Abstract: Multifunctional fiber materials play a key role in the field of smart textiles. Temperature
sensing and active thermal management are two important functions of smart fabrics, but few studies
have combined both functions in a single fiber material. In this work, we demonstrate a temperature-
sensing and in situ heating functionalized conductive polymer microfiber by exploiting its high
electrical conductivity and thermoelectric properties. The conductive polymer microfibers were
prepared by wet-spinning the PEDOT:PSS aqueous dispersion with ionic liquid additives, which was
used to enhance the electrical and mechanical properties of the final microfibers. The thermoelectric
properties of these microfibers were further studied. Due to their excellent flexibility and mechanical
properties, these fibers can be easily integrated into commercial fabrics for the manufacture of smart
textiles through knitting. We further demonstrated a smart glove with integrated temperature-
sensing and in situ heating functions, and further explored thermoelectric fiber-based temperature-
sensing array fabric. These works combine the thermoelectric properties and heating function
of conductive polymer fibers, providing new insights that enable further development of high-
performance, multifunctional wearable smart textiles.

Keywords: thermoelectric fiber; conductive polymer; smart textile; temperature sensor; PEDOT:PSS

1. Introduction

Smart textiles can not only sense environmental changes, but also automatically re-
spond to the surrounding environment or stimuli, such as thermal, chemical, or mechanical
changes [1]. They have a wide application prospect in sensing human physiological signals
at close range, supporting and assisting daily human activities [2–4]. The development of
multifunctional fiber materials is the key to ensuring the functionality and practicality of
smart fabrics. Currently, electronic fibers can already be endowed with functions such as
high electrical conductivity, strain response, pressure sensing, luminescence, photoelectric
sensing, etc. [5–8]. Most of those studies focus on optimizing only a specific function,
while research on intricate multifunctional integrated fibers, which could greatly reduce
the complexity of device fabrication and system construction, remains scarce.

Conductive polymers (CPs) have received much attention due to their excellent flexibil-
ity, electrical properties, and electrochemical activity [9,10]. Poly(3,4-ethylenedioxythiophene)/
polystyrene sulfonate (PEDOT/PSS) is one of the most widely used CPs as an intrinsically
flexible electronic material, showing great promise in elastic conductors, sensing, displays,
and other applications [11,12]. PEDOT:PSS can be attached to fabrics by printing, dyeing,
and in situ polymerization to fabricate multifunctional electronic fabrics [13]. In recent
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years, researchers have prepared pure PEDOT:PSS fibers by wet-spinning, and obtained
PEDOT:PSS fibers with high electrical conductivity and excellent mechanical properties by
adjusting the spinning dope, coagulation bath, and post-treatment [14–18]. These fibers are
further used to prepare highly sensitive sensors, supercapacitors, and organic electrochemi-
cal transistors [14,17,18]. On the other hand, these fibers have thermoelectric properties and
can be used to harvest wearable energy directly from the heat emitted by the body [19–22].
These studies inspired us to develop a multifunctional fiber based on PEDOT:PSS. Herein,
we explored the temperature-sensing and Joule heating functionalized PEDOT:PSS fiber
fabric by exploiting their high electrical conductivity and thermoelectric properties. Firstly,
PEDOT:PSS fibers were prepared by wet-spinning PEDOT:PSS dispersion with ionic liquid
additives, which was used to improve the electrical conductivity and mechanical properties.
After studying the thermoelectric properties of these fibers, we further demonstrated a
temperature-sensing fabric array based on PEDOT:PSS fibers and its in situ heating ca-
pabilities. A temperature sensor array composed of a few simple interlaced fibers was
further fabricated to demonstrate their versatile applications. Finally, we demonstrate that
thin polymer sheaths can greatly improve the working stability of PEDOT:PSS fibers in
different environments. This work integrates the thermoelectric properties and heating
functions of conductive polymer fibers, providing a new idea for further development of
high-performance, multifunctional wearable smart fabrics.

2. Materials and Methods
2.1. Materials

Ionic liquid 1-butyl-3-methylimidazolium tosylate (BMImOTs, 99%) was purchased
from Lanzhou Greenchem ILs (Lanzhou, China); PEDOT:PSS aqueous solution (solid
content 1.0–1.3 wt%, PEDOT to PSS ratio 1:2.5, conductivity 700~800 S/cm) was purchased
from Shanghai Ouyi Organic Optoelectronic Materials (Shanghai, China).

2.2. Wet-Spinning of PEDOT:PSS Fibers

The PEDOT:PSS (PP) microfibers were fabricated through a wet-spinning process as
illustrated in Figure 1a. To enhance the electrical conductivity and mechanical properties,
a specifically selected ionic liquid (BMImOTs) was first added to the PP spinning dope
to reduce the electrostatic interaction between PEDOT and PSS. The spinning dope was
prepared by adding BMImOTs (0–2.6 µg) into the PEDOT:PSS solution (10 mL), so that the
BMImOTs accounted for 0 to 5 wt% of the solid content. Then, the solution was rotated and
evaporated at 50 ◦C to obtain PEDOT:PSS solution with concentration of 2.0 to 2.6 wt%. All
dispersions were bath-sonicated for 30 min to remove the bubbles prior to fiber spinning.
The spinning dope was then loaded into a 3 mL syringe and injected into the sulfuric acid
coagulation bath through a needle with an inner diameter of 400 µm. In the sulfuric acid
coagulation bath, water and a portion of the PSS in the solution were removed, forming PP
microfiber. After entering the coagulation bath, the fibers were immediately collected on the
relay roller to prevent fiber entanglement. The fibers were then soaked in the coagulation
bath for 3 h before being pulled through a washing bath containing ethanol/water (volume
ratio of 3:1) to remove residual sulfuric acid. The fibers were then drawn through two
heating plates and finally collected on the roller to obtain PEDOT:PSS fibers. The wet-
spinning process used is applicable for continuous production, and in principle, the length
of the filament is only limited by the amount of spinning solution. Figure 1b shows ~50 m
long microfibers, which have excellent flexibility and can be stitched onto fabrics for use in
wearable smart fabrics. Figure 1c shows a microfiber lifting a weight of 10 g, indicating
that the microfiber has good mechanical properties.
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2.3. Characterization

The mechanical properties of the fibers were measured using a thermomechanical
analysis system (TMA, Hitachi 7100E, Hitachi, Tokyo, Japan). A single fiber was used for
the tensile strain-stress measurement. The length of the tested fiber sample was approxi-
mately 2 cm, and the cross-section area was determined by scanning electron microscope
(SEM) image. The electrical conductivity of the PEDOT:PSS fiber was measured using a
source meter (Keithley, 2450 SourceMeter, Tektronics, Beaverton, OR, USA). Samples were
prepared by placing the fiber on a glass slide with the two ends of the fiber connected
to copper wires using silver paste. A low voltage (1–3 V) was applied to the two ends
and the resistance was recorded. The conductivity was then calculated by taking into
account the sample length and cross area. The Seebeck coefficient was characterized using
a home-made device as shown in the supplementary information. Two Peltier modules
were used for regulating the temperature difference of the two ends of the fiber, while the
thermovoltage was recorded using Keithley 2450. For the above mechanical, electrical, and
thermoelectric measurements, at least 10 samples from the same batch of fibers were tested
and the average values were obtained. The morphology of the fibers was studied using
SEM images (JSM-IT800, JEOL, Tokyo, Japan). Multiple fibers were spread on conductive
carbon tape without further treatment. The fibers were cut using scissors for taking the
cross-sectional SEM images. The X-ray diffraction (XRD) and wide-angle X-ray scattering
(WAXS) were acquired on D8 Advance (Bruker AXS GmbH, Karlsruhe, Germany) and
Nano-inXider (Xenocs SAS, Grenoble, France), respectively.

2.4. Preparation of Smart Textiles and Stability Testing

Smart fabrics with thermal-sensing and Joule heating functions were manufactured
by weaving PEDOT:PSS microfiber onto commercial gloves. Firstly, ten microfibers were
twisted to form a stable fiber yarn. Then, multiple-fiber yarns were sewn onto the glove
with a sewing needle. The sensing unit on the index finger consisted of three strands of
yarn that detect temperature changes when grasping objects. The two ends of the yarn
were placed on the inside and outside of the glove, fixed with silver paste and copper wire,
and connected to the thermoelectric potential measurement system. The sensing unit on
the back of the glove consisted of six strands of yarn to detect the ambient temperature
and provide heating. One end of the bundle was positioned close to the skin, while the
other end was exposed to the environment to sense the temperature difference between the
environment and the skin of the hand.
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To make the temperature sensor array, six bundles of yarn were sewn onto the fabric
in parallel three lines, while using silver paste and copper wire to connect both ends of
each bundle to a multichannel voltage signal acquisition board.

In order to improve the working stability of the fibers, a thin layer of PDMS was
wrapped on the surface of a yarn bundle consisting of 20 PP fibers. The twisted yarn
bundle was slowly pulled through the freshly formulated PDMS precursor (Sylgard 184,
Dow Corning, Midland, MI, USA). After standing vertically for 15 min, the fiber bundles
were treated in an oven at 80 ◦C for half an hour. The moisture stability of the yarn was
tested by dripping water in the middle of the yarn while the conductivity and Seebeck
coefficient were measured. The PDMS-wrapped yarn was placed in water and stirred for
one hour at a rate of 500 rpm for one wash cycle. After each wash, the conductivity of the
fibers and the Seebeck coefficient were measured.

3. Results and Discussion

The morphology and structural characteristics of microfibers have significant influence
on their mechanical, electrical, and thermoelectric properties. Figure 2a shows the SEM
image of the microfibers, from which it can be seen that the microfibers are in fact mainly
flat ribbons with a width of about 40 to 60 µm. Figure 2b shows the cross-section of a
single fiber, with a pronounced feature of a flattened ribbon. The microfiber is about 60 µm
wide and 10 µm thick, which translates into a cross-sectional area of about 600 µm2. The
cross-sectional size of the fiber is mainly determined by the dope concentration and the
diameter of the injection needle. After rounds of optimization, the needle with a diameter
of 400 µm was found to provide fibers with the best mechanical and electrical properties,
and was subsequently used throughout the study. The rapid water loss after the injection
into the coagulation bath prompts a structural collapse, leading to the formation of flat
fibers. Compared with the hollow structure formed by PP fibers in previous studies [23],
the presence of ionic liquid in the precursor solution in our work could facilitate a stronger
interpolymer interaction and generate a network structure, thus forming dense flat fibers,
which is beneficial to improving the mechanical properties of fibers.
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The XRD pattern of the fiber (Figure 2c) clearly shows the crystalline regions as evident
in the (100) and (200) diffraction peaks originated from the alternate stacking of PEDOT
and PSS, and π-π stacking of the crystallized PEDOT chains (010), which proves that
PEDOT and PSS in the fiber have good crystallinity [24,25]. In the WAXS image shown
in Figure 2d, the corresponding scattering patterns can also be seen, the plot of which is
shown in the supplementary information. Furthermore, these diffraction peaks are mainly
located along the radial direction of the fiber, indicating that the fiber has a high degree of
anisotropy, which is beneficial to improving the mechanical properties of the fiber in the
axial direction [14].

The mechanical properties of the fibers were further tested, and their tensile stress
curves are shown in Figure 3a. The maximum strain and strength of the fibers are shown
in Figure 3b. It can be seen that the addition of ionic liquid has a significant effect on the
mechanical properties of the prepared fibers. A maximum strain of 19% with a breaking
strength approaching 206 MPa could be obtained with 2% ionic liquid addition. The
specimens nearly doubled their maximum strain and breaking strength compared to those
without additives. This result indicates that the addition of ionic liquid can improve the
microstructure of the fibers and hence its mechanical properties, which is similar to the
effect on PP thin films investigated by Wang et al. [26]. The addition of ionic liquid can
reduce the electrostatic interaction between PEDOT and PSS groups, thereby increasing the
cross-linking degree of PEDOT and further forming a film with high mechanical properties.
However, adding too much ionic liquid could have a detrimental effect, as can be seen from
the premature failure of the PP fiber, much sooner than the pristine fiber.
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The addition of ionic liquids also significantly improved the electrical properties of
the fibers. Figure 4a shows the electrical conductivity of fibers formed from different
ionic liquids. It can be seen that by adding 2% ionic liquid, the conductivity of the fiber
is significantly increased from 1170 S/cm to 2258 S/cm. The trends in conductivity are
generally similar to those in mechanical properties. It is plausible that the structural changes
responsible for the improvement in mechanical properties also have direct consequences
on the electrical properties. We further tested the thermoelectric properties of the fibers.
Figure 4b shows the Seebeck coefficient and power coefficient of the fibers. The Seebeck
coefficient of fibers with ionic liquid addition showed a downward trend with the increase
in ionic liquid addition, mainly because the doping level of PEDOT was increased with the
addition of ionic liquid, thereby reducing its Seebeck coefficient [27]. The power factor of
the fiber, calculated from the conductivity and the Seebeck coefficient, is shown in Figure 4b,
from which it can be seen that the power factor is mainly dominated by the conductivity of
the fiber, that is, at the optimum ionic liquid concentration of 2%, the power coefficient also
reaches a maximum value of 90 µW/m·K2. Therefore, due to their excellent mechanical
and electrical properties, we selected fibers with 2% ionic liquids to be integrated into the
prototype device in the follow-up studies. Figure 4c shows the thermoelectric potential
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of the fibers at different temperature differences. It can be seen that the thermoelectric
potential exhibits a strong linear relationship with the temperature difference, which is
highly favorable for temperature-sensing applications which will be discussed later. We
further tested the thermoelectric output properties of the fibers, as shown in Figure 4d. At
a temperature difference of 20 ◦C, the open-circuit voltage and short-circuit current of the
fiber reached 0.42 mV and 32 µA, respectively, and its maximum power reached 3.5 nW.
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To demonstrate the application of PP fibers in wearable smart sensing, we weave
the PP microfiber bundles into gloves, as shown in Figure 5a. Due to the good flexibility,
the microfibers fit well with the existing glove fibers. Three PP microfiber bundles are
woven on the inside of the glove fingers, and six bundles on the back of the hand. The
two ends of each fiber and the contact electrodes are, respectively, distributed on the inner
and outer sides of the glove to realize the temperature measurement function by using
the temperature difference between both ends. The fibers on the finger can measure the
temperature difference between the object and the hand when grasping the object, while the
fibers on the back of the hand can not only measure the temperature difference between the
environment and the hand itself, but it can also provide a heating function when needed.
Figure 5b shows the responses of the glove to the cold and hot water cups. It can be seen
that the thermoelectric potential generated by the fiber sensor has a good corresponding
relationship with the temperature, and the response speed is almost synchronous. Figure 5c
shows the thermoelectric potential of the glove at an ambient temperature of 18 ◦C. Since
the temperature of the human hand is relatively constant, the ambient temperature can be
easily inferred from the reading of the thermoelectric potential. On the other hand, due to
the relatively low resistance and good environmental stability of PP fibers, PP fibers can
also achieve Joule heating by applying a bias voltage. Figure 5d shows the temperature
change that occurs when a voltage of 1 V to 5 V was applied to the PP fibers on a smart
glove, where the ambient temperature was about 0 ◦C. The higher the voltage, the more
pronounced the Joule heating effect. When voltages of 3 V, 4 V, and 5 V were applied,
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the surface temperature could be increased to 11 ◦C, 21 ◦C, and 38 ◦C, respectively. This
suggests that these low-voltage electrical heating fabrics can be combined with commercial
portable battery packs to provide heat to the human body in low-temperature environments.
Combining the thermoelectric sensing function of the fiber with the heating function, our
PP-fiber-embedded prototype gloves can activate the heating function upon sensing a low
ambient temperature, thereby providing a timely thermal protection for the human hand.
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integrated on fabric glove (a), sensing of cold cup and hot cup when grasping (b), thermoelectric
voltage generated when temperature drops to 18 ◦C (c), temperature raising by applying various
voltages to the PP fibers (d), inset shows the thermal image of smart glove with heating area.

Fiber-shaped thermoelectric materials offer a new possibility for building smart fab-
rics with temperature-location sensing. Both ends of the fiber can simultaneously sense
the temperature changes, and then sense where the temperature changes occur. Taking
advantage of this feature of PP fibers, we constructed a 3 × 3 sensing array for position
and temperature sensing, as shown in Figure 6a. The position points are connected by
fibers, and by analyzing and comparing the voltage signals collected by the fibers, the
positions of the sensed temperature and the temperature difference value can be obtained.
Figure 6b shows the thermoelectric potential of the fibers when the finger touches nine
different locations (labeled A to I). It can be seen that touching points A and D will generate
opposite thermoelectric potentials at the two ends of fiber 1; while touching point D, a
thermoelectric potential will also be generated on fiber 4. Therefore, the location and tem-
perature of the object can be restored by comparing the thermoelectric potential generated
at different points. Figure 6c shows a hot metal rod and two cold metal weights placed on
the thermoelectric fiber fabric, and Figure 6d shows the temperature at nine points on the
fabric deduced from the generated thermoelectric potential, which is consistent with the
measured results. This result provides a new idea for the further construction of intelligent
sensing arrays of thermoelectric fibers.
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Figure 6. Thermoelectric fiber array for location and temperature sensing: distribution of six fibers
and the nine sensing points (a), thermoelectric voltages generated from the nine points (labeled from
A to I) when touched with finger (b), sensing of multiple objects with varied temperatures (c), and
their location and temperature obtained from the sensing array (d).

The electrical properties of conductive polymers are often influenced by ambient
humidity, which affects their working stability. In this work, since the thermoelectric
and heating functions of conductive polymer fibers can be carried out by means of heat
exchange, they do not need to be exposed directly to the environment. We wrap a thin
layer of hydrophobic PDMS outside the PP fiber yarn to reduce the influence of moisture
on the fiber properties. As shown in Figure 7a, PDMS forms an extremely thin protective
layer (about a few microns) around the fiber yarn, which does not seriously affect the heat
conduction between the PP fiber and the external environment. As shown in Figure 7b and
c, the conductivity and Seebeck coefficient of uncoated PP fibers decreased significantly
when wet. In contrast, the conductivity and thermoelectric coefficient of the wrapped
PP fiber, even if immersed in water, are hardly affected. We then washed the wrapped
fibers several times in water. As shown in Figure 7d, after five cycles of washing, the
conductivity and thermoelectric coefficient of the fiber remain above 95% of the original
value. The margin loss may be due to the penetration of trace amounts of water molecules
into the fiber from the crack or junction. Nevertheless, we believe that PDMS wrapping
can significantly improve the working stability of PP fibers, providing a material basis for
the realization of multifunctional smart fabrics.
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conductive polymer microfibers equipped with both temperature-sensing and in situ heat-
ing capabilities. In addition, a sensor array consisting of a few simple interlaced microfibers
was manufactured to collect information on the temperature and position of the object. This
work integrates the thermoelectric properties and heating functions of PEDOT:PSS, provid-
ing a new idea for further development of high-performance, multifunctional wearable
smart fabrics.
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Abstract: The significant potential of flexible sensors in various fields such as human health, soft
robotics, human–machine interaction, and electronic skin has garnered considerable attention.
Capacitive pressure sensor is popular given their mechanical flexibility, high sensitivity, and signal
stability. Enhancing the performance of capacitive sensors can be achieved through the utilization
of gradient structures and high dielectric constant media. This study introduced a novel dielectric
layer, employing the BaTiO3-PDMS material with a gradient micro-cones architecture (GMCA). The
capacitive sensor was constructed by incorporating a dielectric layer GMCA, which was fabricated
using laser engraved acrylic (PMMA) molds and flexible copper-foil/polyimide-tape electrodes.
To examine its functionality, the prepared sensor was subjected to a pressure range of 0–50 KPa.
Consequently, this sensor exhibited a remarkable sensitivity of up to 1.69 KPa−1 within the pressure
range of 0–50 KPa, while maintaining high pressure-resolution across the entire pressure spectrum.
Additionally, the pressure sensor demonstrated a rapid response time of 50 ms, low hysteresis
of 0.81%, recovery time of 160 ms, and excellent cycling stability over 1000 cycles. The findings
indicated that the GMCA pressure sensor, which utilized a gradient structure and BaTiO3-PDMS
material, exhibited notable sensitivity and a broad linear pressure range. These results underscore
the adaptability and viability of this technology, thereby facilitating enhanced flexibility in pressure
sensors and fostering advancements in laser manufacturing and flexible devices for a wider array of
potential applications.

Keywords: flexible capacitance pressure sensor; gradient micro-structure; polymer; barium titanate;
laser engraving

1. Introduction

In recent times, the pressure sensor garnered significant attention due to its wide-
ranging applications in diverse fields such as soft robotics [1,2], human–machine inter-
action [3], electronic skin [4–6], tactile and touch sensing applications [7,8], contactless
sensing [9], and information communication [10]. Presently, pressure sensors can be
primarily categorized into resistance [11–13], capacitance [11,14,15], piezoelectric [11,16],
and triboelectric types [11,17] based on distinct transduction mechanisms. Capacitive
sensors are favored among these types due to their simple structure, ease of fabrication,
low-energy consumption, and ability to precisely modify device design through analysis of
the governing equation. In terms of performance, they demonstrate notable attributes such
as high sensitivity and rapid response times. Additionally, these sensors have been proven
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to replicate the sensing behavior of human skin, encompassing strain sensitivity, pressure
detection, and proximity sensing [18]. Furthermore, capacitive pressure sensors exhibit
low power consumption and can be engineered to be unaffected by temperature varia-
tions [18–22]. Consequently, they are deemed attractive. To cater to various applications,
capacitive sensors are required to exhibit both high sensitivity and a wide linear range.
The sensitivity of traditional capacitive sensors utilizing solid dielectric layers is hindered
by their restricted deformation capacity [23–25]. In order to enhance sensitivity, exten-
sive research has been conducted on diverse micro-structures such as micro-spheres [26],
micro-pillars [27], porous structures [28], micro-pyramids [29], nanoparticles [30–32], and
micro-array structures [33,34]. However, it has been observed that these micro-structures
primarily operate within the low-pressure range, thereby diminishing their sensitivity in
the high-pressure range and consequently limiting the linear range [21,35–39]. Previous
studies indicated that the utilization of gradient structures can effectively enhance linear-
ity and substantially augment sensitivity [21]. It is important to acknowledge that the
sensitivity of sensor components featuring microstructure effectively trades off against
hysteresis. According to scholarly research, the implementation of a random distribution
of pixels featuring gradient structures has been found to effectively diminish interface
adhesion [40]. Consequently, this approach enables the sensor to sustain high sensitivity
levels while minimizing hysteresis.

A flexible material possessing a high permittivity is crucial for the development
of flexible capacitive sensors and charge storage devices. Currently, ferroelectric poly-
mer materials, including poly-(vinylidene fluoride)(PVDF) and poly-(vinylidene fluoride-
trifluoroethylene)[P(VDF-TrFE)], have been successfully employed to achieve high permit-
tivity. Nevertheless, these polymers exhibit temperature instability and can lead to device
corrosion due to the formation of hydrogen fluoride [41]. Several studies investigated the
advancement of composite materials possessing superior dielectric properties in order
to address the aforementioned constraints of organic polymers. The incorporation of
ceramic fillers exhibiting high permittivity represents a prevalent approach for enhanc-
ing the dielectric permittivity of polymers [42,43]. For instance, flexible materials like
polydimethylsiloxane (PDMS) were combined with Pb(Zr, Ti)O3 and MXene(Ti3C2Tx) to
fabricate dielectric layers [25,43]. The dielectric properties of these materials are influenced
by the attributes of the constituents, the morphology and size of the additives, and the
concentration of the additive [41]. BaTiO3 is a material possessing high permittivity and
readily accessible [44]; thus, we opted for BaTiO3 powder blended with PDMS as the
material for fabricating a flexible dielectric layer.

The dielectric layer of flexible pressure sensors is typically fabricated through the
primary mold method, which traditionally involves lithography or the utilization of natural
molds such as lotus leaves and petals [45–50]. However, the photo-lithography manufac-
turing process is intricate, expensive, and time-consuming, while the micro-structured
surface created with natural molds is uneven and lacks controllable aspect ratios. In order
to overcome these constraints, Valliammai Palaniappan et al. conducted a study to ascertain
the viability of employing a laser-assisted engraving technique for the fabrication of PDMS
dielectric layers. This method proved to be relatively uncomplicated, user-friendly, and
time-efficient, requiring minimal preparation time [46,51–53]. Furthermore, during the
laser-assisted production of the primary mold, the aspect ratio of the model can be readily
manipulated by adjusting the power and scanning speed of the laser beam [46,54].

This study introduces a novel approach to capacitive pressure sensing by utilizing
a BaTiO3-PDMS dielectric layer with a gradient micro-cones architecture (GMCA). The
GMCA is achieved by laser carving a micro-cones hole array with varying heights on
a black acrylic plate, which serves as a template for the deposition of the BaTiO3-PDMS
dielectric layer. The pressure sensor is formed by sandwiching the dielectric layer between
flexible electrodes composited with copper foil and polyimide tape. Consequently, the
sensor exhibits a notable sensitivity of up to 1.69 KPa−1 within the pressure range of
0–50 KPa, ensuring the preservation of high pressure-resolution throughout the entire
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pressure spectrum. Additionally, the sensor demonstrates a rapid response time of 50 ms,
minimal hysteresis of 0.81%, swift recovery time of 160 ms, and exceptional cycling stability
over 1000 cycles. Consequently, this sensor possesses the capability to serve as a dependable
motion recorder for comprehensive detection of physiological signals, including pulse,
sound vibration, and joint flexion, among others.

2. Materials and Methods
2.1. Chemicals and Materials

A main mold was manufactured using a black poly (methyl methacrylate) (PMMA)
with a thickness of approximately 5mm, sourced from Tian Gong company in Zhenjiang,
Jiangsu, China. The barium titanate powder, with a particle size smaller than 3 µm,
was obtained from Macklin company in Shanghai, China. The dielectric layers were
manufactured using PDMS (SYLGARD 184 Silicone) from the DOW Chemical company
in the Midland, MI, USA. The bonding process utilized ecoflex 00-30 from SMOOTH-ON
Company in the Macungie, PA, USA, which included liquid A and liquid B. The flexible
electrodes were manufactured using copper foil sourced from Zhengying Company in
Anhui, China, and polyimide tape from Ubisoft Corporation, Hangzhou, Zhe Jiang, China.

2.2. Sensor Fabrication

The sensor was comprised of two flexible electrode plates and a dielectric with a gra-
dient micro-structure in the center (Figure 1a). The manufacturing process of a rectangu-
lar pressure sensor measuring 30 × 25 mm is depicted in Figure 1. Using AutoCAD™,
a 3 × 3 array consisting of circles with a diameter of 1 mm was designed and then imported
into the laser machine (K3020, Julong Laser Co., Ltd., Liaocheng, Shandong, China). The
formation of the micro-cone exhibited a strong correlation with the laser power. The cross
section intensity of the laser adhered to a Gaussian distribution, which played a significant
role in the genesis of micro-cones [55,56]. As the laser ablation process advanced on the
board, the gradual decoking resulted in a progressive decrease in the critical point’s radius,
where the laser-induced ablation occurred, ultimately leading to the emergence of the
micro-cone. Initially, a scanning speed of 100 mm/s was employed, along with a specific
amount of light power, to carve a hole array consisting of 9 circular holes on the acrylic
plate (Figure 1b). Next, the exit position of the laser beam and the light power should
be adjusted to proceed with the creation of another hole array. This process should be
repeated until a main mode consisting of 20 hole arrays, arranged in a 5 × 4 configuration,
is achieved. The resulting main module, denoted as M, is depicted in Figure 1c. To prepare
the PDMS, the elastomer base and hardener should be mixed in a ratio of 10:1, followed by
thorough stirring with a glass rod for approximately 20 min. Subsequently, the obtained
PDMS should be mixed with BaTiO3 powder in a mass ratio of 10:1 to obtain BaTiO3-PDMS,
ensuring even distribution of the components. The mixed BaTiO3-PDMS composite was
subjected to vacuum treatment using a vacuum machine (DZF-6053, Yong Guangming,
Beijing, China) for approximately 30 min to eliminate any surface bubbles. Subsequently,
the BaTiO3-PDMS composite was poured onto the acrylic main mold M (Figure 1d) and
subjected to vacuum treatment for an additional 30 min. The vacuum machine was then
heated to 60 ◦C for approximately one hour to facilitate curing (Figure 1e). Following the
curing process, the BaTiO3-PDMS dielectric layer GMCA was carefully removed from the
main molds M (Figure 1f). It is noteworthy that the utilization of lasers can be enhanced
more effectively by employing black acrylic panels as opposed to conventional transparent
acrylic panels, resulting in a higher aspect ratio of the tapered hole at equivalent optical
power levels.
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Figure 1. The manufacturing process of the pressure sensors. (a) Schematic diagram of the overall
structure of the sensor (only some micro-structure pixels are shown in the figure). (b) Laser engraved
hole array on the black acrylic board. (c) The main module. (d) The BaTiO3-PDMS was poured onto
the acrylic main mold, and then it was vacuumed. (e) Heat at 60 ◦C for about one hour and wait for
the dielectric layer to form. (f) The BaTiO3-PDMS dielectric layer GMCA was peeled-off from the
main molds. (g) Digital microscope images and their heights of A, B, C three types of pixels. (h) The
side view of the pressure sensor (PS4).

The electrode was composed of a copper foil that possessed adhesive on one side
and was manufactured to have a thickness of 5 µm. Positioned above the dielectric layer,
the lower surface of the micro-cone exhibited a seamless and uninterrupted plane, while
the upper portion of the cone featured spaced-out spikes. The copper foil electrode can
be affixed directly onto the smooth layer, while the spike tips can be gently positioned
downwards onto the copper foil coated with a thin layer of ecoflex. This ecoflex substance
was created by combining part A and part B in equal proportions of 1:1, followed by
a vacuum process. Simultaneously, for the purpose of enhancing the electrode’s stability,
it was possible to affix a layer of polyimide tape (thickness of 0.1 mm) onto the external
surface of the electrode, thereby reducing the susceptibility of the copper foil to deformation.
Following the curing of ecoflex, a capacitive sensor comprising two copper foil electrodes
and a dielectric layer in between can be achieved.

To establish the gradient structure, the set layer power was modified, resulting in
varying hole arrays corresponding to the layer power. In this experimental study, the
nomenclature A, B, and C was assigned to the hole arrays based on their respective
heights, with A representing the highest and C denoting the lowest. Considering the
fabrication error of ~0.3 mm for laser engraving processing, the determination of the
heights of three distinct micro cone structures (A, B, and C) was conducted to facilitate
the establishment of gradient structures. Subsequently, the distance between the sensor
electrode plates was ascertained. The composition of a GMCA, comprising multiple hole
arrays, can be succinctly represented as AaBbCc, where the lowercase letters serve as
subscripts indicating the number of hole arrays within the GMCA structure. Three arrays
of holes with varying heights were randomly distributed on the main mode. The stochastic
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arrangement of pixels exhibiting varying heights facilitates the compatibility of the pressure
sensor with diverse pixel configurations [41]. In order to demonstrate the significance of
gradient structure and investigate the values of parameters a, b, and c, we also fabricated
dielectric layers without gradient structure, which exhibited a highly uniform distribution
of micro-cones architecture (MCA). The production method described above resulted in
the creation of five dielectric layers, along with their respective parameters, as presented in
Table 1. The images captured using a high-resolution digital microscope can be observed in
Figure 1g, while the side view of the pressure sensor (PS4) that was fabricated is depicted
in Figure 1h.

Table 1. Dielectric layer and its main mode engraving parameters.

Sensor
Number

Dielectric
Layer

Laser Parameters Main
Module

Micro-Structures
Height (µm)Speed (mm/s) Power (%)

PS1 MCA(A20) 100 30 M1 4500
PS2 MCA(B20) 100 40 M2 3500
PS3 MCA(C20) 100 50 M3 2500
PS4 GMCA(A3B6C11) 100 30, 40, 50 M4 4500
PS5 GMCA(A2B5C13) 100 30, 40, 50 M5 4500

2.3. Experiment Setup

The experimental setup is depicted in Figure 2. The sensor was positioned on the
pressure tester platform (Zhiqu company, Guangzhou, Guangdong, China) and subjected to
a pressure range of 0–50 Kpa. The two electrodes of the capacitance sensor were connected
to the digital bridge (LCR) instrument of Company Tonghui (Changzhou, Jiangsu, China)
in order to measure the sensor’s capacitance response to varying pressure. A computer was
linked to the LCR meter through a USB connection, facilitating post-processing and data
analysis. All experiments were conducted under ambient room temperature conditions.
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Figure 2. Experiment setup. The sensor was placed on the pressure testing platform and was
connected to the LCR instrument, which was connected to the computer. When the pressure testing
machine starts, LCR can measure the capacitance of the capacitor and upload it to the computer to
record the data.
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3. Results and Discussion
3.1. Capacitive Pressure Sensor Response

The working principle of capacitive pressure sensors can be explained by Equation (1) [21]:

C =
ε0εr A

d
(1)

where C, εr, ε0, A, and d are the capacitance, effective dielectric constant, permittivity of
free space, device contact area, and the thickness of dielectric material, respectively.

When a normal force is exerted on an electrode, the dielectric layer undergoes compres-
sion, leading to an increase in capacitance. Consequently, for a fixed overlapping area, the
extent of deformation caused by a specific force on the dielectric layer directly influences
the distance between the two electrodes, thereby resulting in a significant alteration in
capacitance. The determination of sensitivity is elucidated in Equation (2) [21].

S =
∂(∆C/C0)

∂P
(2)

where C and C0 are the resultant capacitance and the initial capacitance without loading
the pressure (P), respectively. Figure 3a displays the curve representing the alteration
in relative capacitance of sensors PS1–PS5 as pressure increases. When comparing the
three curves of PS1–PS3, it becomes evident that an increase in the height of the micro
cone structure corresponds to an increase in sensor sensitivity. The spacing between the
electrode plates plays a crucial role in enabling a high aspect ratio for the dielectric layer’s
micro-cone, thereby ensuring a heightened level of sensor sensitivity. In comparison to
sensors lacking gradient structure dielectric layers (PS1, PS2, PS3), sensors PS4 and PS5
exhibit a more significant relative change in capacitance, suggesting an enhanced sensitivity
to some extent through the utilization of gradient structure. The capacitive responses of
sensors PS1–PS5 were examined across three distinct pressure ranges: 0–2 KPa, 2–15 KPa,
and 15–50 KPa, based on the observed trend in the curve. Under low pressure conditions,
the sensitivities of PS4 and PS5 were 1.69 KPa−1 and 1.24 KPa−1, respectively, with linear
correlation coefficients of 0.99 for both. However, the linearity of PS1-PS3, which lack
a gradient structure, was less than 0.99. In comparison, PS1 exhibited a higher sensitivity
of 1.31 KPa−1 due to its excellent aspect ratio of the dielectric layer MCA (A20). As
the pressure increased to the range of 2–15 KPa, the sensitivities of PS4 and PS5 became
0.42 KPa−1 and 0.41 KPa−1, respectively, both surpassing those of PS1, PS2, and PS3 without
a gradient structure. Even under high pressure conditions (15–50 KPa), PS4 and PS5 still
maintained a certain level of sensitivity. In comparison to the sensors with sensitivity
of 2.21 × 10−6 KPa−1 in previous studies [51], our pressure sensors (PS4 and PS5) with
the dielectric layers of gradient structures exhibited considerable higher sensitivity up
to 1.69 KPa−1.

The dielectric response of the dielectric layer is predominantly influenced by the
alterations in contact area under different pressures [25]. As the dielectric layer of the micro
cone structure was compressed, the rate of change in contact area gradually diminished,
resulting in a decrease in sensitivity. The PS1–PS3, lacking a gradient structure, exhibited
remarkable sensitivity at low pressure; however, its sensitivity significantly declined as
pressure increased, thereby hindering the attainment of a satisfactory dielectric response
across all pressure ranges. Hence, the selection of a gradient structure facilitated the
sequential contact of the electrode with the micro cone structure, ensuring a sustained
high dielectric response across diverse pressure ranges. The dielectric behavior of GMCA
dielectric in distinct pressure regions was influenced by the various types of micro-cone
pixels, contingent upon their height gradient.
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in the pressure range of 2–15 KPa. (d) Linear fitting of relative capacitance changes in the pressure
range of 15–50 KPa.

Under low pressures, micro-cone pixels with comparatively lower height (e.g., B and C)
became connected to the air components due to their separation from the upper electrode. As
a result, the limited capabilities of pixels B and C significantly constrained the dielectric prop-
erties of the GMCA layer, as they were determined by the tallest pixel (pixel A). Following the
compression of pixels A, pixels B and C can subsequently come into contact with the upper
electrode, thereby transforming their series connection with the air components into a parallel
connection. Consequently, in the medium and high-pressure regions (Figure 4d), pixels B
and C will exert a dominant influence on the dielectric behavior of the GMCA dielectric.

In principle, changes in the height and number of gradient micro-cone pixels will affect
the dielectric behavior of GMCA dielectrics. When no external pressure was applied, a base
capacitance of 6pF was measured. The dynamic response of the fabricated pressure sensor
(PS4, PS5) for the applied pressure ranges are shown in Figure 4a,b. For PS4, the capacitance
of the pressure sensor was increased from the base capacitance of 6 pF to 34.9 pF when
the pressure was increased from 0 Pa to 2 KPa, respectively. In addition, it was observed
that the capacitance was increased from 34.9 pF to 68.3 pF and 68.3 pF to 87.5 pF when the
applied pressure was increased from 2 KPa to 15 KPa, and 15KPa to 50 KPa, respectively.
The pressure ranges of 0 KPa to 2 KPa, 2 KPa to 15 KPa, and 15 KPa to 50 KPa resulted in
overall relative capacitance changes of 482%, 1038%, and 1358%, respectively. However,
for PS4, these values were 538%, 1110%, and 1476%, respectively. Figure 4c demonstrates
that PS5, with more high micro cone pixels, exhibited a more significant relative change in
capacitance and better overall linearity compared to PS4. Additionally, PS4 demonstrated
higher sensitivity under low pressure compared to PS5. Hence, the utilization of PS4 under
low pressure conditions can enhance sensitivity, whereas employing PS5 across a broader
pressure range can amplify the obtained outcomes. Consequently, PS4 was chosen for
subsequent experimentation and implementation in this study.
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3.2. The Impact of BaTiO3 on Sensor Performance and Content Determination

Based on the findings of Equations (1) and (2), enhancing the effective dielectric
constant of the dielectric layer can significantly enhance the sensor’s sensitivity. The
investigation demonstrated that the inclusion of BaTiO3 particles in the composite yielded
a substantial dielectric constant. Consequently, the BaTiO3-PDMS material was chosen
for the fabrication of the capacitors’ dielectric layer in this experiment. Prior research
outcomes indicated that the dielectric constant of BaTiO3 is contingent upon the crystal’s
grain size. The dielectric constant of BaTiO3 was determined to be 1750 for particle
diameters ranging from 20 µm to 50 µm, and 5000 for a diameter of 1.1 µm. As the grain
size of the BaTiO3 crystal decreased, its permittivity value also decreased significantly.
When the particle diameter was less than 100 nm, the permittivity value became extremely
low [44,57]. Consequently, for this experiment, BaTiO3 powder with particle sizes in the
micrometer range was chosen as the composite material.

To ascertain the most favorable blending ratio of PDMS and BaTiO3 powder,
we fabricated BaTiO3-PDMS thin films with varying mass ratios and, subsequently,
assessed their dielectric constants, as depicted in Figure 5a. As the mass proportion of
BaTiO3 in the mixture augments, the dielectric constant of the material also increased,
thereby suggesting that the proportion of BaTiO3 can be maximized to enhance the
dielectric characteristics of the dielectric layer. However, the addition of BaTiO3 powder
in increasing quantities results in a decrease in the fluidity of the mixed solution during
preparation, leading to a hardened material that poses challenges in shaping the micro-
structure of the dielectric layer. This is illustrated in Figure 5c, where the higher pixel
parts in the micro-structure were not formed when a 5:1 mixing ratio was employed.
Considering both practicality and the level of difficulty in preparation, we opted for
a 10:1 mass ratio of PDMS and BaTiO3 to fabricate the dielectric layer GMCA. Figure 5b
illustrates the relative capacitance change curves of GMCA pressure sensors fabricated
from pure PDMS devoid of BaTiO3 addition, as well as composite materials with
PDMS to BaTiO3 mass ratios of 20:1 and 10:1, correspondingly. The sensitivity of these
sensors within the pressure range is documented in Table 2. Evidently, the utilization of
a composite material comprising BaTiO3 and PDMS exhibited a notable enhancement
in sensor sensitivity when compared to pure PDMS materials. This method, which is
both simple and easy to operate, deserves attention as a means to enhance the sensor’s

100



Polymers 2023, 15, 3292

sensitivity. Figure 5d illustrates the XRD plot of PDMS to BaTiO3 at a mass ratio of 10:1.
Additionally, Figure 5e presents the scanning electron microscope image of GMCA
with a mass ratio of PDMS to BaTiO3 of 10:1. The particle size structure of BaTiO3 is
depicted in Figure 5f, while the electron microscopy-based elemental analysis results
are displayed in Figure 5g,h, showcasing the distribution of Ba, Ti, and C elements.
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Figure 5. (a) Dielectric constant of different PDMS and BaTiO3 mixed mass ratios. (b) Relative
capacitance variation of different PDMS and BaTiO3 mixed mass ratios. (c) Microscopic images of
GMCA dielectric layers prepared at a mass ratio of 10:1 and 5:1 for PDMS to BaTiO3. (d) The XRD
plot of PDMS to BaTiO3 at a mass ratio of 10:1. (e) The electron microscope scanning image of GMCA
with a mass ratio of PDMS to BaTiO3 of 10:1. (f) The plot of particle size structure of BaTiO3. (h) The
elemental analysis results of Ba, Ti, C. (g) The map sum spectrum.

Table 2. Sensitivity of sensors with different mixing ratios of dielectric layers.

Mass Ratio of PDMS and BaTiO3 0–2 Kpa 2–15 Kpa 15–50 Kpa

pure 1.30 0.17 0.04
20:1 1.37 0.27 0.08
10:1 1.69 0.41 0.09
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3.3. Hysteresis Response

The hysteresis response of the PS4 was investigated for the pressure range of 0 to
15 Kpa. Step-wise pressures increasing from 0 to 15 Kpa and then decreasing from 15 Kpa
to 0 Pa, in steps of 1 Kpa, were applied with 3 cycles per step (Figure 6a). The capacitive
response of the pressure sensor was measured and the maximum hysteresis (MH) was
mathematically calculated using Equation (3) [51].

MH(%) =
[x2 − x1]× 100

xp − xb
(3)

where x1 and x2 are the capacitances measured for an applied pressure during stepwise
increase and decrease, respectively. xp is the peak capacitance at 15 KPa and xb is the base
capacitance (at 0 KPa). A MH of 2.91% was calculated at an applied pressure of 5 KPa
where x1 and x2 were measured to be 45.9 pF and 47.7 pF, respectively (Figure 7b). As
shown in Figure 6b, a minimum hysteresis of 0.18% was calculated at an applied pressure
of 14 KPa (where x1 = 65.9 pF and x2 = 66.4 pF). This indicated that pressure sensor has
relatively better recovery and elasticity characteristics.
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Figure 7. (a) Monitoring human motion with the GMCA pressure sensor at different sites. (b) The
capacitance changes in abdominal pressure during breathing. (c) The relative capacitance changes of
sensor for thumb, index, middle, ring, and little finger while holding the beaker. (d) GMCA sensor
recognizes facial expressions. (e) Capacitive response of pressure sensor for monitoring hand closing
and opening gesture. (f) GMCA pressure sensor detects the swallowing movements.

3.4. Repeatability

The repeatability test was performed on the pressure sensor for a 1000 loading and
unloading cycles of 5 KPa pressure. Figure 6c shows the repeatability of the sensor response;
the inset shows the capacitive response of the sensor for 10 cycles between 0–10 and
990–1000 at applied pressure of 5 KPa. It was observed that the capacitance response of
the pressure sensor over the 1000 cycles increased from a base value of ~6.0 pF to ~45.9 pF,
demonstrating a maximum change of 665 ± 20%. From the results, it can be concluded that
the pressure sensor demonstrated high repeatability and durability. It can be inferred that
our sensor possessed a robust operational lifespan and was capable of withstanding the
conditions associated with multiple repetitive tests in a general usage environment.
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3.5. Response and Recovery Time

The response and the recovery time of the GMCA pressure sensor was measured
by subjecting it to 100 Pa applied pressure. The capacitance of the pressure sensor was
increased from 6 pF (base value) to 13.25 pF resulting in a relative capacitance change of
121%. The response time of the pressure sensor (time taken for the capacitance to reach
from 10% (T10% = 595 ms) to 90% (T90% = 645 ms) of the total capacitance change (7.25 pF)
was calculated to be 50 ms. Similarly, the 100 Pa applied pressure was removed on the
pressure sensor and a recovery time of 160 ms was obtained (Figure 6d).

3.6. Comparison of the Performance Indicators of Various Microstructure Capacitive Pressure Sensors

Table 3 presents a comprehensive overview of the performance indicators exhibited by
diverse microstructure capacitive pressure sensors thus far. The dimensions, aspect ratio,
and magnitude of the microstructure play a pivotal role in influencing several performance
indicators, such as sensitivity, hysteresis effect, and repeatability. This research endeavor
successfully attained heightened sensitivity and reduced response time across a broad pres-
sure spectrum by incorporating high dielectric constant BaTiO3 particles and implementing
gradient heights. Furthermore, the gradient micro-structure-based sensor developed in this
study demonstrated applicability in pressure sensing up to 50 KPa.

Table 3. Summary of the performance indicators of various microstructure capacitive pressure sensors.

Micro-Structure Fabrication
Method Mechanism Pressure

Range Sensitivity Response
Time References

Tilted
micropillar Photolithography Capacitive 0–40 KPa 0.42 KPa−1 70 ms

(8 KPa) [58]

Semi sphere Electroless plating Capacitive 0–10 KPa 0.13 KPa−1 – [59]
Micro-square Photolithography Capacitive 0.5 Pa–3 KPa 0.185 KPa−1 – [60]

Micro-porous Chemical method Capacitive <0.02 KPa 1.18 KPa−1 150 ms
(0.6 KPa) [61]

Micro-pyramid Laser patterning Capacitive
0–0.1 KPa
0.1–1 KPa
1–10 KPa

0.221% Pa−1

0.033% Pa−1

0.011% Pa−1

50 ms
(0.02 KPa) [51]

Gradient
micro-cone

Laser
engraving and

molding
Capacitive

0–2 KPa
2–15 KPa

15–50 KPa

1.69 KPa−1

0.41 KPa−1

0.09 KPa−1

50 ms
(0.1 KPa) This work

3.7. Application Demonstration

The potential application of the GMCA pressure sensor in wearable robotics was
examined as an application demonstrator. The results, depicted in Figure 7a–f, indicate that
GMCA pressure sensors have the ability to detect various human movement behaviors,
including facial expressions, breathing, grasping heavy objects, swallowing, and more.
Specifically, Figure 7b displays the alterations in abdominal pressure during breathing. To
measure these changes, the GMCA sensor was affixed to the abdomen of a volunteer who
then performed breathing exercises. The compression of the sensor during exhalation and
inhalation allowed for the measurement of corresponding changes in capacitance. Hold
a beaker containing water using a finger connected to a GMCA pressure sensor and measure
the alteration in its capacitance. Figure 7c illustrates the variation in capacitance response
among different fingers, revealing that the thumb, when gripping a heavy object, exhibited
the greatest change, suggesting that it experienced the highest pressure. The capacitance
of the GMCA pressure sensor fluctuated rapidly and then stabilized as facial expressions
altered (cheeks protrude), remaining relatively constant. Once the expression returned to
its original state, the capacitance promptly reverted to its initial value (Figure 7d). The
GMCA pressure sensor was affixed to the wrist of participants in order to monitor the
capacitance response when performing hand opening and closing gestures. As depicted
in Figure 7e, the observed change in capacitance during these gestures corresponded to
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a pressure of approximately 0.1 KPa. Furthermore, the GMCA pressure sensor was capable
of detecting swallowing movements, with the capacitance changes observed during three
distinct swallowing movements being largely consistent (Figure 7f). The experimental
findings presented herein showcase the extensive potential of GMCA pressure sensors in
the domains of biosensing and wearable sensing devices for human–machine interfaces.

4. Conclusions

This study presented a novel capacitive pressure sensor based on laser-assisted en-
graving technology, referred to as GMCA sensor. The dielectric layer of the sensor was
fabricated using BaTiO3-PDMS material with a gradient structure, aiming to enhance the
sensitivity and linearity of the sensor. Furthermore, the impact of incorporating BaTiO3-
mixed PDMS material on the performance of the sensor was investigated, and a mass ratio
of 10:1 was identified as the optimal configuration. The performance of the GMCA pressure
sensor was evaluated by subjecting it to a range of pressures from 0 to 10 KPa. The pressure
sensor demonstrated a sensitivity of 1.69 KPa−1, 0.41 KPa−1, and 0.09 KPa−1 within the
pressure ranges of 0 Pa to 2 KPa, 2 KPa to 15 KPa, and 15 KPa to 50 KPa, respectively. The
utilization of flexible PDMS facilitated the pressure sensor to showcase notable attributes
such as a rapid response time of 50 ms, minimal hysteresis, a recovery time of 160ms, as well
as exceptional repeatability and durability across a broad pressure spectrum. The findings
indicate that the GMCA pressure sensor, which utilized a gradient structure and BaTiO3-
PDMS material, exhibited notable sensitivity and a broad linear pressure range. These
outcomes underscore the adaptability and viability of this technology, thereby enabling
enhanced flexibility in pressure sensors and fostering advancements in laser manufacturing
and flexible devices for a wider range of potential applications. Furthermore, it is antic-
ipated that our GMCA-based capacitive sensor design holds potential for utilization as
a wearable sensor for health monitoring and noninvasive detection on the skin, offering
promising strategies for future applications. Subsequent investigations will encompass
the examination of environmental variables, such as humidity and temperature, and their
influence on the performance of the sensor.
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Abstract: Given the importance of hyperelastic constitutive models in the design of engineering
components, researchers have been developing the improved and new constitutive models in search
of a more accurate and even universal performance. Here, a modified hyperelastic constitutive
model based on the Yeoh model is proposed to improve its prediction performance for multiaxial
deformation of hyperelastic polymeric materials while retaining the advantages of the original Yeoh
model. The modified constitutive model has one more correction term than the original model. The
specific form of the correction term is a composite function based on a power function represented
by the principal stretches, which is derived from the corresponding residual strain energy when the
Yeoh model predicts the equibiaxial mode of deformation. In addition, a parameter identification
method based on the cyclic genetic-pattern search algorithm is introduced to accurately obtain the
parameters of the constitutive model. By applying the modified model to the experimental datasets
of various rubber or rubber-like materials (including natural unfilled or filled rubber, silicone rubber,
extremely soft hydrogel and human brain cortex tissue), it is confirmed that the modified model
not only possesses a significantly improved ability to predict multiaxial deformation, but also has a
wider range of material applicability. Meanwhile, the advantages of the modified model over most
existing models in the literatures are also demonstrated. For example, when characterizing human
brain tissue, which is difficult for most existing models in the literature, the modified model has
comparable predictive accuracy with the third-order Ogden model, while maintaining convexity in
the corresponding deformation domain. Moreover, the effective prediction ability of the modified
model for untested equi-biaxial deformation of different materials has also been confirmed using
only the data of uniaxial tension and pure shear from various datasets. The effective prediction
for the untested equibiaxial deformation makes it more suitable for the practice situation where
the equibiaxial deformation of certain polymeric materials is unavailable. Finally, compared with
other parameter identification methods, the introduced parameter identification method significantly
improves the predicted accuracy of the constitutive models; meanwhile, the uniform convergence of
introduced parameter identification method is also better.

Keywords: hyperelastic; polymeric materials; constitutive model; strain energy density function;
parameter identification

1. Introduction

Hyperelastic polymeric materials, which possess exceptional hyperelastic properties,
have been widely utilized in various fields such as medical devices [1], flexible electrodes [2],
and soft robots [3]. The widespread applications of hyperelastic polymeric materials have
also spurred a lot of research into characterizing their hyperelastic properties [4]. In
particular, carrying out the analysis of the 3D stress–strain of complex elastic components
relying on finite element analysis (FEA) has become an indispensable part in the process
of product design in recent decades. However, the reliability and accuracy of results
strongly depend on the performance of the constitutive model predicting the mechanical
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behavior of the material. Therefore, a constitutive model that can more accurately predict
the mechanical behavior of material is the key to making the analytical results based on
finite element analysis more realistic.

Currently, constitutive models characterizing hyperelastic properties are usually built
by the strain energy density function. In light of the different ways of constructing the
strain energy density function, the hyperelastic constitutive models can be divided into
two overall categories: the first category encompass statistical mechanics models based on
the idealized network structure of molecular chains, while the other category comprise
phenomenological models based on continuum mechanics.

For statistical mechanical models, it is usually constructed based on the assumption of
the network structure of molecular chains inside the polymer [5]. Although the parameters
of these models usually have practical physical context, the statistical mechanical models
with better representational ability often have a more complex form. So, they are not
very good for providing an analytical solution, and they are not good for numerical
solutions [6], as well as having a large corresponding calculation [7]. In addition, some
statistical mechanical models are not well suited for dealing with some important issues
such as irreversible deformation and inelastic volume expansion [8].

For phenomenological models, they are usually constructed based on the strain invari-
ants or principal stretches. Although the parameters of these phenomenological models
often do not have practical physical context, they have been widely studied and applied
because of their relative advantages (including easy-to-obtain parameters, relatively high
computational efficiency, no requirement for understanding the microstructure of the ma-
terials, and wider material applicability). The Mooney model is the earliest constitutive
model used to represent the mechanical behavior of polymeric rubber. It has a linearized
form, and it usually has better performance in the case with small deformation [9]. Taking
into account the limited capabilities of the Mooney model, Rivlin extended it in the form of
polynomial series to obtain a generalized polynomial model [10]. Because the polynomial
model has higher-order terms of the strain invariants, it is more suitable for the case with
large deformation. However, the model with higher-order terms usually requires more
parameters, which easily make the model unstable. In line with the structure of polynomial
model, researchers explored different orders and combinations of strain invariants, and
derived many other models [11–14]. In particular, when the second strain invariant in
the polynomial model is ignored, the reduced polynomial model is obtained [15]. Even
though the polynomial model and reduced polynomial model can well characterize the
hyperelastic properties of filled and unfilled rubber by retaining higher-order terms [16],
they may have difficulties in solving numerical problems [17]. Therefore, the second-order
polynomial model or the third-order reduced polynomial model is generally used. Except
for some of the above constitutive models on account of the polynomial form of strain
invariants, there are also some constitutive models based on the logarithm or exponential
form of strain invariants. Notwithstanding, comparative studies show that these models do
not have a particular advantage in characterizing hyperelastic properties [18,19]. Besides,
the eigenvalues of the strain tensor are related to the principal stretches, so there are also
some constitutive models constructed directly based on the principal stretches [20–22].
These models are usually composed of special functions related to the principal stretches,
and they show good performance in characterizing the hyperelastic properties.

Although there are already many classical constitutive models to characterize the
hyperelastic property, there are still continuously improved and completely new models
emerging. The reason for this may be that the deficiencies of existing models still exist [23]
and the importance of hyperelastic models in designing engineering components still
motivates researchers to develop more general and robust constitutive models [24,25]. As
presented in some reviews [7,26], the performances of these existing models are different
from each other, and not all models can effectively characterize the multiaxial deformation
of hyperelastic material based solely on a single set of model parameters, and most of
these models are applied to a specific type of hyperelastic material. Furthermore, many
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models with relatively few parameters cannot reliably predict the whole range of strain
and different modes of deformation. Considering that hyperelastic materials often exhibit
multiaxial states of deformation in practical applications, it is unquestionable that the ability
of a model to characterize multiaxial deformation should be evaluated first. However,
evaluating the ability of a model to characterize multiaxial deformation often requires the
simultaneous use of experimental data from three modes of homogenous deformation
(including uniaxial tension, equibiaxial tension, and pure shear) to calibrate the parameters
of the model. This may be prohibitively expensive and even infeasible in practice [15].
Due to limited hardware conditions or limitations in the tensile strength of the target
hyperelastic material, some pure deformation mode data of materials are simply not
measurable, especially for the equibiaxial tension. So, there are also some researchers
evaluating the performance of existing models from another dimension. As presented
in the comparative studies in [15,27], the parameters of these models were calibrated
only using data from a single pure mode of deformation (such as uniaxial tension). The
corresponding comparison results highlight the effective characterization ability of Yeoh
model [28] for untested deformation modes (exceeding the well-known Ogden model [21]).
Although some studies believe that it may not be reliable for a model only calibrated
through the data of a single mode to describe the multiaxial mode of deformation [6,29],
as an auxiliary evaluation method, it is also being pursued by researchers [18,30–32].
Especially in [3], researchers refer to the model’s ability to effectively predict the untested
mode of deformation as the property of deformation-mode independency. As described
above, this property is particularly useful for real-world engineering applications where
the available experimental data are limited [32].

Considering the pursuit of a universal and robust hyperelastic constitutive model, this
study aims to improve the Yeoh model to compensate for its shortcoming in performance
and applicability. The idea of focusing on improving the Yeoh model is not arbitrary, but
rather based on its unique advantages in characterizing untested modes of deformation as
explained above. The reason why we want to take advantage of this advantage is because
we have indeed encountered the situation in practice where the equibiaxial deformation
mode of a used polymer material is not measurable. With the widespread application of
different soft polymer materials in engineering design, we believe that the probability of
this situation occurring will be higher. So, the actual demand also drives us to carry out this
work. Furthermore, it is well known that the Yeoh model will underestimate the equibiaxial
mode of deformation when characterizing multiaxial state of stress; hence, it should
be further improved in order to have more accurate characterization results. Hitherto,
there are several sporadic improved Yeoh models. Earlier, Yeoh proposed to improve the
fitting accuracy of the Yeoh model to the data from simple shear by adding an additional
exponential term related to the first principal invariant [33]. The comparative studies
confirmed that the improved model has a poorer performance for predicting the biaxial
behavior of natural rubber (using Treloar’s data), and the comprehensive performance of
the improved model is not as good as the original Yeoh model [34]. This may be because the
improved model is still not related to the second principal invariant or the added additional
exponential item is inappropriate. Relevant study has confirmed that the model containing
the second principal invariant is important for improving the prediction accuracy of the
model, especially for the equibiaxial deformation [35]. Based on this, a recently improved
Yeoh model adds the square root of the second principal invariant as a correction term
to the original Yeoh model [30]. The research results confirm that the modified model
has significantly improved predictive performance for equibiaxial tension, but the entire
modification process is based on uniaxial data, which may lead to insufficient improvement
in the model’s actual predictive ability for multiaxial deformations. In addition, it has not
yet imposed effective constraints on the parameters of the modified model to ultimately
make the modified model convex and stable. In addition to these two modified Yeoh models
mentioned above, Hohenberger et al. also replaced all the determined orders in the Yeoh
model with undetermined coefficients to expand it into a generalized Yeoh model, so as to
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describe the low and high strain nonlinearity of highly filled high damping rubber [36]. This
generalized Yeoh model has been proven to have improved prediction accuracy for uniaxial
tension and compression, but its characterization accuracy for multiaxial deformation
has not been determined. To sum up, there is still a certain distance between the current
modified Yeoh models and the universal and robust model; so, it is still meaningful to
improve the Yeoh model again.

In this study, we use a thoughtful correction term to modify the Yeoh model, so as
to improve its ability for characterizing multiaxial deformations. This correction term is
derived from the corresponding residual strain energy when the Yeoh model predicts the
equibiaxial mode of deformation, and its specific form is a composite function based on a
power function represented by the principal stretches. The strain energy density function
of the modified model is represented by the first strain invariant and the principal stretches,
and it contains only five parameters to be identified. In the case of specific parameters, the
model can be degraded to the neo-Hookean model, the Mooney–Rivlin model, the Yeoh
model, and the Biderman model. Therefore, the modified model can also be regarded as
the parent model of these four classical models. In addition, we also introduce a special
parameter identification method based on the cyclic genetic-pattern search algorithm
in order to improve the predicted accuracy of constitutive models. For demonstrating
the modified model’s robustness and generality, the modified model is applied to six
different types of hyperelastic materials. During this process, in addition to comparing the
performance of the modified constitutive model with some landmark constitutive models
in the literatures, the stability and convexity of the modified constitutive model is also
verified. Finally, the validity of the introduced parameter identification method is also
confirmed by comparing it with four existing parameter identification methods.

2. Materials and Methods
2.1. Experimental Data

Experimental data involving simple modes of deformation like uniaxial tension (UT),
equibiaxial tension (ET) and pure shear (PS) form the basis for parameter identification
of the constitutive model. And, it is a common practice to contrast the predicted results
of model and experimental data for examining the performance of the model in differ-
ent ranges of deformation and different modes of deformation. Here, considering the
widespread use of the experimental dataset about natural unfilled vulcanized rubber ob-
tained by Treloar [37], we take the lead in using it to obtain the correction term of the Yeoh
model. Then, we will analyze the performance of the modified model based on this dataset.
Given that Treloar’s dataset contains a large range of deformation, the dataset is divided
into three ranges of deformation for providing a more detailed evaluation of the model’s
ability to describe different ranges of deformation [26]. That is, the experimental data in
each mode of deformation (UT, ET and PS) will be divided into three ranges of deformation
based on the principal stretch, namely, small deformation (1 < λ < λmax/3), medium de-
formation (1 < λ < 2λmax/3) and large deformation (1 < λ < λmax/3). λmax, respectively,
represents the maximum principal stretch of UT, ET and PS. Although the cutoff ranges of
data in different deformation ranges under the same mode of deformation are different,
they all belong to the complete stress–strain curve under the corresponding deformation
mode. In addition, these data with different ranges of deformation are smoothed and
homogenized to obtain more data points and minimize measurement noise as much as
possible, thereby obtaining more accurate results of parameter estimation. The specific data
points can be found in Table S1.

Furthermore, in order to fully verify the characterization ability of the modified model
for the multiaxial deformation of different materials, we also considered experimental
datasets from another five different types of rubber-like materials (including isoprene
vulcanized rubber [38], unfilled silicone rubber [17], poly-acrylamide hydrogel [39], carbon-
black-filled styrene butadiene rubber [40] and human brain cortex tissue [41]), which have
been also used in other literatures [24,25,42]. Except for the dataset of human brain cortex
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tissue, the other four datasets all contain data from three deformation modes of UT, ET
and PS (see Tables S2–S6 in the Supporting Information for details). Overall, we used a
total of six experimental datasets, which is extremely rare in other studies. Based on the six
datasets, the comprehensive applicability of the modified model proposed in this study to
different types of rubber-like materials will be fully demonstrated.

In addition to applying the proposed model to more material datasets, comparing the
modified model proposed in this study with some commonly used or newly established
models in existing studies is also beneficial for visually demonstrating the capabilities of the
proposed model. To this effect, we selected a total of eight constitutive models that exist in
the literature for comparison. The selection of these constitutive models for comparison is
not arbitrary. Firstly, considering that this study is an improvement on the Yeoh model [28],
the Yeoh model and the other three improved Yeoh models (including the modified Yeoh
model proposed by Yeoh [33], generalized Yeoh model proposed by Hohenberger [36]
and Melly model proposed by Melly [30]) are first added to the comparison list to verify
that the improvement in this study is more effective. Secondly, in order to investigate
whether the improved model in this study also holds an advantage in the current existing
catalog of constitutive models, the powerful and universal third-order Ogden model [21]
and the Alexander model with the best performances in the category of phenomenological
models [26,43] have been added to the comparison list. Finally, under the persuasion
of the reviewer, a model (we call it the Anssari–Benam model) recently proposed by
him in [24] and a model (we call it the modified Anssari–Benam model) obtained by
improving the former based on our correction term in our study have also been added
to our comparison list. We believe that by comparing our proposed modified model
with the aforementioned models on different material datasets, the performance and even
advantages of our modified model will be presented more intuitively.

2.2. Preliminaries

In view of the assumptions of isotropy and incompressibility for hyperelastic poly-
meric materials, the constitutive equation of the isotropic and incompressible hyperelastic
polymeric materials can be expressed as follows:

σ = −pI− 2
∂W
∂I2

B−1 + 2
∂W
∂I1

B (1)

where
I1 = trB = λ2

1 + λ2
2 + λ2

3

I2 = 1
2

[
(trB)2 − trB2

]
= λ2

1λ2
2 + λ2

2λ2
3 + λ2

3λ2
1

(2)

In the above equations, I1 and I2 are the first and second invariants of the left Cauchy–
Green strain tensor B, respectively; λ1, λ2 and λ3 are principal stretches; p is an undeter-
mined pressure which is independent of deformation; the strain energy density function W
is only a function of the first and second invariants corresponding to tensor-type arguments.

For isotropic hyperelastic polymeric materials, the principal axis of the Cauchy stress
tensor σ, left Cauchy–Green strain tensor B and its inverse B−1 are the same, so the
component form of the constitutive equation of the hyperelastic polymeric materials in its
two principal directions can be expressed as follows:

σα = −p− 2
∂W
∂I2
• 1

λ2
α
+ 2

∂W
∂I1
•λ2

α (3)

σβ = −p− 2
∂W
∂I2
• 1

λ2
β

+ 2
∂W
∂I1
•λ2

β (4)

where λα and λβ are, respectively, the principal stretch of main direction α and β.
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The strain energy density function also has the following relationships to the principal
stretches:

∂W
∂λα

= 2λα
∂W
∂I1
− 2

λ3
α

∂W
∂I2

(5)

∂W
∂λβ

= 2λβ
∂W
∂I1
− 2

λ3
β

∂W
∂I2

(6)

According to Equations (3)–(6), the following expression can be obtained by eliminating p:

σα − σβ = λα
∂W
∂λα
− λβ

∂W
∂λβ

(7)

where α and β are not summation indices; so, do not sum them up.

2.3. The Modified Strain Energy Density Function

As stated in the introduction, the third-order polynomial based on the first strain in-
variant (Yeoh model) not only has a simple form, but can also reproduce the inverse S-shape
of the stress–strain curve of the hyperelastic polymeric materials under different modes
of deformation [28] and it also has the ability to effectively predict untested deformation
modes of natural unfilled vulcanized rubber [15,27]. However, it is always underestimating
the equibiaxial mode of deformation (as shown in Figure 1). This underestimation will
greatly reduce its ability to predict multiaxial deformation, thus hindering its application
in actual engineering [30]. Some studies have shown that the second strain invariant is also
important and making the model include the second strain invariant can achieve higher
precision for predicting the multiaxial stress state [35]. For example, because the Biderman
model has an additional term (including the second strain invariant) compared to the Yeoh
model, the Biderman model has better prediction accuracy for the equibiaxial deforma-
tion of natural unfilled vulcanized rubber [44]. Nonetheless, the Biderman model may
incorrectly predict the deformation mode without the corresponding calibrated data [30].
Hence, the benefits obtained by simply adding the second strain invariant to the Yeoh
model are limited.

In order to more effectively improve the characterization ability of the Yeoh model for
the equibiaxial mode of deformation, the corresponding residual strain energy is calculated
(as shown in Figure 1d). Based on the analysis of residual strain energy, we found that
a composite function based on a power function represented by the principal stretches
can perfectly predict the residual strain energy (as shown in Figure 1d). Considering the
function predicting the residual strain energy as a correction term, a modified strain energy
density function is proposed in the following form:

W = C10(I1 − 3) + C20(I1 − 3)2 + C30(I1 − 3)3 +
α

β

[
(λ1λ2)

β + (λ2λ3)
β + (λ1λ3)

β − 3
]

(8)

The correction term of modified strain energy density function can be understood as a
generalization of the first-order form about the second strain invariant. When β = 2, the
correction term degenerates to the first-order form about the second strain invariant. In this
point, the modified model becomes the Biderman model. In addition, the modified strain
energy function can also be reduced to the neo-Hookean model (C20 = C30 = α = 0 MPa),
Yeoh model (α = 0 MPa) and Mooney–Rivlin model (C20 = C30 = 0 MPa, β = 2) under the
condition of a specific coefficient. Therefore, the modified model can also be regarded as
the parent model of these four classical models. Furthermore, reducing the higher-order
terms of third-order polynomials can also make Equation (8) turn into other forms, whose
performance will be explained later.
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Figure 1. The characterization ability of Yeoh model for equibiaxial deformation mode under different
ranges of deformation: (a) large deformation; (b) medium deformation; (c) small deformation;
(d) residual strain energy under different ranges of deformation. The model parameters here are
obtained by using experimental data of natural unfilled vulcanized rubber from uniaxial tension,
equibiaxial tension and pure shear at the same time.

2.3.1. Constitutive Restrictions of the Proposed Strain Energy Density Function

Considering the material objectivity and the consistency between the general theory of
isotropic elasticity and its classical linear theory, six general postulates for the strain energy
density function are proposed by Ogden [45]. Based on these postulates, the modified
strain energy density function should satisfy the following relationships:

∂2W(λ1= 1, λ2= 1)
∂λi

2 = 8C10+2αβ > 0 (9)

det
[
Hij
]
> 0,

Hij =
∂2W(λ1=1,λ2=1)

∂λi∂λj
, i, j = 1, 2

(10)

In view of the above formulas, and in order to make the model consistent with its four
degraded models, here, the following constraint for the coefficient of strain energy density
function is kept:

C10> 0; 4C10 + αβ > 0 (11)
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Furthermore, some researchers gradually regard the poly-convexity as a fundamental
mathematical constraint to guarantee the existence of a solution for the constitutive model in
the boundary-value problem [46]. Here, the stricter condition of convexity, which requires
the Hessian matrix of Equation (8) to be positive definite [42], is adopted. According to the
components in the Hessian matrix (see Equation (S1) in the supporting information), H is
symmetric. Therefore, the conditions for making H positive definite are as follows:





∂2W
∂λ1

2 > 0, ∂2W
∂λ2

2 > 0
∂2W
∂λ1

2 · ∂
2W

∂λ2
2 − ∂2W

∂λ1∂λ2
· ∂2W

∂λ2∂λ1
> 0

(12)

Hence, as long as the inequality (12) is satisfied, the constitutive model with calibrated
parameters will possess the poly-convexity.

2.3.2. The Stability Criterion of the Proposed Strain Energy Density Function

A stable constitutive model obeying the laws of thermodynamics is a prerequisite
for subsequent finite element analysis. An unstable strain energy function will adversely
affect the nonlinear numerical algorithms in the finite element codes [47]. If the obtained
constitutive model is unstable, it is necessary to re-determine the parameters of the model
or even replace other models.

According to the Drucker stability criterion used in the commercial finite element
software [47], the relation between changes in the principal stress and changes in the
principal strain can be described by the following matrix equation:

[
dσ1
dσ2

]
=

[
D11 D12
D21 D22

][
dε1
dε2

]
(13)

If the hyperelastic constitutive model is stable, it is only required that the coefficient
matrix (D) of the above matrix equation is positive definite. The components of the
coefficient matrix (D) are as shown in Equation (S2) in the supporting information.

2.4. Analytical Stress Formulations for Standard Tests

The mechanical behavior of hyperelastic polymeric materials can be determined by
standard tests involving simple modes of deformation such as uniaxial tension (UT),
equibiaxial tension (ET) and pure shear (PS). The relationships between nominal stress
and principal stretches under these simple modes of deformation can be derived from
Equations (7) and (8) as follows:

TUT =
1
λ
·
[
C10 + 2C20·(I1 − 3) + 3C30·(I1 − 3)2

]
·
(

2λ2 − 2
λ

)
+

1
λ
·
[
α·
(

λ
β
2 − λ−β

)]
(14)

TET =
1
λ
·
[
C10 + 2C20·(I1 − 3) + 3C30·(I1 − 3)2

]
·
(

2λ2 − 2
λ4

)
+

1
λ
·
[
α·
(

λ2β − λ−β
)]

(15)

TPS =
1
λ
·
[
C10 + 2C20·(I1 − 3) + 3C30·(I1 − 3)2

]
·
(

2λ2 − 2
λ2

)
+

1
λ
·
[
α·
(

λβ − λ−β
)]

(16)

2.5. Parameter Identification of Model

Identifying the parameters of the constitutive model is an important step during the
characterization of the hyperelasticity. Although some optimization algorithms have been
used to identify the parameters of constitutive models, these used methods still have their
own problems. For example, the damped least squares algorithm based on nonlinear least
squares [48] and the sequential quadratic programming algorithm based on multi-objective
optimization strategy [49] are all affected by initial values. The genetic algorithm using
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multi-objective optimization strategy has deficiencies in terms of local search capability [50].
Although the hybrid optimization algorithm based on the pattern search and damped least
squares can improve the local search capability of the single-optimization algorithm, its
global search capability is not as strong as the genetic algorithm [51]. In order to obtain
more accurate parameters of the model, the sensitivity of the identification method to the
initial values and its search capability need to be considered.

On these grounds, this study introduces a parameter identification method of the
constitutive model based on the cyclic genetic-pattern search algorithm, and its framework
is shown in Figure 2. In order to contain the experimental data with different modes of
deformation during the process of parameter identification as much as possible and effec-
tively weigh the importance of different modes of deformation, a weighted multi-objective
optimization strategy is adopted. To better measure the error between the predicted re-
sults of the model and experimental data, the objective function is defined as shown in
Equation (17). For obtaining the global optimal solution during solving the optimization
problem as much as possible, the hybrid optimization algorithm based on genetic-pattern
search is employed. The method utilizes the genetic algorithm for global coarse search
and utilizes the pattern search algorithm for local fine search. The combination of coarse
search and fine search makes the result closer to the ideal optimal value. Moreover, for
further improving the accuracy of the model and reducing the uncertainty caused by the
random search, the cyclic item based on the genetic algorithm is added to the process of
identification. Before the cyclic condition terminates, the genetic algorithm independently
operates multiple times, and its corresponding results are also stored in sequence. After-
wards, the optimal set of parameters is extracted from the results of multiple runs as the
initial values for the subsequent pattern search algorithm, thereby completing local fine
search. The parameters obtained by the pattern search algorithm are the final optimized
parameters, which will be directly used to draw the prediction curve and relative error
curve of the model, so as to intuitively evaluate the performance of the model. In order to
effectively evaluate the performance of constitutive model, the goodness of fit described in
Equation (18) will be used to measure the capability of the model to characterize different
modes of deformation, and the total error described in Equation (17) will be used to mea-
sure the overall predicted accuracy of the model. The smaller the total error is, the higher
the overall predicted accuracy of the model is. And the closer the goodness of fit is to 1, the
better the model characterizes the corresponding modes of deformation.

min : Errortotal =
3

∑
p=1

wp•


√√√√

mp

∑
i=1

(
Tmodel

pi − Texperiment
pi

)2
/

√√√√
mp

∑
i=1

(
Texperiment

pi

)2

 (17)
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(
Tmodel
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∑
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(
Texperiment

pi

)2
(18)

where p represents the simple mode of deformation such as uniaxial tension (p = 1),
equibiaxial tension (p = 2) and pure shear (p = 3), respectively; mp is the number of the
experiment data for the pth mode of deformation; Errortotal corresponds to the total error
between the predicted results of the model and experimental data; Tmodel

pi and Texperiment
pi are

the prediction stress of the model and experimental stress under pth mode of deformation,
respectively; and wp is the weight for different modes of deformation, which satisfies
w1 + w2 + w3 = 1. Specifically, when experimental data from three deformation modes are
used for identifying the parameters of the model simultaneously, the corresponding weight
wp = 1/3; when experimental data with only two modes of deformation are used for
parameter identification simultaneously, the corresponding weight wp = 1/2 (the weight
of the unused mode of deformation is 0); when experimental data with only one mode of
deformation is used, the corresponding weight wp = 1 (the weight of the other two unused
modes of deformation is 0). χ2

p is the goodness of fit for the pth mode of deformation.
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Figure 2. The framework of parameter identification of constitutive model based on cyclic genetic-
pattern search algorithm.

3. Results and Discussion
3.1. Parameter Identification and Validation of Model
3.1.1. Predictive Ability of the Modified Model to the Single Deformation Mode

The ability of a constitutive model to accurately predict a single mode of deformation
is its foundation to effectively predict multiaxial modes of deformation. In view of this,
the single set of deformation data (UT, ET or PS) of natural vulcanized rubber from a
large deformation range are first used to identify the parameters of the proposed modified
model, respectively. Figure 3 presents the predictive effect of the modified model calibrated
based on the single deformation data on the corresponding single deformation mode. It is
clear that the independent predictive effect of the modified model is excellent for the two
deformation modes of equibiaxial tension and pure shear, and their goodness of fit reaches
0.99 (see Figure 3c,e). Although its independent prediction effect for the deformation mode
of uniaxial tension is slightly inferior, its prediction error for uniaxial tension does not
exceed 4% (see Figure 3a). Based on this, we can conclude that this modified model has the
ability to independently predict three deformation modes of uniaxial tension, equibiaxial
tension and pure shear, which lays the foundation for its ability to effectively predict the
multiaxial deformation of hyperelastic material. Here, the modified models, respectively
calibrated based on the tested data from uniaxial tension, equibiaxial and pure shear, are
also used to predict the other two untested deformation modes. As shown in Figure 3b,d,f,
the modified model calibrated based on single set of tested data can also reasonably predict
the other two untested deformation modes. As we explained in the introduction, although
researchers have mixed opinions on the method to calibrate the parameters of the model
based solely on data from a single deformation mode, the ability to effectively predict
untested deformation modes is extremely helpful for characterizing an unmeasurable
deformation mode of certain polymeric materials in practice. Anyway, compared with the
results of other studies [30], the results here indicate that the additional correction term we
added enhances the model’s ability to characterize untested deformation modes. This point
will also continue to be discussed in a more reliable manner in the subsequent content.
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Figure 3. The predictive effect of the modified model on the single deformation mode. (a,b) The
predictive effect of the modified model calibrated based on the single set of experimental data of
uniaxial tension. (c,d) The predictive effect of the modified model calibrated based on the single set of
experimental data of equibiaxial tension. (e,f) The predictive effect of the modified model calibrated
based on the single set of experimental data of pure shear.

3.1.2. Predictive Ability of the Modified Model to the Multiaxial Deformation Mode

For verifying the prediction ability of the modified model for the multiaxial defor-
mation mode, the data of multiple deformation modes (UT, ET and PS) from the same
material dataset are simultaneously used to identify the parameters of the modified model.
The following will present the predictive effects of the modified constitutive model on the
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multi axial deformation state of different materials in sequence. And these results are also
compared with the results of other existing models (as mentioned in Section 2.1).

Natural Vulcanized Rubber

As mentioned earlier, the widespread use of Treloar’s experimental dataset on the
natural vulcanized rubber has made it a barometer for evaluating the ability of constitutive
models to characterize hyperelastic materials. Using this dataset to calibrate the modified
model proposed in this study will facilitate an intuitive comparison with some models in the
literature (including those models that are not on our comparison list). Table 1 summarizes
the quantitative results of different constitutive models for characterizing the hyperelastic
property of the natural vulcanized rubber. It can be seen from the corresponding total
error that the proposed constitutive model is not only more capable in characterizing the
states of multiaxial stress than the Yeoh model and the corresponding improved models
(such as the modified Yeoh model, generalized Yeoh model and Melly model), but also
performs better than the Anssari–Benam model newly proposed by a reviewer. And its
total predicted error for different ranges of deformation is all less than 3%. In addition, the
performance of the model proposed in this study also outperforms the performance of the
modified Anssari–Benam model. The modified Anssari–Benam model is made by us under
the persuasion of a reviewer, which is an improvement on the original Anssari–Benam
model based on our correction term. Although the modified Anssari–Benam model showed
significant improvement in characterizing medium and small deformations compared to
the original model, it showed significant bias in characterizing uniaxial tension under large
deformation. Compared with the excellent third-order Ogden model and Alexander model,
our model outperforms the third-order Ogden model in characterizing large deformation,
but is slightly weaker than the Alexander model. The reason why it is weaker than the
Alexander model is because the goodness of fit of the proposed model for UT under
large deformation is slightly lower than the Alexander model. Based on the fact that
industrial rubber materials typically experience a strain range of 0–100% [32,36,52], we
believe that this weakness does not affect the use of the modified model proposed in this
study. Moreover, the quantitative data in Table 1 also prove that the modified model’s
ability to characterize medium to small deformations is comparable to the third-order
Ogden model. From a quantitative point of view, the total prediction errors of the two
models are within the range of 1–1.5%, and the corresponding difference between their
goodness of fit under different modes of deformation is not more than 0.5%. The overall
performance of the Alexander model in characterizing medium deformation is slightly
weaker than that of our proposed model.

Table 1. Total error and goodness of fit of different models on natural vulcanized rubber [37].

Models
Large Deformation Medium Deformation Small Deformation

Error UT ET PS Error UT ET PS Error UT ET PS

Ogden-N3 0.035 0.927 0.987 0.981 0.011 0.988 0.986 0.994 0.012 0.988 0.979 0.996
Alexander 0.017 0.982 0.984 0.982 0.016 0.981 0.987 0.985 0.013 0.987 0.980 0.996

Yeoh 0.083 0.928 0.853 0.969 0.093 0.940 0.809 0.973 0.117 0.872 0.810 0.967
Melly 0.033 0.944 0.969 0.988 0.021 0.984 0.967 0.987 0.020 0.986 0.966 0.988

Modified Yeoh 0.077 0.938 0.843 0.989 0.084 0.942 0.809 0.996 0.097 0.929 0.782 0.999
Generalized Yeoh 0.084 0.914 0.861 0.973 0.086 0.943 0.807 0.993 0.110 0.914 0.791 0.967

Anssari-Benam 0.079 0.966 0.828 0.968 0.093 0.941 0.806 0.973 0.099 0.930 0.781 0.993
Modified Anssari–Benam 0.164 0.608 0.954 0.945 0.014 0.986 0.981 0.990 0.013 0.987 0.976 0.997

This work 0.024 0.947 0.991 0.991 0.012 0.991 0.982 0.991 0.013 0.987 0.978 0.997

Notes: Error indicates the total error of different models; UT, ET and PS represent the goodness of fit of different
models for uniaxial tension, equibiaxial tension and pure shear, respectively. The model parameters are shown in
Tables S7–S9 in supporting information.

In order to make these results more visible and clear, Figures 4–6 present the prediction
curves and corresponding prediction error curves of the modified constitutive model within
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different deformation ranges for different deformation modes, respectively. Obviously,
these qualitative curves also reflect the good predicted capability of the modified model.
Especially from the corresponding relative error curves, it can be seen that the relative
error of the proposed model for predicting different deformation modes under different
deformation ranges is comparable to the third-order Ogden model and Alexander model
(their average relative errors are less than 5%), and all the average relative errors of our
proposed model do not exceed 3.5%. Even for predicting the uniaxial tension under large
deformation, the average relative error of the modified model proposed in this study is
only 3.3%.
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Figure 4. The prediction performance and corresponding prediction error curves of modified consti-
tutive model in large deformation ranges for different deformation modes. (a) Prediction curves for
different deformation modes; (b) relative error of different models in predicting uniaxial deformation
mode; (c) relative error of different models in predicting equibiaxial deformation mode; (d) relative
error of different models in predicting the deformation mode of pure shear. Note: Only the top five
models are presented in Figure 4b–d. δ means the average relative error.

Further comparing the predicted results of the modified constitutive model with the
Yeoh model, modified Yeoh model and generalized Yeoh model, it can be found that the
overall predicted accuracy of the proposed model is several times higher than theirs in all
ranges of deformation. In particular, the predicted accuracy on the equibiaxial mode of
deformation is improved most obviously (as shown in Figure 1a–c). Continuing to compare
with the new Melly model (it uses

√
I2 as the correction term to improve the performance

of the Yeoh model), the modified constitutive model proposed in this study is better in

121



Polymers 2023, 15, 3172

both overall prediction accuracy and goodness of fit for different deformation modes (the
relative error curves shown in Figures 4–6 can also directly reflect this point). Based on
these findings, we have reason to believe that the correction term expressed in the form of
a power function based on the principal stretches is beneficial in improving the ability of
the model to characterize the state of multiaxial stress.

Focusing on the coefficient of the proposed model in Figures 4–6, it is clear that the
coefficient of the third-order term of the first strain invariant is a small value in the case of
large deformation, while it changes to zero in the case of medium or small deformation.
This shows that the coefficient of the third-order term of the first strain invariant cannot be
ignored under the condition of large deformation. It can be speculated that the coefficient
should affect the capability of the proposed model to characterize large deformation. In
other words, the proposed constitutive model needs five parameters when characterizing
the large deformation, while it requires only four parameters when it characterizes a small
or medium deformation, which makes the proposed model more simple.
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Figure 5. The prediction performance and corresponding prediction error curves of modified constitu-
tive model in medium deformation ranges for different deformation modes. (a) Prediction curves for
different deformation modes; (b) relative error of different models in predicting uniaxial deformation
mode; (c) relative error of different models in predicting equibiaxial deformation mode; (d) relative
error of different models in predicting the deformation mode of pure shear. Note: Only the top five
models are presented in Figure 5b–d. δ means the average relative error.
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Figure 6. The prediction performance and corresponding prediction error curves of modified consti-
tutive model in small deformation ranges for different deformation modes. (a) Prediction curves for
different deformation modes; (b) relative error of different models in predicting uniaxial deformation
mode; (c) relative error of different models in predicting equibiaxial deformation mode; (d) relative
error of different models in predicting the deformation mode of pure shear. Note: Only the top five
models are presented in Figure 6b–d. δ means the average relative error.

Isoprene Vulcanized Rubber

The isoprene vulcanized rubber obtained by Kawabata et al. [38] and the natural
vulcanized rubber obtained by Treloar [37] are similar, both of which belong to unfilled
rubber. Continuing to calibrate the constitutive model based on the dataset of the isoprene
vulcanized rubber will further validate the performance of the modified constitutive model
proposed in this study. Table 2 summarizes some quantitative results obtained based
on this dataset. Obviously, compared with other constitutive models in the table, the
modified model proposed in this study achieved the lowest total prediction error (1.5%).
This means that the improved model has the best comprehensive description effect on the
hyperelastic properties of this material. The corresponding more intuitive prediction curves
for different deformation modes are shown in Figure 7a. From the graph, it can be seen
that the prediction curves of this modified model for different deformation modes almost
perfectly coincide with the corresponding experimental data points. In order to compare
the prediction accuracy of different models for different deformation modes in more detail,
the corresponding relative error curves are shown in Figure 7b–d. In order to present the
results clearly, only the relative error curves of the models with the top five prediction
accuracies are shown in the corresponding figures and the average relative error of the
corresponding model is marked on the legend. It can be observed that almost all the models
presented in these figures have relatively low relative error, while the modified model in
this study has lower relative errors for predicting different deformation modes. The vast
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majority of its curves are below 3%, resulting in an average relative error for predicting
different deformation modes ranging from 1.2% to 1.3%, which slightly outperforms the
third-order Ogden model (0.9–1.9%) and the Alexander model (1.6–2.6%).

Table 2. Total error and goodness of fit of different models on isoprene vulcanized rubber [38].

Models The Number of Coefficient Error UT ET PS

Ogden-N3 6 0.017 0.970 0.996 0.984
Alexander 5 0.025 0.986 0.986 0.954

Yeoh 3 0.092 0.964 0.815 0.944
Melly 4 0.032 0.979 0.976 0.950

Modified Yeoh 5 0.068 0.984 0.845 0.966
Generalized Yeoh 6 0.068 0.987 0.847 0.963
Anssari–Benam 3 0.081 0.987 0.800 0.976

Modified Anssari–Benam 5 0.019 0.980 0.997 0.965
This work 5 0.015 0.981 0.997 0.977

Notes: Error indicates the total error of different models; UT, ET and PS represent the goodness of fit of different
models for uniaxial tension, equibiaxial tension and pure shear, respectively. The model parameters are shown in
Table S10 in supporting information.
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Figure 7. The prediction performance and corresponding prediction error curves of modified consti-
tutive model for isoprene vulcanized rubber. (a) Prediction curves for different deformation modes;
(b) relative error of different models in predicting uniaxial deformation mode; (c) relative error of
different models in predicting equibiaxial deformation mode; (d) relative error of different models
in predicting the deformation mode of pure shear. Note: Only the top five models are presented in
Figure 7b–d. δ means the average relative error.
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Overall, these results once again confirm the excellent predictive performance of the
modified model proposed in this study on the multiaxial deformation of unfilled rub-
ber. Specifically, the performance of the modified model has a several-fold improvement
compared to other improved Yeoh models, which once again demonstrates that the im-
provement of the Yeoh model based on the correction term of this study is worthwhile. In
addition, the improved model outperforms the modified Anssari–Benam model, indicating
that the improvement of the Yeoh model based on our correction term is superior to the
improvement of the Anssari–Benam model based on the same correction term.

Unfilled Silicone Rubber

Silicone rubber has good mechanical properties and biocompatibility [17]. Completing
more accurate modeling of the mechanical properties is of great significance for its fuller
utilization in the field of biomedicine. Here, the modified constitutive model proposed
in this study is applied to the unfilled silicone rubber [17] to verify its usability in more
precisely modeling silicone rubber. Table 3 quantitatively shows the prediction performance
of different models on the hyperelastic property of unfilled silicone rubber. It can be seen
from these quantitative data that although the modified constitutive model proposed in this
study is not as effective as the third-order Ogden model with six undetermined parameters
in predicting the multiaxial stress state of silicone rubber, it ranks second alongside the
Alexander model and the modified Anssari–Benam model (both with five undetermined
parameters). The reason for ranking second is that the modified model in this study
slightly overestimates the uniaxial tensile deformation when characterizing the multiaxial
deformations. As shown in Figure 8a, the prediction curves of the modified model for
equibiaxial tension, pure shear and uniaxial compression fit well with the corresponding
experimental data points, while its prediction curve for uniaxial tension is slightly higher
than the experimental data points. Nonetheless, its average relative errors for predicting
different deformations are no more than 8% (as shown in Figure 8b–d). And, considering
that it far outperforms the Yeoh model with a total prediction error of 4.4%, and slightly
surpasses these existing improved models for the Yeoh model, we still believe that the
modified constitutive model proposed in this study has potential for application for unfilled
silicone rubber.

Table 3. Total error and goodness of fit of different models on unfilled silicone rubber [17].

Models The Number of Coefficient Error UT ET PS

Ogden-N3 6 0.029 0.970 0.985 0.958
Alexander 5 0.044 0.936 0.988 0.943

Yeoh 3 0.233 0.606 0.897 0.800
Melly 4 0.048 0.939 0.963 0.955

Modified Yeoh 5 0.047 0.932 0.961 0.965
Generalized Yeoh 6 0.048 0.931 0.955 0.970
Anssari–Benam 3 0.046 0.922 0.983 0.956

Modified Anssari–Benam 5 0.044 0.934 0.986 0.947
This work 5 0.044 0.920 0.972 0.978

Notes: Error indicates the total error of different models; UT, ET and PS represent the goodness of fit of different
models for uniaxial tension, equibiaxial tension and pure shear, respectively. The model parameters are shown in
Table S11 in supporting information.
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Figure 8. The prediction performance and corresponding prediction error curves of modified con-
stitutive model for unfilled silicone rubber. (a) Prediction curves for different deformation modes;
(b) relative error of different models in predicting uniaxial deformation mode; (c) relative error of
different models in predicting equibiaxial deformation mode; (d) relative error of different models
in predicting the deformation mode of pure shear. Note: Only the top five models are presented in
Figure 8b–d. δ means the average relative error.

Poly-Acrylamide Hydrogel

Like silicone rubber, hydrogels are also widely used in the biomedical field. But
compared to silicone rubber, they undergo greater deformation due to their softness [25].
Currently, accurately characterizing their mechanical properties also has important practical
significance. Here, we also apply the modified constitutive model proposed in this study
to the poly-acrylamide hydrogel [39] to explore the ability of this model in describing
the hyperelastic property of hydrogel. As shown in Table 4, the modified constitutive
model proposed in this study has the best prediction effect on the multiaxial deformation of
hydrogel. Its total prediction error for different deformation modes is only 1.1%. Figure 9
visually shows its actual prediction performance. It can be clearly seen from the figure that
the prediction curves of the modified constitutive model proposed in this study for different
deformations of hydrogels are in good agreement with the corresponding experimental
data points, and the corresponding goodness of fit reaches 0.98. Moreover, the relative
error curves of the modified model for different deformation modes are mostly below 4%,
resulting in an average relative error of 1.8–3.1%. Looking carefully at the coefficients of the
modified model at this time (see Figure 9a), it can be found that the coefficient of the cubic
term of the first invariant is zero, which means that the modified constitutive model only
needs four parameters to characterize the hydrogel. Based on the above results, we have
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reason to believe that the modified constitutive model also has the ability to accurately
characterize the multiaxial deformation of hydrogels.

Table 4. Total error and goodness of fit of different models on poly-arcylamide hydrogel [39].

Models The Number of Coefficient Error UT ET PS

Ogden-N3 6 0.013 0.982 0.992 0.988
Alexander 5 0.014 0.981 0.993 0.986

Yeoh 3 0.090 0.966 0.778 0.986
Melly 4 0.012 0.981 0.995 0.987

Modified Yeoh 5 0.089 0.967 0.777 0.991
Generalized Yeoh 6 0.089 0.965 0.780 0.988
Anssari–Benam 3 0.095 0.956 0.783 0.977

Modified Anssari–Benam 5 0.018 0.984 0.980 0.984
This work 5 0.011 0.989 0.994 0.985

Notes: Error indicates the total error of different models; UT, ET and PS represent the goodness of fit of different
models for uniaxial tension, equibiaxial tension and pure shear, respectively. The model parameters are shown in
Table S12 in supporting information.
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Carbon-Black-Filled Styrene Butadiene Rubber

Due to the filling of additives, the stress–strain curve of filled rubber is significantly dif-
ferent from that of unfilled rubber [40]. Based on this, there are few constitutive models that
can properly capture the hyperelastic property of this material in the current literature [25].
If the modified constitutive model proposed in this study can also well characterize the mul-
tiaxial deformation characteristics of filled rubber, it will further confirm its adaptability to
different materials. Therefore, we further apply the modified model proposed in this study
to a dataset related to the carbon-black-filled styrene butadiene rubber [40]. As summarized
in Table 5, the modified model proposed in this study also has good characterization ability
for the multiaxial deformation of this filled rubber. Although its overall performance is not
the best, it ranks behind the Alexander model and before the third-order Ogden model
with a total prediction error of 3.4%. Moreover, the difference in goodness of fit between
the modified model and the Alexander model for the two deformation modes of uniaxial
and equibiaxial tension is no more than 1%, and the difference in goodness of fit between
the two models for pure shear is only 2.2%. Furthermore, like predicting other materials,
the modified model proposed in this study also outperforms other improved models of the
Yeoh model in describing the multiaxial deformation of filled rubber. Figure 10 shows the
intuitive prediction performance of the modified model for different deformation modes.
Just as the case indicated by the aforementioned quantitative indicators, the prediction
curves of the modified model for different deformation modes are in good agreement
with the corresponding experimental data points (see Figure 10a) and the corresponding
relative error is in a relatively low position (see Figure 10b–d). Although it can be seen
from Figure 10d that the average relative error of the modified constitutive model on
pure shear (7.1%) is slightly higher than that of the generalized Yeoh model and modified
Yeoh model, most of the zones of its relative error curve are below 6%. Moreover, from
the perspective of characterizing multiaxis deformations, there are trade-offs between the
predictive performance of the model for different deformation modes during calibrating
the parameters of the model, so as to optimize the overall characterization ability of the
model. Based on this, the slight advantage presented by the modified Yeoh model and
generalized Yeoh model in characterizing pure shear do not make them possess better
overall prediction accuracy, while the result is that the modified model in this study is
better than them in overall prediction accuracy. The prediction accuracy of the modified
model proposed in this study for different deformation modes is relatively balanced, and
each goodness of fit reaches 0.96.

Table 5. Total error and goodness of fit of different models on carbon-black-filled styrene butadiene
rubber [40].

Models The Number of Coefficient Error UT ET PS

Ogden-N3 6 0.037 0.968 0.966 0.954
Alexander 5 0.023 0.975 0.975 0.982

Yeoh 3 0.106 0.887 0.885 0.909
Melly 4 0.049 0.958 0.960 0.936

Modified Yeoh 5 0.080 0.916 0.887 0.956
Generalized Yeoh 6 0.079 0.914 0.883 0.965
Anssari–Benam 3 0.107 0.890 0.875 0.914

Modified Anssari–Benam 5 0.039 0.963 0.965 0.954
This work 5 0.034 0.967 0.969 0.961

Notes: Error indicates the total error of different models; UT, ET and PS represent the goodness of fit of different
models for uniaxial tension, equibiaxial tension and pure shear, respectively. The model parameters are shown in
Table S13 in supporting information.
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Figure 10. The prediction performance and corresponding prediction error curves of modified
constitutive model for carbon-black-filled styrene butadiene rubber. (a) Prediction curves for different
deformation modes; (b) relative error of different models in predicting uniaxial deformation mode;
(c) relative error of different models in predicting equibiaxial deformation mode; (d) relative error of
different models in predicting the deformation mode of pure shear. Note: Only the top five models
are presented in Figure 10b–d. δ means the average relative error.

Human Brain Cortex Tissue

Due to the unique asymmetry and nonlinearity presented by the deformation data
from human brain tissue [41], there are currently few constitutive models that can accurately
capture it without losing convexity [25]. Applying the modified model proposed in this
study to a dataset from human brain tissue will further validate the potential of this
modified model in the biomechanical modeling of brain tissue. Table 6 and Figure 11 show
some of the results obtained by applying the modified constitutive model proposed in
this study to a dataset reflecting the deformation of human brain cortex tissue [41]. From
the quantitative indicators in Table 6, it can be found that the total prediction error of
the modified constitutive model proposed in this study for the multiaxial deformation
of human brain cortex tissue is only 5.6%. Although the error value is slightly higher
than the 5.4% of the third-order Ogden model, the difference between the two is only
about 3.6%. This difference is smaller when it comes to local indicator—goodness of fit.
Specifically, the difference in goodness of fit between the proposed modified model and
the third-order Ogden model for uniaxial tension and compression of brain tissue is only
0.1%, while the difference in goodness of fit between simple shear is only 0.4%. Based on
these small differences, we believe that our modified model has a comparable ability to
describe the multiaxis deformations of human brain cortex tissue to the third-order Ogden
model. As shown in Figure 11a,b, our proposed modified model appropriately captures the
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asymmetry of brain cortex tissue during uniaxial tension and compression, as well as its
high nonlinearity during simple shear. Moreover, the relative error of our modified model
is also on par with that of the third-order Ogden model (see Figure 11c,d).

Table 6. Total error and goodness of fit of different models on human brain cortex tissue [41].

Models The Number of Coefficient Error UT SS

Ogden-N3 6 0.054 0.927 0.966
Generalized Anssari–Benam 4 0.083 0.922 0.913

Modified Anssari–Benam 5 0.060 0.915 0.965
This work 5 0.056 0.926 0.962

Notes: Error indicates the total error of different models; UT, ET and PS represent the goodness of fit of different
models for uniaxial tension, equibiaxial tension and pure shear, respectively. The model parameters are shown in
Table S14 in supporting information.
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Figure 11. The prediction performance and corresponding prediction error curves of modified
constitutive model for human brain cortex tissue. (a) Prediction curves for different deformation
modes; (b) relative error of different models in predicting uniaxial deformation mode; (c) relative
error of different models in predicting equibiaxial deformation mode; (d) relative error of different
models in predicting the deformation mode of pure shear. Note: Only the top three models are
presented in Figure 11b–d. δ means the average relative error.

In [25], the researcher generalized the Anssari–Benam model, and the first-order
form of the obtained model (we call it the generalized Anssari–Benam model) also has a
good effect on describing the multiaxial deformation of brain cortex tissue without losing
convexity. Because the dataset we used here is the same as that used by the aforementioned
researcher (see Table S6 for details), we directly used the parameters of the model obtained
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by the aforementioned researcher to obtain the quantitative results of the generalized
Anassari–Benam model in describing the deformation of brain cortex tissue. It is evident
that our proposed modified model outperforms the generalized Anssari–Benam model in
describing the multiaxis deformation of brain cortex tissue, both globally and locally (see
Table 6). Here, we need to emphasize that when we reproduced the prediction performance
of the generalized Anssari–Benam model based on the same parameters and dataset, we
found that there is a deviation between its corresponding peak of relative error and that
of [25]. The peaks of relative error obtained by us for both uniaxial tension and pure shear
slightly exceed 25%. Anyway, our conclusion is consistent with [25], that is, the third-order
Ogden model has improved prediction performance compared to the generalized Anssari–
Benam model and the performance of our proposed modified model is comparable to
the third-order Ogden model; so, our model should still be better than the generalized
Anssari–Benam model proposed in [25]. In the next section, we also confirm that our
proposed modified model remains stable and convex. In Table 6, we also provide the
results of the modified Anssari–Benam model. Figure 11c,d also presents its relative error
curves. Based on these results, it is clear that our modified model is still better.

3.1.3. Predictive Ability of the Modified Model to the Untested Deformation Mode

The Treloar’s dataset on natural vulcanized rubber is the most commonly used
dataset in verifying the ability of constitutive models to describe untested
deformations [15,18,27,30–32]. Considering this, we first utilized this dataset to demon-
strate the ability of our proposed modified model to predict untested deformations. But, to
avoid controversy, here we will mainly use data from UT and PS to calibrate the model, and
verify the predictive ability of the obtained model for the untested equibiaxial deformation
mode. As introduced in the introduction, this is also a common situation in practice, where
the experiments of uniaxial tension and pure shear are easier for researchers compared to
the experiments of equibiaxial tension.

Maintaining consistency with Section 3.1.2 the experimental data of UT and PS from
different deformation ranges of this dataset are applied to complete the parameter identifi-
cation of constitutive models, respectively. The corresponding results are shown in Table 7
and Figure 12 below. Combining these quantitative and qualitative results, it can be seen
that the proposed modified constitutive model not only has a good, predicted capability for
the modes of deformation which have been tested such as uniaxial tension and pure shear,
but can also effectively predict the equibiaxial mode of deformation which is untested.
Specifically, the modified model has better predictive ability for the untested equibiaxial de-
formation mode in different deformation ranges than all models except for the third-order
Ogden model in Table 7. In fact, like the other studies mentioned above [15,18,27,30–32], if
only Treloar’s data from uniaxial tension were used to calibrate these models, the effectively
predictive ability of the proposed model for the other two untested deformation modes (ET
and PS) would be superior to all models in the comparative list, including the third-order
Ogden model (as shown in Table S15 and Figure S1 in the supporting information). This
shows that the addition of the correction term not only does not affect the ability of the
original Yeoh model to effectively predict untested deformations, but further improves its
ability in the modified model.

Table 8 further summarizes the quantitative prediction results of our modified model
calibrated by using data of UT and PS from the other four datasets (the corresponding pre-
diction curve is shown in Figure S2). Obviously, the proposed modified constitutive model
can also effectively predict the untested equibiaxial deformation of isoprene vulcanized
rubber, unfilled silicone rubber, poly-arcylamide hydrogel and carbon-black-filled styrene
butadiene rubber. Except for a higher total predictive error for the unfilled silicone rubber,
the proposed modified model has a total predictive error of less than 5% for the other three
types of rubber. Moreover, compared to other models, these results are also superior to
most other models (as shown in Tables S19–S22 in the supporting information), especially
the several existing improved models of the Yeoh model. It should be clarified that our
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modified model is not the only one with a relatively low effective prediction accuracy for
untested equibiaxial deformation of the unfilled silicone rubber. As shown in Table S20
(see the supporting information), compared to our proposed modified model, the widely
recognized third-order Ogden model and Alexander model with good performance have
lower effective prediction accuracy for untested equibiaxial deformation modes of the
unfilled silicone rubber. And, the Anssari–Benam model and the modified Anssari–Benam
model are directly unable to effectively predict the untested equibiaxial deformation of the
unfilled silicone rubber. Although the results show that the modified Yeoh model and the
generalized Yeoh model have slightly high prediction accuracy for the untested equibiaxial
deformation of the unfilled silicone rubber, their prediction accuracy for UT is not high
such that their overall prediction accuracy is not excellent (with a total error of over 8%).

Table 7. The predictive results of different models calibrated by the data from UT and PS of natural
vulcanized rubber [37].

Model
Large Deformation Medium Deformation Small Deformation

Error UT ET PS Error UT ET PS Error UT ET PS

Ogden-N3 0.043 0.975 0.907 0.989 0.018 0.991 0.960 0.995 0.014 0.988 0.971 0.997
Alexander 0.175 0.983 0.501 0.991 0.111 0.983 0.689 0.993 0.027 0.988 0.934 0.998

Yeoh 0.086 0.933 0.839 0.971 0.095 0.952 0.794 0.968 0.128 0.941 0.756 0.918
Melly 0.069 0.957 0.844 0.993 0.039 0.988 0.905 0.989 0.022 0.987 0.957 0.989

Modified Yeoh 0.079 0.949 0.829 0.986 0.086 0.948 0.802 0.993 0.098 0.936 0.774 0.995
Generalized Yeoh 0.086 0.970 0.800 0.973 0.092 0.954 0.787 0.983 0.108 0.961 0.757 0.959
Anssari–Benam 0.082 0.972 0.813 0.971 0.096 0.952 0.790 0.970 0.100 0.932 0.773 0.995

Modified Anssari–Benam 0.225 0.626 0.757 0.942 0.029 0.988 0.936 0.991 0.015 0.986 0.971 0.998
This work 0.066 0.953 0.855 0.993 0.027 0.992 0.933 0.994 0.013 0.988 0.976 0.997

Notes: “Error” indicates the total error in predicting the three modes of deformation. UT, ET and PS represent
the goodness of fit of different models for uniaxial tension, equibiaxial tension and pure shear, respectively. The
model parameters are shown in Tables S16–S18 in supporting information.

Table 8. The predictive results of the modified model calibrated by the data from UT and PS of others
rubber.

Different Materials Error UT ET PS

Isoprene vulcanized rubber 0.041 0.974 0.911 0.993
Unfilled silicone rubber 0.134 0.982 0.642 0.974

Poly-arcylamide hydrogel 0.035 0.992 0.914 0.990
Carbon-black-filled styrene butadiene rubber 0.049 0.968 0.938 0.949

Notes: “Error” indicates the total error in predicting the three modes of deformation. UT, ET and PS represent
the goodness of fit of different models for uniaxial tension, equibiaxial tension and pure shear, respectively. The
model parameters are shown in Tables S23–S26 in supporting information.

Anyway, in view of the above analysis, it can be believed that it is worthwhile to
modify the Yeoh model by the proposed correction term in this study. The correction term
expressed in the form of power function based on the principal stretches gives the modified
model improved ability in predicting the untested equibiaxial deformation, which means
that the proposed modified constitutive model can be applied to effectively predict the
equibiaxial mode of deformation when the equibiaxial tension cannot be completed under
limited hardware conditions.
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Figure 12. The prediction effects of the modified model for different deformation modes with
different deformation ranges: (a,b) in large deformation; (c,d) in medium deformation; (e,f) in small
deformation. Here, the parameters of models are calibrated by the experimental data of uniaxial
tension and pure shear with different deformation ranges. Only the top five constitutive models are
listed on the right side of the figure.

3.2. The A Posteriori Check of the Modified Model

Possessing the excellent ability to characterize the hyperelastic behavior is only a basic
requirement for a constitutive model. If the constitutive model can be further used, it
must obey the laws of thermodynamics, and it must also ensure that it has a solution to
the boundary-value problem (as explained in Section 2.2). Accordingly, the a posteriori
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check on the proposed modified model is performed. The a posteriori check is conducted
within the range of minimum to maximum principal stretch of the corresponding material
datasets (λmin ≤ λ ≤ λmax). It is verified that the proposed modified constitutive model
calibrated in the above subsection satisfies the inequalities of (12) and can make the matrix
of D positive definite. This means that the modified model with calibrated parameters has
a posteriori poly-convexity and Drucker stability. For a more intuitive display, Figure 13
demonstratively presents the iso-energy contour plots of the modified models with different
calibrated parameters obtained in Section 3.1.2. It is clear that the stationary points are
positioned in the undeformed state (λ1 = λ2 = 1), namely, the modified models with
different calibrated parameters obtained based on different material datasets are stable and
possess the convexity [4,52].
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Figure 13. Iso-energy contour plots of the modified models with different calibrated parameters
obtained based on different material datasets: (a) the dataset of natural vulcanized rubber containing
medium deformation; (b) the dataset of isoprene vulcanized rubber; (c) the dataset of unfilled silicone
rubber; (d) the dataset of poly-acrylamide hydrogel; (e) the dataset of carbon-black-filled styrene
butadiene rubber; (f) the dataset of human brain cortex tissue.

3.3. Validation of the Parameter Identification Method

In order to validate the validity of the parameter identification method introduced in
this study, several algorithms that have been used (including the damped least squares
algorithm (L-M) [48], genetic algorithm (GA) [50], pattern search algorithm (PS) and the
hybrid algorithm (PS-LM) consisting of pattern search and damped least squares [51]) are
used to compare with the cyclic genetic-pattern search algorithm (CGA-PS) introduced
in this study. These algorithms are used to identify the parameters of the third-order
Ogden model and the modified constitutive model, respectively. The dataset used in the
identification process is the dataset from the natural vulcanized rubber containing the large
deformation. Considering that the L-M algorithm and the PS algorithm are affected by
the initial value, the initial values of the L-M algorithm, the PS algorithm, and the PS-LM
algorithm will be randomly generated by a random function within five initial intervals
of 0–1, 0–0.5, 0–0.25, 0–0.1 and 0–0.05, respectively. And two different initial values are
generated in each interval, which means that each algorithm needs to run independently
twice with two different initial values within the corresponding interval. Therefore, each
algorithm will run independently ten times due to being randomly assigned ten initial
values separately. Owing to the inherent random search property, the initial population
interval of the GA algorithm and the CGA-PS algorithm is fixed at 0–1, and they will also
run ten times independently. Finally, for the ten sets of running results of each algorithm,
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only the set of results with the minimum total error (Errortotal, see Equation (17)) will
be recorded.

According to the minimum total error shown in Figure 14a, it can be seen that the
parameter identification method based on the cyclic genetic-pattern search algorithm
introduced in this study significantly improves the performance of constitutive models
for characterizing hyperelastic properties. In view of the standard deviation of the total
error shown in Figure 14b, the parameter identification method introduced in this study
has the minimum standard deviation compared with other methods. So, there is reason to
believe that the introduced method of parameter identification performs better in terms of
uniform convergence. Figure 15 presents the prediction performance of different modes of
deformation by the modified model based on different methods of parameter identification
(the relevant prediction curve of the third-order Ogden model is shown in Figure S3). It is
clear that the introduced method of parameter identification based on the cyclic genetic-
pattern search algorithm (CGA-PS) in this study has better performance, which can make
the final calibrated models have better characterization capability for different modes of
deformation. In addition, we also compared the identification ability of the introduced
parameter identification method and the parameter identification method integrated in
ABAQUS by the three models of the Arruda–Boyce model, Ogden model and Yeoh model.
This comparison procedure uses the experimental data consistent with the above. From
this result (as shown in Table 9), it can be found that the introduced identification method
also slightly outperforms the parameter identification method integrated in ABAQUS.
Hence, one can see that the introduced method of CGA-PS is not only effective, but also
has better performance in the process of parameter identification for the hyperelastic
constitutive model.
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Table 9. The comparison between the ability of the introduced parameter identification method and
the ability of parameter identification method integrated in ABAQUS.

Method Arruda–Boyce Model Third-Order Ogden Model Yeoh Model

ABAQUS

Error = 0.103 Error = 0.041 Error = 0.083
χ2

UT = 0.894 χ2
UT = 0.925 χ2

UT = 0.932
χ2

ET = 0.877 χ2
ET = 0.978 χ2

ET = 0.858
χ2

PS =0.920 χ2
PS = 0.974 χ2

PS = 0.962

This work

Error = 0.087 Error = 0.035 Error = 0.077
χ2

UT = 0.934 χ2
UT = 0.927 χ2

UT = 0.943
χ2

ET = 0.852 χ2
ET = 0.987 χ2

ET = 0.839
χ2

PS = 0.955 χ2
PS = 0.981 χ2

PS = 0.988

Note: The Error is the total prediction error, χ2
UT is the goodness of fit for the uniaxial tension, χ2

ET is the goodness
of fit for the equibiaxial tension, and χ2

PS is the goodness of fit for the pure shear. The model parameters are shown
in Table S27 in supporting information.
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Figure 15. The comparison of prediction performance by the modified model based on different
methods of parameter identification: (a,b) the prediction performance of uniaxial tension by the mod-
ified model based on different methods of parameter identification; (c,d) the prediction performance
of equibiaxial tension by the modified model based on different methods of parameter identification;
(e,f) the prediction performance of pure shear by the modified model based on different methods of
parameter identification.

4. Conclusions

This paper presents a modified hyperelastic constitutive model based on the first
strain invariant and the principal stretches. In order to more accurately identify the
parameters of model, a special method of parameter identification based on the cyclic
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genetic-pattern search algorithm has also been introduced. Combining the experiment
data of different rubber materials with the introduced parameter identification method, the
performance of the proposed modified constitutive model is fully evaluated. The results
show that the proposed modified model not only possesses a significantly improved ability
to predict multiaxial deformation, but also has a wider range of material applicability. This
advantage is not only reflected in the comparison with the original Yeoh model, but also
in the comparison with other improved Yeoh models (such as the modified Yeoh model,
the generalized Yeoh model and the Melly model). Even compared with the excellent
third-order Ogden model and Alexander model, our proposed modified model with only
five undetermined parameters is not necessarily inferior in characterizing the multiaxial
deformation of rubber materials. For example, the overall prediction accuracy of the
modified model for isoprene vulcanized rubber and poly-acrylamide hydrogel is slightly
better than that of the third-order Ogden model and Alexander model. Anyway, for the
five rubber materials used in this study, our modified model has a similar level of total
prediction accuracy as the two models of the third-order Ogden model and Alexander
model (total error is less than 5%). Furthermore, our modified model is also proven to have
a good ability to characterize the deformation of human brain cortex tissue. Its prediction
accuracy for multiaxial deformations of human brain cortex tissue is not only similar to
that of the third-order Ogden model (the third-order Ogden model is considered to be the
best model currently characterizing the deformation of the human brain cortex tissue.),
but also has no loss of convexity compared to the third-order Ogden model. In addition,
the proposed modified model in this study is also proven to hold the improved ability to
predict the untested equibiaxial deformation of most rubber materials used in this study.
The modified constitutive model calibrated based on different datasets is also verified to
have a posteriori Drucker stability and polyconvexity, which lays a foundation for the
modified constitutive model to be applied to finite element analysis.

Based on the above conclusions, we believe that the main advantages of the modified
constitutive model proposed by us are as follows:

Firstly, although the modified model has five undetermined parameters, it still main-
tains a relatively simple functional form compared to those models containing logarithmic,
exponential or integral expressions, making it easier to perform related mathematical
calculations. Having five parameters also ensures that it is neither incompatible with
fourth-order weak nonlinear elasticity theory due to having too few parameters, nor does
it face difficulties in parameter identification due to having too many parameters.

Secondly, thanks to our proposed correction term based on the principal stretch, this
modified constitutive model has significantly improved ability for predicting multiaxial
deformation. Moreover, this improved predictive ability has certain universality, that is,
the modified model can be applied to various different types of rubber materials (including
natural unfilled or filled rubber, silicone rubber and hydrogel). There are currently few
studies that apply their model to so many types of material.

Thirdly, this modified constitutive model can, with relative accuracy, predict the
multiaxial deformation of human brain cortex tissue (including uniaxial tension, uniaxial
compression and simple shear) while ensuring convexity. This gives it the potentiality to
characterize the biomechanics of soft biological tissues.

Finally, the modified constitutive model also has an improved capacity to predict
untested equibiaxial deformation. This advantage is very useful in the situation where
equibiaxial tension cannot be completed under limited hardware conditions.

Compared with other parameter identification methods, the introduced method of
parameter identification has been proved not only to take into account different modes of
deformation, but also makes models have better performance. The excellent capability of
the introduced method of parameter identification benefits from the strong ability of global
search of the genetic algorithm and the strong ability of local search of the pattern search
algorithm, and the addition of the cyclic structure further weakens its dependence on the
initial value, thereby making its uniform convergence better.
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Abstract: The infrared camouflage textile materials with soft and wear-resistant properties can
effectively reduce the possibility of soldiers and military equipment being exposed to infrared
detectors. In this paper, the infrared camouflage textile composites with intelligent temperature
adjustment ability were prepared by different methods, using phase change microcapsule as the
main raw material and high polymer polyurethane as the matrix, combining the two factors of
temperature control and emissivity reduction. It was tested by differential scanning calorimeter,
temperature change tester, infrared emissivity tester, and infrared imager. The results show that
the temperature regulation effect of textile materials finished by coating method is better than dip
rolling method, the temperature regulation ability and presentation effect are the best when the
microcapsule content is 27%. When the bottom layer of infrared camouflage textile composite is
27% phase change microcapsule and the surface layer is 20% copper powder, its infrared emissivity
in the band of 2–22 µm is 0.656, and the rate of heating and cooling is obviously slowed down. It
has excellent heat storage and temperature regulation function, which can reduce the skin surface
temperature by more than 6 ◦C and effectively reduce the infrared radiation. This study can provide
reference for laboratory preparation and industrial production of infrared camouflage composite
material. The infrared camouflage textile composite prepared are expected to be used in the field of
military textiles.

Keywords: phase change microcapsules; infrared camouflage; emissivity; intelligent temperature
regulation; textile composites

1. Introduction

Matter is generally divided into three phases: solid, liquid, and gas. The transition
between different phase states of the same material is called phase transition [1]. The
substance whose state can be changed is called phase change material (PCM). When the
phase change occurs, there is a significant energy exchange between the material and the
environment, which will be strongly coupled with the heat transfer, so that the material
has a certain temperature control and heat release function [2,3]. With this capability of
phase change materials, the temperature around the working source or materials can be
adjusted and controlled to reduce the mismatch between energy supply and demand in
time and speed [4]. Therefore, phase change materials are applied broadly in the field
of energy storage and temperature regulation [5,6]. However, phase change materials
have problems such as large volume changes, easy leakage, and low thermal conductivity.
Microencapsulation of phase change materials is an advanced application method. Mi-
crocapsule phase change material (MPCM), also known as phase change microcapsule,
is a new type of composite phase change material with core-shell structure. It is coated
with a stable polymer film on the surface of solid-liquid phase change material particles.
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The shell structure of microcapsules can provide good protection for phase change core
materials, improve the stability of phase change materials, prevent chemical reactions
with the outside world and leakage during long-term cyclic use, and significantly increase
the contact area with the matrix material to improve thermal conductivity, thereby im-
proving the working performance of phase change materials [7–9]. When the external
temperature changes, the core material in the microcapsule will undergo phase change.
The phase change material absorbs or releases a large amount of heat, and the temperature
of the microcapsule itself remains constant, to achieve the effect of intelligent temperature
regulation [10–13]. Phase change microcapsules with temperature regulation ability are
widely used in construction [14–18], solar energy [19], food industry [20], textile [21,22], and
other fields.

In the modern battlefield, the infrared radiation energy of general military targets is
higher than the background, so it is easy to find out by using infrared detectors. According
to Stefan Boltzmann’s Law (1) [23], the total infrared radiation energy of an object is directly
proportional to the fourth power of its emissivity and absolute temperature. Therefore,
the possibility of the target being discovered by the infrared detector can be reduced
by reducing the emissivity and controlling the temperature, to achieve its camouflage
effect in the infrared band. Therefore, infrared camouflage materials that protect military
targets without changing the shape and structure of the target have attracted extensive
attention in the national defense and military industry [24]. Various infrared camouflage
materials developed around fibers and fiber products are called infrared camouflage textile
materials. Infrared camouflage textile materials are soft, portable, and wearable. They
are the main raw materials of infrared camouflage clothing, backpacks, camouflage nets
and tents. They can provide guarantee for the survival of soldiers and weapons and
equipment, and plays an extremely important role in the battlefield [25,26]. In terms of
reducing infrared emissivity, it mainly includes developing new low emissivity fibers [27–30],
modifying existing fibers [31–33] or coating low infrared emissivity coatings [34–36]. In
terms of temperature control, in addition to thermal insulation and structural design [37–40],
the temperature regulating textile [41–44] and infrared camouflage textile [45–47] are
prepared by combining phase change microcapsules with textile, which can effectively
reduce the infrared radiation energy of the target [48–50]. However, it is difficult to use
phase change microcapsules for infrared camouflage alone. Its phase change temperature,
latent heat of phase change, and thermal conductivity can hardly meet the requirements
of thermal camouflage. Only by combining with other functional materials can infrared
camouflage be better realized [51]. According to Kirchhoff’s law, opaque objects with
high reflectivity generally have low emissivity. Metal is a typical low-emissivity material,
which is generally used in the field of infrared camouflage in the form of coating. Among
them, copper and aluminum have become the main force of metal fillers due to their low
cost and easy availability, excellent performance, and wide application. In this paper,
phase change microcapsules are finished on the fabric, and the temperature-regulated
fabric is obtained by changing different parameters. On this basis, the infrared camouflage
fabric was prepared by adding low emissivity materials. Then its temperature adjustment
ability, infrared camouflage effect, and mechanism are analyzed systematically. Compared
with the untreated fabric, the prepared textile has a certain degree of infrared camouflage
ability, which can delay the speed of temperature rise and effectively reduce the infrared
thermal radiation.

E = σεT4 (1)

where E is the infrared radiation (J/(s·m2)), σ is Stefan Boltzmann constant, ε is the emissivity
of the target surface, and T is the thermodynamic temperature of the target surface (K).

2. Materials and Methods
2.1. Materials

The fabric used in the experiment was cotton fabric, which was purchased from
Hongfei Textile Manufacturing, Baoding, China. Phase change microcapsules are prepared
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by in-situ polymerization with paraffin as core material and urea-formaldehyde resin as
wall material. Urea and formaldehyde aqueous solutions were purchased from Meryer
(Shanghai) Chemical Technology, Shanghai, China. Paraffin, OP emulsifier, triethanolamine,
citric acid and petroleum ether were purchased from Beijing enokai Technology, Beijing,
China. Polyurethane resin was purchased from Guangzhou Yuheng environmental pro-
tection materials, China. Hollow glass beads were purchased from Henan Bairun casting
materials, Zhengzhou, China. Silicon dioxide was purchased from Jiangsu Tianxing’s new
materials, Huaian, China. The copper powder was purchased from Nangong Xindun
alloy welding material spraying, Xingtai, China. Aluminum powder was purchased from
Shanghai Aladdin Biochemical Technology, Shanghai, China. All reagents were of an-
alytical grade and used directly without further purification. The details are shown in
Table 1.

Table 1. Material Information.

Material Particle Size/Model Manufacturer

Hollow glass beads 30–100 µm Henan Bairun casting materials, China
Silicon dioxide 20 nm Jiangsu Tian xing’s new materials, China
Copper powder 38 µm Nangong Xindun alloy welding mate-rial spraying, China

Aluminum powder 25 µm Shanghai Aladdin Bio-chemical Technology, China
Polyurethane PU2540 Guangzhou Yuheng environmental protection materials, China

Defoamer AFE-1410 Shandong Yousuo Chemical Technology, China
Thickener 7011 Guangzhou Dianmu Composite Materials Business Department, China
Dispersant 5040 Shandong Yousuo Chemical Technology, China

Urea, Formaldehyde aqueous solutions Meryer (Shanghai) Chemical Technology, China
Paraffin, OP emulsifier, Triethanolamine,

Citric acid, Petroleum ether Beijing enokai Technology, China

2.2. Methods
2.2.1. Preparation of Phase Change Microcapsules

Mix urea and formaldehyde aqueous solution in a certain proportion, drop triethanolamine
to adjust the pH value of the solution to be weakly alkaline, react at 70 ◦C for 1 h, and add
deionized water to form a stable urea/formaldehyde prepolymer solution. Add a certain
amount of OP emulsifier and paraffin into deionized water, heat and melt, emulsify and
disperse for 30 min (3000 r/min) at 60 ◦C, and form a stable emulsion. Drop the prepolymer
solution into the emulsion and stir for 20 min after dropping. Then slowly add citric acid
solution, adjust the final pH value of the solution to be acidic, keep the temperature at
60 ◦C for reaction for 1 h, and then raise the temperature to 90 ◦C, and keep the temperature
for reaction for 2 h. After the reaction, the microcapsule lotion was poured out, cooled,
separated and filtered. The obtained microcapsules were washed twice with petroleum
ether and deionized water, and dried to obtain white powder microcapsules.

2.2.2. Preparation of Phase Change Microcapsule Temperature Regulating Textile by
Dip Rolling

Disperse the phase change microcapsule particles in water, add dispersant, adhesive,
and penetrant, mix evenly to obtain the phase change microcapsule solution. The cotton
fabric with 10 × 10 cm2 was washed and dried. Put it into a beaker containing phase
change microcapsule solution and fully wet it, with a bath ratio of 1:20. The phase change
microcapsule fabric was obtained by two dipping and two rolling processes, drying at
80 ◦C for 5 min, and then baking at 120 ◦C for 2 min. Two groups of phase change
microcapsule fabrics were prepared by changing the microcapsule content and adhesive
content respectively.

2.2.3. Preparation of Phase Change Microcapsule Temperature Regulating Textile by
Coating Method

Disperse the phase change microcapsule particles in water, add adhesive, thickener,
dispersant and defoamer, and stir evenly to obtain phase change microcapsule coating.
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Take 20 × 20 cm2 cotton fabric, washed, dried, and ironed flat. The coating was evenly
coated on the cotton fabric by a small sample coating machine, dried at 80 ◦C for 10 min,
and dried to obtain the phase change microcapsule fabric. Three groups of phase change
microcapsule fabrics were prepared by changing the content of phase change microcapsule,
the thickness of coating and the type of thermally conductive materials.

2.2.4. Preparation of Infrared Camouflage Textile

In this paper, aluminum powder and copper powder are selected as coating materials
with low emissivity, combined with phase change microcapsules to achieve a better-infrared
camouflage effect on the fabric. Firstly, aluminum powder or copper powder is directly
added into the phase change microcapsule solution, mixed evenly to obtain the infrared
camouflage coating, and according to Section 2.2.3 to prepare infrared camouflage fabric. In
addition, aluminum powder or copper powder shall be directly mixed with the adhesive to
obtain low emissivity coating, and then phase change microcapsule coating can be obtained
according to Section 2.2.3. The infrared camouflage fabric was prepared by coating phase
change microcapsule coating and low emissivity coating on cotton fabric in turn.

2.3. Characterizations and Measurements

The characteristic functional groups of samples were measured by infrared spectrom-
eter (FRONTIER, FT-IR, made by PerkinElmer, Waltham, MA, USA). The phase change
microcapsules and fabrics were observed by scanning electron microscope (HITACHI,
SEM, made by Hitachi Limited, Tokyo, Japan), and the distribution of microcapsules and
metal particles on the fabric surface was compared. The enthalpy values of phase change
microcapsules, unfinished fabrics and phase change microcapsule temperature regulat-
ing fabrics were measured by differential scanning calorimetry (NETZSCH, DSC200F3,
made by Netzsch Group, Bavaria, Germany). The heating temperature range was 20–50 ◦C,
the cooling temperature range was 50–20 ◦C, and the heating and cooling rates were 5K/min.
The time when the sample rises to a specific temperature is measured by a self-made temper-
ature rising instrument to evaluate its temperature regulation ability. The infrared thermal
source is an infrared lamp (Philips 175R, made by Philips, Amsterdam, The Netherlands).
The temperature rising range is 20–60 ◦C. The unfinished fabrics and infrared camouflage
fabrics with different parameters were heated on a constant temperature (simulating human
body surface temperature) test bench, and the infrared thermal image was taken with an
infrared thermal imager (FlIR®TG165, made by FLIR Systems, Wilsonville, OR, USA) to
test their thermal insulation and infrared camouflage properties. The emissivity of infrared
camouflage fabric was measured by far infrared emissivity tester (TSS-5X, made by Japan
sensor corporation, Tokyo, Japan).

3. Results
3.1. Characterization and Analysis of Phase Change Microcapsules

The phase change microcapsules used in this experiment are prepared with paraffin
as the core material and urea formaldehyde resin as the wall material. The structural
diagram is shown in Figure 1a. From the SEM Figure 1b,c, it can be seen that the phase
change microcapsule is spherical with a particle size of 10 µm or so. According to the
infrared spectrum in Figure 1d, the phase change microcapsule has 7 absorption peaks. The
absorption peaks at 2926 cm−1 and 2855 cm−1 are related to the asymmetric and symmetric
stretching vibration of C-H, the absorption peak at 1467 cm−1 is caused by the bending
vibration of C-H2, the absorption peak at 721 cm−1 is caused by the rocking vibration of
C-H2, and the absorption peak at 1745 cm−1 is caused by the stretching vibration of C=O,
the absorption peaks at 1171 cm−1 and 1111 cm−1 are caused by the stretching vibration
of C-N, and the band at 804 cm−1 corresponds to the bending vibration of N-H. It can be
seen that there are both characteristic peaks of paraffin and urea formaldehyde resin in
the infrared spectrum, which also proves that the microcapsule is composed of wall urea
formaldehyde resin and core paraffin. Figure 1e shows the DSC curve of phase change
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microcapsules. The heat storage and temperature regulation performance of phase change
microcapsules are mainly determined by the solid-liquid phase change of its core paraffin.
During heating up, the phase change microcapsules began to melt and absorb heat at
24.4 ◦C, and the phase change temperature range was 24.4–34.7 ◦C. During cooling, the
phase change microcapsules began to solidify and release heat at 25.6 ◦C, and the phase
change temperature range was 25.6–19.0 ◦C. According to the indicators formulated by
outlast, the body surface contact air layer is 18.3–29.4 ◦C, belonging to the cold climate
temperature area, the body surface contact air layer is 26.7–37.8 ◦C, belonging to the mild
or comfortable temperature area, and the body surface contact air layer is 32.2–43.3 ◦C,
belonging to the temperature area during hot or intense exercise [52]. The phase change
microcapsule used in this paper can be combined with fabric to adjust the temperature and
infrared radiation energy of the body surface air layer in cold climates.
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Figure 1. (a) Structure diagram of phase change microcapsule, (b,c) SEM of phase change mi-
crocapsules under different magnification of electron microscope, (d) Fourier transform infrared
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3.2. Preparation and Performance Analysis of Phase Change Microcapsule Temperature
Regulating Fabric

According to the steps described in Sections 2.2.2 and 2.2.3, phase change microcap-
sules are combined with cotton fabric by dip rolling and coating (Figure 2a,b). Before
finishing, the surface of cotton fiber is smooth and tidy, flat and longitudinally twisted
(Figure 2c). The phase change microcapsule solution was treated on the cotton fabric by
dip rolling. The observation of the SEM (Figure 2d) showed that the phase change micro-
capsule particles were attached to the bending and depression of the cotton fiber through
the adhesive. The phase change microcapsule coating was applied to the cotton fabric. It
can be seen from the SEM image (Figure 2e) that the adhesive wrapped the phase change
microcapsule and covered the surface of the cotton fabric to form a complete coating.

When the phase change microcapsule temperature regulating fabric is prepared by
dip rolling, the process parameters shall be consistent, the content of phase change mi-
crocapsules and adhesives is the main factor affecting the related properties of fabrics.
Therefore, we analyzed the effects of different content of phase change microcapsules and
adhesives on the temperature regulation ability of the fabric. The reference sample in the
figure is untreated cotton fabric. It can be seen from Figure 3a that the content of phase
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change microcapsules basically does not affect the phase change initial temperature of the
sample. The initial temperature of exothermic and endothermic is around 28 ◦C. The latent
heat of phase transformation of the sample increases with the increase of the content of
microcapsules, and the latent heat of phase transformation of the sample is the largest
when the percentage content is 36%, because the more the content, the more phase change
microcapsules attached to the fabric after dip rolling treatment, and the greater the overall
latent heat of phase change. The fabric treated by phase change microcapsule can absorb or
release a certain amount of heat, so as to achieve the purpose of temperature regulation.
As can be seen from Figure 3b, the phase transition latent heat of the sample increases
with the increase of the binder content. Because the larger the binder content, the more
phase change microcapsules adhere to the fabric surface. The greater the latent heat of
phase change of fabric, the more obvious the effect of heat absorption and release. With
the increase of binder content, the phase transition temperature of the sample will also
change. The reason is that the added adhesive can block the heat transfer and increase the
phase transition temperature of the sample. Figure 3c shows the temperature rise curve of
samples with different content of phase change microcapsules. When the content of the
phase change microcapsule is 9%, the heating rate of the sample is the fastest, and it takes
65 s to rise from 20 to 60 ◦C. When the content of the phase change microcapsule is 27%,
the heating rate of the sample is the slowest, and it takes 83 s to rise from 20 to 60 ◦C. That
is when the content of phase change microcapsule is 27%, the temperature regulation and
heat storage effect of the sample is the best. The reason is that the existence of phase change
microcapsules will delay the rate of fabric temperature change, that is, the heat released and
absorbed will be temporarily supplemented and stored through phase change materials.
When the content of phase change microcapsules is 36%, the heating rate of the sample
is not the slowest. The reason is that when the content of phase change microcapsules in
the solution is too high, agglomeration will occur in the mixing process, resulting in poor
dispersion effect of phase change microcapsules, which affects the overall heat storage
capacity of the sample. Figure 3d is the temperature rise curve of the sample with different
adhesive content. When the adhesive content is 50%, the heating rate of the sample is the
slowest, and the time is 95 s. When the content of adhesive is 20%, the heating rate of the
sample is the fastest, and the time is 60 s. This may be because when the binder content is
low, the content of phase change microcapsules entering the fabric interior and attached to
the fabric surface after dip rolling treatment is relatively small. When the binder content is
high, the proportion of the binder solidified on the fabric surface will increase, and a layer
of film will be formed on the fabric surface, which will inhibit the heat transfer and slow
down the heating rate of the sample. At the same time, the high content of adhesive will
also increase the phase change microcapsules adhered to the fabric surface and immersed
into the fabric, and further reduce the heating rate of the sample.

When the phase change microcapsule temperature regulating fabric is prepared by
coating method, the process parameters shall be consistent, the content of phase change
microcapsules and coating thickness are the main factors affecting the related properties of
fabrics, and the thermal conductivity also has a great influence on the temperature regula-
tion ability of materials. Therefore, we analyzed the effects of phase change microcapsule
content, coating thickness and thermal conductivity on the temperature regulation ability
of the fabric. The reference sample in the figure is untreated cotton fabric.

Figure 4a,c show the DSC curves of samples with different content of phase change
microcapsule, different coating thickness and different thermal conductivity materials. It
can be seen from Figure 4a that the adhesives and other additives have no influence on
the phase change temperature and latent heat of the phase change microcapsule fabric.
With the increase of the content of phase change microcapsules in the coating, more
and more microcapsule phase change materials are attached to the surface of the fabric,
which improves the heat storage and temperature adjustment ability of the prepared
sample. However, in the experiment, it is found that when the content of phase change
microcapsules in the coating is too high, the phenomenon of agglomeration and uneven
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dispersion will appear, and cracks will appear on the surface of the prepared coating.
Therefore, the content of phase change microcapsules in the coating was fixed at 27% in the
subsequent experimental study. It can be seen from Figure 4b that the coating thickness also
has a certain effect on the phase transformation latent heat of the sample. When the phase
change microcapsules melt endothermically, the phase change latent heat of the samples
with coating thickness of 1.5 mm and 2.0 mm is close and relatively large. When the phase
change microcapsules solidify exothermically, the phase change latent heat of the samples
with coating thicknesses of 1.0 mm and 1.5 mm is close and relatively large. There is no
positive correlation between thickness and latent heat of phase change. The main reason is
that the sample taken in the DSC test is very small, and the larger the thickness, the smaller
the sampling area, which cannot completely guarantee the content of dispersed phase
change microcapsules in the test sample. Considering comprehensively, in the subsequent
experimental research, the thickness of the coating is determined as 1.5 mm. When the
coating thickness is 1.5 mm and the content of phase change microcapsules is 27%, the
addition of materials with different thermal conductivity will also have a great influence
on the heat storage and temperature adjustment ability of the sample. It can be seen from
Figure 4c that adding different materials to the coating will have a certain influence on the
initial temperature of the phase transition of the sample. When adding hollow glass beads
and silicon dioxide thermal insulation materials with low thermal conductivity, the phase
transition temperature of the sample will be reduced. When copper powder and aluminum
powder with high thermal conductivity are added, the phase change latent heat of the
sample is similar. The latent heat of melting phase transformation of samples containing
silicon dioxide is the largest. This is because the silicon dioxide used in the experiment is
nano-scale, and has the advantages of large specific surface area and high porosity. It can
absorb a certain calorific value when heating up.
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Figure 2. (a) Preparation of phase change microcapsule temperature control fabric by coating method,
(b) Preparation of phase change microcapsule temperature control fabric by dip rolling, (c) SEM
image of untreated cotton fabric, (d) SEM image of samples prepared by dip rolling method, (e) SEM
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Figure 4d–f show the temperature rise curves of samples prepared by coating method
with different content of phase change microcapsules, different coating thicknesses, and
different thermal conductivity materials. It can be seen from the figure that the higher the
content of phase change microcapsules, the longer the time required for the sample to rise
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from 20 to 60 ◦C, and the heating rate of the sample before 30 ◦C is slow. When one side
of the fabric is heated, most of the heat is absorbed by the phase change microcapsules
in the process of transferring the heat radiation to the other side of the fabric. Therefore,
the higher the content of the phase change microcapsule, the more heat the sample and
the slower the heating rate. When the coating thickness is 2.0 mm, the heating rate of the
sample is the slowest, and the time for the sample to rise from 20 to 60 ◦C is 180 s. Materials
with different thermal conductivity are added to the coating. When the materials are hollow
glass beads and silicon dioxide, the heating speed of the sample is slow because of its low
thermal conductivity. The sample with hollow glass beads has the slowest heating rate,
mainly because the hollow structure of hollow glass beads is closed and contains more still
air, which further enhances its thermal insulation performance. Figure 4g is the schematic
diagram of sample heating rate test. To compare the thermal insulation capacity of the
sample in a short time, the distance between the light source and the sample is close, so the
heating speed will be much faster than in the actual situation.

Polymers 2023, 15, 3055 8 of 18 
 

 

 
Figure 3. Dip rolling method (a) DSC curve of samples with different content of phase change mi-
crocapsules, (b) DSC curve of samples with different binder content, (c) Temperature rise curve of 
samples with different content of phase change microcapsules, (d) Temperature rise curve of sam-
ples with different binder content. 

When the phase change microcapsule temperature regulating fabric is prepared by 
coating method, the process parameters shall be consistent, the content of phase change 
microcapsules and coating thickness are the main factors affecting the related properties 
of fabrics, and the thermal conductivity also has a great influence on the temperature reg-
ulation ability of materials. Therefore, we analyzed the effects of phase change microcap-
sule content, coating thickness and thermal conductivity on the temperature regulation 
ability of the fabric. The reference sample in the figure is untreated cotton fabric. 

Figure 4a,c show the DSC curves of samples with different content of phase change 
microcapsule, different coating thickness and different thermal conductivity materials. It 
can be seen from Figure 4a that the adhesives and other additives have no influence on 
the phase change temperature and latent heat of the phase change microcapsule fabric. 
With the increase of the content of phase change microcapsules in the coating, more and 
more microcapsule phase change materials are attached to the surface of the fabric, which 
improves the heat storage and temperature adjustment ability of the prepared sample. 
However, in the experiment, it is found that when the content of phase change microcap-
sules in the coating is too high, the phenomenon of agglomeration and uneven dispersion 
will appear, and cracks will appear on the surface of the prepared coating. Therefore, the 

Figure 3. Dip rolling method (a) DSC curve of samples with different content of phase change
microcapsules, (b) DSC curve of samples with different binder content, (c) Temperature rise curve of
samples with different content of phase change microcapsules, (d) Temperature rise curve of samples
with different binder content.

148



Polymers 2023, 15, 3055Polymers 2023, 15, 3055 10 of 18 
 

 

 
Figure 4. Coating method (a) DSC curve of samples with different content of phase change micro-
capsules, (b) DSC curves of samples with different coating thickness, (c) DSC curves of samples 
with different thermal conductivity, (d) Temperature rise curve of samples with different content 
of phase change microcapsules, (e) Temperature rise curve of samples with different coating thick-
ness, (f) Temperature rise curve of samples with different thermal conductivity, (g) Schematic dia-
gram of heating rate test. 

Select the best samples prepared by the dip rolling method and coating method to 
compare and analyze. The experimental results show that, compared with the dip rolling 
method, the temperature-regulating fabric with phase change microcapsules prepared by 
the coating method has a greater latent heat of phase change (Figure 5a) and better tem-
perature control ability (Figure 5b). Because the amount of phase change microcapsules 

Figure 4. Coating method (a) DSC curve of samples with different content of phase change micro-
capsules, (b) DSC curves of samples with different coating thickness, (c) DSC curves of samples
with different thermal conductivity, (d) Temperature rise curve of samples with different content of
phase change microcapsules, (e) Temperature rise curve of samples with different coating thickness,
(f) Temperature rise curve of samples with different thermal conductivity, (g) Schematic diagram of
heating rate test.
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Select the best samples prepared by the dip rolling method and coating method to
compare and analyze. The experimental results show that, compared with the dip rolling
method, the temperature-regulating fabric with phase change microcapsules prepared
by the coating method has a greater latent heat of phase change (Figure 5a) and better
temperature control ability (Figure 5b). Because the amount of phase change microcapsules
on the sample in the coating method is more and the adhesion is firmer. Through the
observation of the sample by the infrared thermal imager, it is also confirmed that the
sample prepared by the coating method has better infrared camouflage effect (Figure 5c–f).
Considering the performance, cost, thickness and other factors, we think that the content of
phase change microcapsules is 27% and the coating thickness is 1.5 mm, which is the best
choice for this experiment.
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3.3. Preparation and Performance Analysis of Phase Change Microcapsule Infrared Camouflage Fabric

According to the principle and preparation process described in Section 2.2.4, the
infrared camouflage fabric is prepared by combining temperature-regulating phase change
microcapsules with low emissivity metal materials. The SEM of low emissivity metallic cop-
per powder and aluminum powder is shown in Figure 6a,b. According to the experimental
results in Section 3.2, the content of phase change microcapsule is 27% and the coating
thickness is 1.5 mm. Figure 6c shows the temperature rise curve of single-layer infrared
camouflage coating sample after adding different kinds and contents of low emissivity
materials. Figure 6d shows the infrared emissivity of the sample.
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By analyzing the heating curve of the sample, it can be seen that it takes a long time
for the sample to rise from 20 to 60 ◦C when the copper powder is added to the phase
change microcapsule solution, especially when the copper powder content is 20% and
30%. At the beginning of heating, when the content of copper powder is 20%, the heating
rate of the sample is the lowest. When the aluminum powder is added to the phase
change microcapsule solution, the temperature rise of the sample is relatively fast. The
reason is that when the content of metal particles is the same, the spherical aluminum
powder is isotropic, the particle size is small, the distribution is relatively uniform, and
the surface morphology is regular, which makes it easier to form mutually contacted heat
conduction network chains, so as to improve the heat conduction efficiency of the material.
Therefore, the heat transfer of the aluminum powder sample is faster when heating up,
which reduces the temperature control performance of the sample. The test results of the
two groups of samples show that the temperature control performance of the samples
is better when the addition amount of low emissivity material is 20%. As can be seen
from Figure 6d, the infrared emissivity of the sample with copper powder is less than that
of the sample with aluminum powder. The reason can be explained by the microscopic
morphology of the two kinds of materials. It can be seen that the copper powder has a
flaky structure (Figure 6a), and the aluminum powder has a spherical structure (Figure 6b).
The particle thickness of the flaky structure is small, and at the same particle concentration
(mass-specific gravity), the content of flaky particles in the coating is more [53]. The flake
particles can be arranged horizontally in the coating to form a compact reflective layer. This
arrangement can effectively reduce the emissivity of the coated fabric [54]. The higher the
content of copper powder, the smaller the infrared emissivity of the sample, but when the
content of copper powder is 20% and 30%, the emissivity of the sample is close. Considering
the material cost and the flexibility of the coating, the content of copper powder can be
determined as 20%.
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According to the theoretical analysis, two factors should be considered in infrared
camouflage: temperature and infrared emissivity. It is considered that in this article, the
infrared camouflage performance of the sample is the best when copper powder with low
emissivity is added to the phase change microcapsule solution and the content of copper
powder is 20%. At present, the prepared samples are all single-layer coatings. In order
to ensure the ability of temperature regulation and reduce the infrared emissivity of the
sample as much as possible, the double-layer coating can be prepared with copper powder
and phase change microcapsule. The bottom layer is a phase change microcapsule (content:
27%) coating to ensure the temperature regulation performance of the sample, and the
surface layer is a copper powder (content: 20%) coating to reduce the infrared emissivity of
the sample (Figure 7a), while other factors remain unchanged.
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Figure 7. (a) Cross section SEM image of double-layer infrared camouflage fabric, (b) Comparison
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(d) Infrared thermogram of double-layer infrared camouflage fabric.

According to the temperature rise data in Figure 7b, the time required for the double-
layer and single-layer samples to rise from 20 to 60 ◦C is very close, that is, the two samples
have the same temperature adjustment ability. The infrared emissivity of the double-layer
sample is significantly lower than that of the single-layer sample (Figure 7c). Therefore,
the infrared camouflage performance of the double-layer coating sample is better. This
conclusion is also confirmed in the infrared thermogram (Figure 7d). The double-layer
infrared camouflage fabric is close to the environment in the infrared thermal image, which
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can reduce the detected surface temperature of human skin by 6.8 ◦C, and can still reduce
3.9 ◦C after covering for 10 min.

3.4. Analysis of Mechanical Properties of Phase Change Microcapsule Infrared Camouflage Fabric

The tensile and tear properties of infrared camouflage fabrics are tested by universal
strength machine (Figure 8c), with reference to standard ISO34-1 [55]. The sample size
is 200 × 50 mm, the clamping distance is 100 mm, and the tensile speed is 100 mm/min.
Each sample shall be tested for 5 times, and the average value shall be taken as the final
test result. The test results are shown in Figure 8a,b and Table 2. According to standard
ISO 4604: 2011 [56], the coated fabric’s extension length was measured using a fixed angle
bending machine (Figure 8d), and the bending stiffness G of the coated fabric was about
3.36 mN · m according to Formula (2). YG (B) 401E Martindale wear tester is used to test the
wear resistance of infrared camouflage fabric, with reference to standard ISO12947-3 [57].
The diameter of the sample is 38 mm. Record the mass loss of the fabric when rubbing
100 times, 250 times, 500 times, 750 times, and 1000 times respectively. Calculate the wear
resistance index according to Formula (3). The results are shown in Table 3.

G = 9.81ρA (L/2) 3 (2)

where: G is the ordinary bending stiffness (mN · m), ρA is the mass per unit area (g/m2),
referring to standard ISO3374, and L is the average extension length (m).

Ai = n/∆m (3)

where Ai is the wear resistance index, the unit is times per milligram (times/mg); n is the
total friction times, unit: times; ∆m is the mass loss of the sample under the total friction
times, the unit is mg.

Polymers 2023, 15, 3055 14 of 18 
 

 

which can reduce the detected surface temperature of human skin by 6.8 °C, and can still 
reduce 3.9 °C after covering for 10 min. 

3.4. Analysis of Mechanical Properties of Phase Change Microcapsule Infrared Camouflage 
Fabric 

The tensile and tear properties of infrared camouflage fabrics are tested by universal 
strength machine (Figure 8c), with reference to standard ISO34-1 [55]. The sample size is 
200 × 50 mm, the clamping distance is 100 mm, and the tensile speed is 100 mm/min. Each 
sample shall be tested for 5 times, and the average value shall be taken as the final test 
result. The test results are shown in Figure 8a,b and Table 2. According to standard ISO 
4604: 2011 [56], the coated fabric’s extension length was measured using a fixed angle 
bending machine (Figure 8d), and the bending stiffness G of the coated fabric was about 
3.36 mN · m according to Formula (2). YG (B) 401E Martindale wear tester is used to test 
the wear resistance of infrared camouflage fabric, with reference to standard ISO12947-3 
[57]. The diameter of the sample is 38 mm. Record the mass loss of the fabric when rubbing 
100 times, 250 times, 500 times, 750 times, and 1000 times respectively. Calculate the wear 
resistance index according to Formula (3). The results are shown in Table 3. 

G = 9.81ρA (L/2) 3  (2)

where: G is the ordinary bending stiffness (mN · m), ρA is the mass per unit area (g/m2), 
referring to standard ISO3374, and L is the average extension length (m). 

Ai = n/∆m  (3)

where Ai is the wear resistance index, the unit is times per milligram (times/mg); n is the 
total friction times, unit: times; ∆m is the mass loss of the sample under the total friction 
times, the unit is mg. 

 
Figure 8. (a) Tensile strength displacement curve of infrared camouflage fabric, (b) Maximum tensile 
strength of infrared camouflage fabric, (c) Tensile strength test of infrared camouflage fabric, (d) 
Measurement of bending length of infrared camouflage fabric, (e) Soft performance display of in-
frared camouflage fabric. 

Figure 8. (a) Tensile strength displacement curve of infrared camouflage fabric, (b) Maximum
tensile strength of infrared camouflage fabric, (c) Tensile strength test of infrared camouflage fabric,
(d) Measurement of bending length of infrared camouflage fabric, (e) Soft performance display of
infrared camouflage fabric.
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Table 2. Tear strength of infrared camouflage fabric.

Load (N) Displacement (mm) Tear Strength (N)

Cotton fabric 5.4 50.05 6.63

Single layer infrared
camouflage fabric 7.5 50.05 21.31

Double layer infrared
camouflage fabric 14.5 50.05 14.67

Table 3. Wear resistance index of infrared camouflage fabric with different friction times.

Friction Times 100 250 500 750 1000

Single layer infrared
camouflage fabric 4.35 6.02 7.58 8.82 9.66

Double layer infrared
camouflage fabric 3.85 4.90 6.71 7.77 8.77

The test shows that the tensile and tear strength of infrared camouflage fabric is much
higher than that of cotton fabric. The tensile strength of double-layer infrared camouflage
fabric is the largest (810 N), but the tensile displacement is less than that of single-layer
infrared camouflage fabric. The calculation results of the fabric wear index show that the
wear indexes of the two infrared camouflage fabrics are similar, and the more times of wear,
the better the wear resistance. According to the actual picture of the fabric (Figure 8e) and
the bending length test of the material, the infrared camouflage fabric has good softness
and crimp ability. Table 4 shows the performance comparison between this material and
other infrared camouflage materials. The results show that the infrared camouflage fabric
has good mechanical properties and softness.

Table 4. Performance comparison between this material and other infrared camouflage materials.

Infrared Camouflage Materials Infrared Emissivity
(8–14 µm) Temperature Regulation Range (◦C) Tensile Strength (N)

This material 0.507
0.656 (2–22 µm) 6.8 810

Material 1 [45] 0.575 5–10
Material 2 [23] 0.795 398.4

4. Conclusions

Based on the principle of infrared camouflage and the characteristics of textile materi-
als, from the point of view of controlling the temperature of materials to achieve the purpose
of camouflage, phase change microcapsule temperature-regulating composite material with
different parameters were prepared by padding method and coating method, and their
infrared radiation performance was analyzed. The infrared camouflage textile composite
was prepared by combining phase change microcapsule material with low emissivity metal
material and using high molecular polyurethane as the matrix. The results of differential
scanning calorimetry show that the phase change microcapsules melt and absorb heat at
about 28 ◦C when heating up, and solidify and release heat at about 35 ◦C when cooling
down. The temperature rises test shows that the content of adhesive, the content of phase
change microcapsule, the thickness of the coating, and thermal conductivity have a great
influence on the temperature adjustment ability of the sample. The temperature-regulating
textile materials with phase change microcapsules were prepared by the coating method.
When the content of phase change microcapsules is 27% and the coating thickness is
1.5 mm, the performance of the sample is the best. The results of the infrared thermogram
and infrared emissivity test show that when the content of phase change microcapsule
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in the bottom layer is 27% and the content of flake copper powder in the surface layer is
20%, the double-layer coating sample has a good infrared camouflage effect. Its infrared
emissivity in the band of 2–22 µm is 0.656, covering it on the surface of the human body
can reduce the temperature to 6.8 ◦C, and effectively reduce the infrared radiation. Based
on these results, we believe that this study can provide a reference for the preparation
of infrared camouflage composite material in the laboratory and industry. The infrared
camouflage textile composite is expected to be used in military textiles such as individual
protective clothing, military tents, and equipment tarpaulins.
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Abstract: Wearable pressure sensors capable of quantifying full-range human dynamic motionare
are pivotal in wearable electronics and human activity monitoring. Since wearable pressure sensors
directly or indirectly contact skin, selecting flexible soft and skin-friendly materials is important.
Wearable pressure sensors with natural polymer-based hydrogels are extensively explored to enable
safe contact with skin. Despite recent advances, most natural polymer-based hydrogel sensors suffer
from low sensitivity at high-pressure ranges. Here, by using commercially available rosin particles as
sacrificial templates, a cost-effective wide-range porous locust bean gum-based hydrogel pressure
sensor is constructed. Due to the three-dimensional macroporous structure of the hydrogel, the
constructed sensor exhibits high sensitivities (12.7, 5.0, and 3.2 kPa−1 under 0.1–20, 20–50, and
50–100 kPa) under a wide range of pressure. The sensor also offers a fast response time (263 ms) and
good durability over 500 loading/unloading cycles. In addition, the sensor is successfully applied for
monitoring human dynamic motion. This work provides a low-cost and easy fabrication strategy for
fabricating high-performance natural polymer-based hydrogel piezoresistive sensors with a wide
response range and high sensitivity.

Keywords: pressure sensor; porous hydrogels; natural polymer

1. Introduction

Wearable pressure sensors capable of detecting human body movements are crucial in
muscle motion analysis, speech recognition, disease diagnosis, and health monitoring [1–6].
To meet diverse demands in different human body movements monitoring applications,
such as subtle joint-bending detection and heavy foot tapping monitoring, pressure sensors
are desired to possess high sensitivity over a wide sensing range. Wearable pressure sensors
have been developed based on several major sensing mechanisms, including piezoresis-
tive [7,8], capacitive [9], and piezoelectric [10] mechanisms. Among these, piezoresistive
pressure sensors based on applied pressure transduction in an electrical conductance of
sensing materials have been widely studied due to their easy signal acquisition, simple
process, and simple circuit integration [11].

Since wearable pressure sensors directly or indirectly contact skin, selecting flexible soft
and skin-friendly materials is important. Hydrogels, a kind of soft material consisting of
cross-linked networks of hydrophilic polymers in water, have drawn particular interest for
their liquid-like transport and solid-like mechanical properties [12]. There are two categories
of hydrogels: natural polymer-based hydrogels and synthetic polymer-hydrogels [12]. Natural
polymers were widely used for biomedicine and wearable electronics due to their appealing
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merits of multi-functionality, ease of accessibility, and biocompatibility. Natural polymer-
based hydrogels have high biodegradability and biocompatibility, offering a breakthrough in
wearable electronics [12–15]. Several studies reported wearable pressure sensors with natural
polymer-based hydrogels, such as the locust bean gum (LBG)-based [16], cellulosic [17], and
chitosan-based [18] hydrogels. For example, Shen et al. used a unique kind of cellulose-rich
material with high molecular weight which was isolated directly and simply from wood
through rapid dissolution in ionic liquid at temperatures above the glass transition of lignin to
prepare a macroporous, compressible lignocellulosic hydrogel [17]. The assembled hydrogel
sensors possess a wide responsive stress range (above 0.35 MPa) [17]. Yang et al. reported a
wearable pressure sensor based on a resilient, anti-fatigue and freezing-tolerant chitosan-poly
(hydroxyethyl acrylamide) double-network hydrogel [18]. The wearable sensor exhibited a
sensitive and large-range detection capacity, together with long-term stability and wide oper-
ating temperature range [18]. We also reported an elastic and biocompatible hybrid network
hydrogel by cross-linking LBG, polyvinyl alcohol (PVA), and carbon nanotubes (CNTs) [16]. A
pressure sensor with a double-rough surface of LBG-based hydrogel exhibits a high sensitivity
(20.5 kPa−1) at the low-pressure range (0.1–1 kPa). However, as the cross-linked network
structure inside the hydrogels improves their robustness, the pressure sensitivity significantly
decreases in a higher-pressure range (2.28 kPa−1, 1–10 kPa; 0.24 kPa−1, 10–100 kPa). Thus, de-
veloping wearable pressure sensors based on elastic natural polymer-based hydrogels capable
of detecting a wide pressure range while maintaining high sensitivity remains challenging.

Many reports have shown that porous structure inside elastomers can effectively dis-
tribute the applied pressure, thus increasing the sensing range of wearable pressure sensors
and improving their sensitivity at high-pressure ranges [6,19–22]. Porous elastomers are
prepared by the sacrificial template method by mixing elastomer solution with templates,
such as salt, sugar, and citric acid monohydrate, and dissolving the mixture in water after
solidifying [6,19,22–25]. For example, Sang et al. reported a porous composite foam via
a simple heat molding of conductive fillers and elastomer together with commercially
available popcorn salts followed by water-assisted salt removal [6]. Zhao et al. reported a
multilayered and graded-porosity polydimethylsiloxane/silver nanoparticle sponge, which
can be fabricated using the sacrificial template method of mixing polydimethylsiloxane
solution with citric acid monohydrate templates [19]. Lo et al. reported an elastomeric
sponge-based sensor based on a porous polydimethylsiloxane sponge, which was fab-
ricated from a sugar cube sacrificial template [24]. However, salt, sugar, and citric acid
monohydrate are soluble in hydrogels; thus, they are unsuitable for porous natural polymer-
based hydrogels. Consequently, developing porous natural polymer-based hydrogels using
a suitable and economic sacrificial template is highly desired for wearable pressure sensors.

In this study, a highly porous LBG-based hydrogel is synthesized from commercially
available rosin particles as the sacrificial template. These particles are insoluble in water but
can be leached in ethanol. For an optimized porosity of the LBG-based hydrogel, the wearable
pressure sensor based on porous LBG-based hydrogels sandwiched between two carbon cloth
electrodes can monitor a wide range of pressure with high sensitivities (12.7, 5.0, and 3.2 kPa−1

under 0.1–20, 20–50, and 50–100 kPa). The proposed sensor’s sensitivities at the high-pressure
range are superior to those of the previous hydrogel sensors. The sensor’s wide pressure
range with high sensitivities is ascribed to a three-dimensional macroporous structure with
dense large-sized pores (~100–150 µm). The sensor also offers a fast response time (263 ms)
and good durability over 500 loading/unloading cycles. Using the sensor for various human
movement applications is demonstrated as a proof-of-concept. A low-cost and facile craft
route to fabricate highly porous natural polymer-based hydrogels is provided, which can be
useful for high-performance wearable pressure sensor applications.

2. Materials and Methods
2.1. Preparation of Porous LBG-Based Hydrogels and Original LBG-Based Hydrogels

Porous LBG-based hydrogels were prepared by mixing 4 g PVA (1750 ± 50, Shanghai
Yuanye Bio-Technology Co., Ltd., Shanghai, China), 300 mg CNTs (XFNANO Materials
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Tech Co., Ltd., Nanjing, China), and 40 mL deionized water. The mixture was heated to
100 ◦C under vigorous stirring until fully dissolved PVA. Then 1 g LBG (Aladdin, Shanghai,
China) was added to the mixture. The rosin particles and the mixture solution were stirred
at specific ratios until reaching homogeneous dissolution. The mixture was transferred to
an environmental cabinet at −20 ◦C for 12 h to form LBG/PVA/CNTs/rosin hydrogels.
The hydrogels were immersed in ethanol for 24 h to dissolve rosin particles.

Original LBG-based hydrogels were prepared by mixing 4 g PVA (1750 ± 50, Shanghai
Yuanye Bio-Technology Co., Ltd.), 300 mg CNTs (XFNANO Materials Tech Co., Ltd.), and
40 mL deionized water. The mixture was heated to 100 ◦C under vigorous stirring until
fully dissolved PVA. Then 1 g LBG (Aladdin) was added to the mixture. The mixture was
transferred to an environmental cabinet at −20 ◦C for 12 h to form LBG/PVA/CNTs hydrogels.

2.2. Materials Characterization

The hydrogels’ microstructure was examined by a scanning electron microscope (SEM,
Zeiss Crossbeam 350 Germany). The porosities of the porous hydrogels was examined by
an X-ray microscope (XRM, Zeiss, Xradia 520 Versa, Germany). In brief, 3D CT images
of the hydrogels were obtained by XRM and the porosities of the porous hydrogels can
be identified in the 3D CT images by different contrast automatically by Dragonfly Pro
software. The compressive mechanical properties of porous hydrogels were tested by ZQ-
990LB (China) equipped with a force gauge (maximum force: 100 N). The compressive tests
were performed on a cylindrical sample (diameter: 1 cm, height: 4.13 mm) at 10 mm min−1.
The weight retention test was conducted at 25 ◦C and 15% humidity.

2.3. Electrical Characterization

Hydrogels were tailored into 1 cm × 1 cm square pieces. The sensors with hydrogels
sandwiched between two carbon cloth electrodes are fabricated. To evaluate the pressure
sensing performance, a testing machine ZQ-990LB equipped with a force gauge (maximum
force: 100 N) was used to apply pressure to the device, and the corresponding current
signals were collected by a digital source meter (Keithley 2635B, America) at the working
voltage of 1.5 V.

3. Results and Discussion
3.1. Fabrication and Characterization of Porous and Original Hydrogels

The fabrication process of porous hydrogels is schematically illustrated in Figure 1. The
processes start with PVA and CNTs dissolved in deionized water, followed by the addition
of LBG. This mixture solution and rosin particles were mixed under continuous stirring until
reaching homogeneous dispersion. The hydrogels were formed by freezing the mixture.
Since the rosin particles were barely soluble in ethanol, their amount in the hydrogels was
well preserved. Removing the rosin particles with ethanol resulted in a highly porous
structure with pore sizes similar to the grain size of rosin particles. The procedure involved
a simple hand mixing of LBG, CNTs, and PVA with low-cost rosin in non-toxic solvents.
Based on different grain sizes of rosin particles, porous structures with various geometries
can be achieved, which may influence the mechanical and piezoresistive properties of the
hydrogels. Here, common commercial rosin particles with sizes of 100–150 µm (Figure S1,
Supporting Information) were used as an example to demonstrate the method’s feasibility.
For comparison, original hydrogels were also prepared by a similar method without
introducing rosin particles. The major interactions in the hydrogels are illustrated in our
previous work [16]. The high mechanical strength and elasticity of PVA made it a useful
primary polymer network. The LBG and PVA molecules containing large numbers of
hydrogen bonds directly formed intra- and inter-hydrogen bonds. CNTs were essential for
constructing a conductive 3D network.
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Figure 1. Schematic illustrations of the porous hydrogels’ fabrication process.

The microstructure of the hydrogels is observed by SEM (Figure 2a,b). A few cracks
and small pores (sub 10 µm level, red circle) are visible in the cross-sectional images of the
original hydrogels (Figure 2a). In contrast, the porous hydrogels show a different porous
morphology with large pore sizes (100–150 µm) agree with the grain size of rosin particles
(Figure 2b). XRM evaluates smaller micropore sizes in porous hydrogels. The tomography
of 100 × 100 × 100 µm3 highlights three-dimensional morphological features of porous
hydrogels and the sub 10 µm level pores (Figure 2c). The SEM and XRM results suggest
that both sub 10 µm level pores and 100–150 µm level pores are inside the porous hydrogel.
Due to three-dimensional macroporous structures, the porous hydrogels demonstrated
promising compressive elasticity that can be compressed and recovered to the original
shape after releasing the compressive force (Figure 2d).
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Figure 2. Cross-sectional SEM images of (a) original and (b) porous hydrogels. Small pores (sub
10 µm level) are marked with red circle in (a). Large pore (100–150 µm) are marked with red circle
in (b). (c) X-ray microtomography of porous hydrogels. (d) The compressive recovery behavior of
porous hydrogels. (e) The porosity of hydrogel A, B, and C. (f) Compressive stress–strain curves of
all three hydrogel samples. (g) Weight variation of hydrogel B at 25 ◦C and 15% humidity.
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The weight fraction of rosin particles in the mixture (LBG, PVA, CNTs, deionized
water, and rosin particles) essentially controls the porosities of the porous hydrogel, where
rosin particles are dissolved after soaking in ethanol solution. XRM is also employed to
evaluate the porous hydrogels’ porosity. Figure 2e shows a concomitant increase in porosity
with the weight fraction of rosin particles: 12.8% for the hydrogel with 0.5% weight fraction
of rosin particles (denoted as hydrogel A), 15.7% for the hydrogel with 1.5% weight fraction
of rosin particles (denoted as hydrogel B), and 22.4% for the hydrogel with 3.0% weight
fraction of rosin particles (denoted as hydrogel C).

To investigate the influence of porosity on mechanical softness, typical stress–strain
curves of porous hydrogels from compression are depicted in Figure 2f. The higher porosity
suggests that more pores are closed under pressure, and stiffness decreases. Thus, when
the porosity increases from 12.8% to 15.7%, the compressive strain at a compressive stress
of 1.35 MPa increases from 50.7% for hydrogel A to 61.8% for hydrogel B. However, when
the porosity increases to 22.4%, the compressive strain of hydrogel C decreases to 58.1%,
attributed to the residual rosin particles in hydrogel C (Figure S2, Supporting Information),
which are not completely removed by ethanol.

Moreover, the long-term stability of hydrogels is still a challenge to be addressed.
The weight retention of hydrogel B was measured with the weight ratio of Wt (weight of
hydrogel B at time t) and W0 (the initial weight of hydrogel B) at 25 ◦C. As shown, hydrogel
B maintains approximately 96.6% of its initial weight after 7 days of storage, indicating the
desirable durability of hydrogel for long-term use (Figure 2g).

3.2. Sensing Performance of the Sensors

The three-dimensional macroporous structure of porous hydrogels using rosin par-
ticles as the sacrificial template demonstrates exceptional compressive elasticity and a
high-compressive strain, enabling their potential application as piezoresistive pressure
sensors. The piezoresistive sensors with original or porous hydrogels sandwiched between
two carbon cloth electrodes were fabricated and investigated under compressive pressure
stimuli. The sensitivity (S) is defined as S = δ((I − I0)/I0)/δP, where I0 is the baseline
current under no pressure, I is the responsive current under applied pressure, and P is the
applied pressure [16].

The response curves of sensors are plotted in Figure 3a. Comparing the sensors with
original hydrogels and porous hydrogels reveals that the sensor with original hydrogels
exhibits a relatively low current change in response to pressure. The improved sensing
performance of porous hydrogel sensors (hydrogels A, B, C) suggests that the macroporous
hydrogel structure endows the sensor to respond to pressure more effectively. Moreover,
the sensor’s sensitivity and measurement range depend on the hydrogels’ porosity. Com-
pared with the sensor with hydrogel A (12.8% porosity), the sensor with hydrogel B (15.7%
porosity) exhibits a greater current change in response to pressure. The higher porosity
could further increase the current by forming more current paths with increased pressure.
However, the monotonous increase in the porosity of a porous structure cannot automati-
cally improve the sensitivity. The lower sensitivity of the sensor with hydrogel C (22.4%
porosity) is observed compared with that of the sensor with hydrogel B (15.7% porosity).
This is because residual rosin particles increase gradually with increased rosin content
(Figure S2, Supporting Information). Due to the residual rosin particles, the stiffness of
hydrogel C increases (Figure 2f), generating fewer current paths under the same pressure
as hydrogel B. Thus, the complete dissolution of rosin particles and the formation of an
effective porous structure is formed from 1.5% to 3.0% rosin in the mixture (LBG, PVA,
CNTs, deionized water, and rosin particles); however, the further addition of rosin particles
lowers the sensors’ performance.
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Figure 3. (a) The relative current changes for the sensors with original hydrogels and hydrogels A, B,
and C; the slope of the curve indicates sensitivity. (b) Detection range and sensitivity of our sensor
with hydrogel B in comparison with other piezoresistive sensors based on hydrogels as reported in
references [16,26–30]. (c) The relative current changes for the sensor with hydrogel B under low serial
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the sensor with hydrogel B at 3 kPa for 500 cycles.

Based on the lowest stiffness of hydrogel B, the sensor monitors pressure more sen-
sitively over the wide pressure range. In the pressure range below 20 kPa, the sensor
shows a high sensitivity of 12.7 kPa−1. It shows a slightly lower sensitivity of 5.0 kPa−1 in
the 20–50 kPa pressure range and maintains a 3.2 kPa−1 in the 50–100 kPa. Compared to
our previously reported sensors (double-rough surface LBG/PVA/CNTs hydrogel) [16],
the hydrogel B-based sensor exhibits better sensitivity over a wide linear detection range
(Figure 3b). For example, the sensitivity of this sensor at low pressure (12.7 kPa−1, 1–20 kPa)
is higher than that of a double-rough surface LBG/PVA/CNTs hydrogel-based sensor
(2.28 kPa−1, 1–10 kPa). The sensitivity detection range of the sensor based on hydro-
gel B (1–20 kPa) is much wider than that of the double-rough surface hydrogel sensor
(1–10 kPa). Furthermore, the sensitivities of this sensor at a high-pressure range
(50–100 kPa) are 13.3-fold higher than that of the sensor with double-rough surface
LBG/PVA/CNTs hydrogel. These results indicate that porous structure can improve
sensitivity and the detection range simultaneously, and it is crucial in the sensor’s response
to high pressure. Compared to other hydrogel-based sensors [16,26–30], our sensor’s sensi-
tivities at the high-pressure range are superior to those of the previous hydrogel sensors
(Figure 3b).

Due to its high sensitivity and wide sensing range, the hydrogel B-based sensor
was selected for subsequent experiments. To verify the reliability of the sensor, different
dynamic pressures were applied. Figure 3c,d shows that the increased applied pressure
simultaneously raises the current response. Hence, the sensor can accurately distinguish
between different levels of force in the pressure range of 0.1–2 kPa (Figure 3c) and 5–100 kPa
(Figure 3d). Additionally, it shows a detection limit of 100 Pa. The response/relaxation
time of the device was also analyzed. The proposed sensor immediately responds when
a key is placed on it. The response and recovery time is 263 and 315 ms, respectively
(Figure 3e). Durability is a critical aspect for wearable piezoresistive sensors. In order to
test the durability of hydrogel B-based sensor, 500 loading/unloading cycles at 3 kPa and
20 kPa were performed. The results are shown Figures 3f and S3 (Supporting Information),
which indicates the long-term durability and stability of hydrogel B-based sensor. We also
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compared the response time, detection limit, and durability of our sensor and those of the
previous hydrogel sensors [16,26–30] (Table S1, Supporting Information). Further studies
are needed to improve the response time, detection limit, and durability of our sensor.

3.3. The Sensing Mechanism of the Sensor

The above results indicate that the sensor with porous hydrogels effectively responds
to pressure more than original hydrogels. Small pores (sub 10 µm level) are present in
original and porous hydrogels. However, there is a visible difference between the two
hydrogels at high pressure (Figure 4a,b). Original hydrogels with small pores are highly
compact at low pressure, and consequently, the changes in conductive pathways are
minimal under compression (Figure 4a). In contrast, porous hydrogels with both small and
large pores (100–150 µm) allow more compaction and maintain high piezoresistivity due to
forming more conductive pathways under increased pressure (Figure 4b). The structure
of porous hydrogels with dense large-sized pores facilitates the closure of large pores at a
high-pressure range, allowing the measurement of high pressures.
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The schematic pressure-sensing models of porous hydrogels sandwiched between two
carbon cloth electrodes are illustrated in Figure 4c. The deformation of hydrogel B and the
carbon cloth and the changing processes of the contact points under external force are also
presented in Figure 4c. When low pressure (0.1–20 kPa) is applied to the sensor, the pores
are squeezed to a high degree, forming many conductive paths in hydrogel B. Therefore,
the output signal changes significantly, contributing to a high sensitivity of 12.7 kPa−1 in
the low-pressure range. When pressure increases to a medium range, the deformation
of the pores in hydrogels reaches saturation, while the contact area between the carbon
cloth and hydrogels increases. At this stage, the decreasing rate in the total resistance of
the sensor slows down, and the sensitivity decreases to 5.0 kPa−1 (20–50 kPa). A further
increase in pressure compresses the carbon fiber in carbon cloth, thereby reducing the
resistance. At this stage, the sensor only has a lower sensitivity of 3.2 kPa−1 in the pressure
range of 50–100 kPa.

3.4. Applications of the Sensor

The good performances of the proposed sensor have potential prospects in many
application fields, including wearable electronic products and human activity monitoring
systems. We further demonstrate that the sensor’s response based on hydrogel B is poten-
tially useful in practical applications. The sensor is attached to each joint to monitor the
finger (Figure 5a), wrist (Figure 5b), and elbow bending (Figure 5c). The signal waveform
remains consistent under the same bending angle, while a significant change in current
is observed with different joint-bending angles. The pressure produced by joint bending
increases with the bending angle; therefore, when the bending angle increases, the sensor
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generates stronger signals, thus increasing the variation. The sensors are attached to the
fingers to simulate touch sensation. Figure 5d shows that the sensor is attached to the index
finger. The changes in pressure signals are observed when standard weights of 1, 2, 5, 10,
and 20 g are held by hand in sequence. The sensor easily measures the force applied by
the finger, suggesting that the sensor can play an important role in the tactile perception
of the manipulator. Furthermore, the sensor can also monitor human microexpression
attached near the eyes (Figure 5e), and the eye-opening/closing states are identified with
good sensitivity. Interestingly, the sensors could distinguish different handwriting samples
(Figure 5e). Due to the difference in writing power and direction, the handwriting samples
of 1, 2, 3, 4, and 5 differ in number and peak shape, presenting an opportunity to realize
handwriting anti-counterfeiting applications. Foot-stepping pressure is important infor-
mation in biomechanics, healthcare, recovery, and diagnosis, especially for athletes who
exercise extensively, teenagers in development, and patients suffering from Parkinson’s
disease or diabetic foot ulcers [19]. Figure S4 (Supporting Information) shows the foot-
stepping pressures detected by using the sensor. Because of the broad measuring range,
the sensor can detect different stepping intensities, such as the weak step and the heavy
step. The result demonstrates the sensor has potential applications in footwear electronics.
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An individual pressure sensor only provides limited information due to its low cover-
age area and integrated properties. Individual hydrogel B was integrated into a 3 × 3 pixel
sensor array on a polyethylene terephthalate (PET) substrate to perceive the spatial distri-
butions of pressure by employing silver glue to connect with the copper foil as the electrode
(Figure 6). The 3 × 3 pixel sensor array was connected to a signal management circuit
(Figure S5, Supporting Information), which included a micro-controller unit, an analog-to-
digital converter (ADC), channel selection, and communication interface. Using the circuit
diagram shown in Figure S5, the real-time signal can be transmitted to a computer via a
communication interface. In this process, by applying pressure on the sensor array, the
electrical resistance of the on-site sensor changes and the responsive current under applied
pressure is recorded, generating the color contrast mapped with local pressure distribution.
When two fingers are pressed on the sensor array (Figure 6a,b), the position and pressure of
the finger are accurately determined through the responsive current changes (Figure 6c,d),
consistent with the finger position. These results suggest the potential of the sensor arrays
in E-skin devices for next-generation wearable electronics.
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4. Conclusions

A simple, environment-friendly, low-cost, high-performance wearable piezoresistive
pressure sensor has been developed using a highly porous LBG-based hydrogel. By tuning
the porosity of porous LBG-based hydrogel (12.8%, 15.7%, 22.4%), the hydrogel with a
porosity of 15.7% demonstrates excellent sensing performance. The porous LBG-based
hydrogel offers a wide pressure detection range with high sensitivities (12.7, 5.0, and
3.2 kPa−1 under 0.1–20, 20–50, and 50–100 kPa), a fast response time (263 ms), and good
durability over 500 loading/unloading cycles. These excellent properties are ascribed
to the three-dimensional macroporous structure formed with dense large-sized pores
(100–150 µm), facilitating the compression of large pores over a wide pressure range.
Additionally, the sensor has promising practical applications in monitoring and identifying
human activities. Their sensitivity and wide-range properties endow the porous LBG-
based hydrogel with great potential for application in various wearable sensors. This work
provides a good strategy for fabricating high-performance wearable pressure sensors in
human motion monitoring with high sensitivity over a wide response range.
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cial rosin particles; Figure S2: Cross-sectional SEM image of hydrogel C; Figure S3: Stability of the
sensor with hydrogel B at 20 kPa for 500 cycles; Figure S4: Pressure signals when a foot steps on
and steps off; Figure S5: A schematic diagram of a sensor array with a signal management circuit
system; Table S1: Response time, detection limit, and durability of our sensor in comparison with
other piezoresistive sensors based on hydrogels as reported in references.
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Abstract: In this study, Sylgard 184 silicone rubber (SylSR) matrix composites with shear thickening
fluid (STF) microcapsules (SylSR/STF) were fabricated. Their mechanical behaviors were character-
ized by dynamic thermo-mechanical analysis (DMA) and quasi-static compression. Their damping
properties increased with the addition ofSTF into the SR in DMA tests and the SylSR/STF composites
presented decreased stiffness and an obvious positive strain rate effect in the quasi-static compression
test. Moreover, the impact resistance behavior of the SylSR/STF composites was tested by the drop
hammer impact test. The addition of STF enhanced the impact protective performance of silicone
rubber, and the impact resistance increased with the increase of STF content, which should be ascribed
to the shear thickening and energy absorption of STF microcapsules in the composites. Meanwhile, in
another matrix, hot vulcanized silicone rubber (HTVSR) with a mechanical strength higher than Syl-
gard 184, the impact resistance capacity of its composite with STF (HTVSR/STF) was also examined
by the drop hammer impact test. It is interesting to note that the strength of the SR matrix obviously
influenced the enhancement effect of STF on the impact resistance of SR. The stronger the strength of
SR, the better the effect of STF on improving the impact protective performance of SR. This study not
only provides a new method for packaging STF and improving the impact resistance behavior of SR,
but is also beneficial for the design of STF-related protective functional materials and structures.

Keywords: shear thickening fluid; silicone rubber; microcapsule; impact resistance behavior

1. Introduction

Shear thickening fluid (STF), as a lightweight, intelligent, and efficient impact pro-
tective material, has attracted much research interest [1,2]. It is a solid–liquid suspension
system composed ofa high concentration of particles and liquid oligomers. In the steady
state, STF appears as a viscous liquid with fluidity, but its viscosity will increase sharply to
a solid-like state after being impacted. This liquid–solid conversion is rapid and reversible,
accompanied by a large amount of impact energy dissipation. The various mechanisms of
the shear thickening phenomenon, such as order-disorder transition theory, hydro-cluster
theory, jamming theory, and friction contact theory, have been proposed by researchers [3,4].
Moreover, the reasons for energy dissipation of STFs under impact loading have been con-
sidered to be viscous damping [5], fraction between clusters [6], cracking of the jammed
network [7,8], and extrusion deformation, cracking, and crushing of particles under high
impact pressure [9,10]. Due to their flexible and excellent energy absorption properties,
STF-treated high-performance fabrics such as Kevlar and UHMWPE have attracted much
attention in applications of body protection and exhibit enhanced bullet-proof and stab-
resistant properties [11–13].

Since STFs are liquids without a fixed three-dimensional shape under normal con-
ditions and are sensitive to the environment due to their easy moisture absorption, they
need to be properly encapsulated in practical applications. To encapsulate STFs, Zhang
et al. added a small amount of polyethylene imine into STF and dripped it into an MDI
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isocyanate prepolymer, and then prepared polyurea-walled macroscopic STF capsules [14].
Zhang Xin et al. further developed three methods to prepare STF microcapsules and re-
alized the reinforcement of the polyurea shells [15]. Liu et al. added a sodium alginate
solution and Span 20 to the STF paraffin solution containing Span 80, then the mixture was
dropped into anhydrous calcium chloride aqueous solution using a syringe to prepare STF
capsules [16]. Kaczorowski et al. adopted polypropylene glycol diacrylate as a monomer to
prepare a slightly crosslinked shear thickening liquid organic gel and then embedded it into
the uncured polyurethane mixture to form STF/polyurethane elastomer composites [17].
Soutrenon et al. used the vacuum resin infusion method to infiltrate STFs into foam and
then covered the outer layer with silicone rubber to achieve the encapsulation of STF/foam
composites [18].

Silicone rubber (SR) is a potential material for packaging and storing STFs due to
its good barrier performance against water and air and chemical inertness to STFs [19].
Meanwhile, because of its excellent mechanical properties such as high elasticity, low
impedance, viscoelasticity, low-temperature resistance, aging resistance, and flexibility,
silicone rubber is often used as an impact energy absorption material in the weapon,
shipping, electronics, and machinery industries [20]. Developing methods to improve the
impact energy absorption performance of silicone rubber materials also has important
practical significance in promoting the application of silicone rubber for impact protection.

In our previous work, the impact protective property of the SR matrix composites
with shear thickening fluid microcapsules was studied under high-strain-rate loadings.
It was found that this composite was a promising flexible material for impact protection
due to its flexibility at a low strain rate (10−3 s−1) but higher stiffness at a high impact
loading rate (3500 s−1) [21]. In this work, their mechanical properties were characterized by
dynamic thermo-mechanical analysis (DMA) measurements, quasi-static compression tests,
and drop hammer impact tests. It was found that the addition of STFs can improve the
impact protection performance of silicone rubber and the impact resistance increased with
the increase of STF content. The composites presented decreased stiffness and an obvious
positive strain rate effect in the quasi-static compression test. Notably, the strength of the
silicone rubber matrix influenced the enhancement effect of STFs on the impact resistance
of silicone rubber.

2. Materials and Methods
2.1. Materials

Tetraethoxysilane (TEOS, 99.9%) and ammonia water (NH3·H2O, 25–28%) were pur-
chased from Chengdu Kelong Chemical Reagent Co., LTD. Ethanol (EtOH, 96%) and
polyethylene glycol (PEG, Mw = 200) were both purchased from China Sinopharm Chemi-
cal Reagent Co., LTD. Sylgard 184 silicone elastomer kit, consisting of a base agent (part A)
and a curing agent (part B), is a kind of hydro-silylated liquid silicone rubber purchased
from Dow Corning Co., LTD. Methyl vinyl silicone rubber (MVMQ, 110-2, Mw = 6.4 × 105),
which contains 0.17 mol% vinyl groups on the backbone chain, was commercially ob-
tained from Dongjue Fine Chemicals (Nanjing). Hydroxyl silicone oil (GY-209-3) was
provided by the Chenguang Research Institute of Chemical Industry, China. Dicumyl
peroxide (DCP), a vulcanized agentof hot vulcanized silicone rubber, was purchased from
Aladdin. The reinforcing filler fumed silica (AS200, hydrophilic) was obtained from Evonik
Degussa, Germany.

2.2. SiO2 Preparation

SiO2 was synthesized by a modified Stöber method as follows. Firstly, 16.25 mL
ethanol, 9.0 mL ammonia, and 24.75 mL water were introduced into a beaker under
magnetic stirring at 800 rpm at room temperature. Then, a mixture of 6 mL TEOS and
44 mL ethanol was quickly added to the breaker. After 5 min, the stirring speed was
changed to 400 rpm, and the reaction was maintained for 2 h. Finally, the ethanol in the
solution was removed under vacuum and the SiO2 was obtained.
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2.3. STF Preparation

The STF was prepared by dispersing SiO2 into a solution of PEG/ethanol under
sonication mixing for 4 h, and the amounts were set to be 68:32:600 (weight by weight,
w/w) of SiO2/PEG/ethanol. After homogeneous mixing, the ethanol was removed by
rotary evaporation, and the viscous STF composed of PEG and SiO2 was finally obtained.

2.4. SR/STF Composites Preparation

The SR/STF composites were fabricated by emulsifying the STF in silicone rubber and
then vulcanizing the mixture. The schematic diagram for preparing the SR/STF composites
is depicted in Figure 1.
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Figure 1. Schematic diagram for preparing the SR/STF composites.

In detail, when Sylgard 184 silicone rubber was used as the matrix, a certain amount
of the STF was added into Sylgard 184 silicone rubber (mA:mB = 10:1) and mechanically
mixed at 300 rpm for 5 min, and then defoamed by a vacuum oven. After that, the mixture
was poured into a mold and cured in an air-dry oven at 80 ◦C for 2 h, then SylSR/STF
composites were obtained. The mass fractions of the STF in the SylSR/STF composites
were 0%, 10%, 20%, 30%, and 40%, respectively. For brevity, they were abbreviated as SylSR,
SylSR/STF-10, SylSR/STF-20, SylSR/STF-30, and SylSR/STF-40, respectively.

In addition, the hot vulcanized silicone rubber was also adopted as another silicone
rubber matrix. The hot vulcanized silicone rubber/STF composite was prepared by ho-
mogeneously mixing the hot vulcanized rubber component (methyl vinyl silicone rubber,
fumed silica, hydroxyl silicone oil, and DCP with a weight ratio of 100:40:4:2) with STF
using a double-roller mixing machine. Then, they were vulcanized in a flat vulcanizing
machine at 165 ◦C for 12 min and the hot vulcanized silicone rubber matrix composites
with shear thickening fluid microcapsules were prepared, marked as HTVSR/STF. The
vulcanized silicone rubber materials without the STF were also prepared by the same
method, and it was labeled as HTVSR.

2.5. Characterization

The microstructural characteristics of SiO2 were analyzed by field-emission scanning
electron microscopy (FE-SEM, UItra55, Carl Zeiss Ltd., Oberkochen, Germany) at a 10 KV
acceleration voltage and attenuated total reflection-Fourier transform infrared spectroscopy
(ATR–FTIR, Nicolet 800, Thermo Fisher Scientific, Waltham, MA, USA) at a resolution of
4 cm−1 for a total of 32 scans with a scan wave between 400 and 4000 cm−1. The particle-
size distribution was analyzed by Image J. The rheological properties of the STF and PEG
were tested using a Kinexus Pro rotary rheometer (Malvern, UK). The diameter of the
lamina was 40 mm with a cone angle of 1◦. The spacing was 0.03 mm, and the temperature
was 25 ◦C. The microstructures of the composites were characterized using a Axio Lab.A1
(Zeiss, Jena, Germany) optical microscope (OM) with a CCD Camera and FE-SEM. The
dynamic thermo-mechanical properties were analyzed using a DMA Q800 (TA, New Castle,
DE, USA) in compression mode. It was a cylindrical sample with a 13 mm diameter and
3 mm height. In temperature scan tests, the temperature range was −50~150 ◦C, with a
heating rate of 5 ◦C/min, frequency of 1 Hz, and amplitude of 5 µm. In frequency scan tests,
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the frequency range was 0.1–200 Hz, with a temperature of 25 ◦C and an amplitude of 5 µm.
The quasi-static uniaxial compression tests were carried out on Instron-5582 electronic
universal testing machine at room temperature. The samples were in cylindrical sizes with
a diameter of 29 mm and a height of 12.5 mm. The loading rates of the test were set to be 0.5,
5, 50, and 200 mm/min, respectively, which corresponded to the quasi-static engineering
strain rates of 0.00067 s−1, 0.0067 s−1, 0.067 s−1, and 0.267 s−1, respectively. The maximum
engineering strain of the compressed specimen was about 0.6. The drop weight impact tests
were used to evaluate the impact resistance behavior of materials and conducted on the
drop hammer impact tester conforming to the EN1621-1-2012 standard [22]. The samples
were in rectangular blocks with sizes of 150 mm × 100 mm × 4.80 mm (length × width
× thickness). The drop hammer weight was 4.977 kg, the fall height was 42.6 cm, and the
impact energy was 20 J.

3. Results and Discussion
3.1. Microstructural Characteristics of SiO2

The microstructure of the SiO2 particles and their size distribution was investigated by
SEM. As shown in Figure 2a, the SiO2 particles were nearly spherical monodisperse with
an average size of about 300 nm. The surface state of SiO2 particles was characterized via
FTIR, and its typical absorbance spectra curve is shown in Figure 2b. The peaks at 794 cm−1

and 1058 cm−1 were assigned to the symmetric and asymmetric stretching vibrations of
Si-O-Si bridges, respectively. The broad peak between 3700 cm−1 and 2800 cm−1 was the
stretching vibration of Si-OH groups [23]. This result indicates that the SiO2 prepared in
this work is hydrophilic.
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3.2. Rheological Behavior of STF

Figure 3 presents the rheological behavior of the as-prepared STF and PEG. As a
Newtonian fluid, PEG exhibited the same low viscosity value (0.5 Pa·s) at different shear
rates. In contrast, the STF showed a shear thinning at low shear rates with the viscosity
value decreasing from the initial 318 Pa·s to 6 Pa·s, while when the shear rate increased
beyond the “threshold” of 13 s−1, the viscosity increased steeply into 381 Pa·s and the
STF became extremely viscous. Note that this was not the highest viscosity value for
STF; the experiment was stopped automatically at higher strain rates and the viscosity
values were not recorded due to the self-protection of the rheometer from high torque
forces. This is the typical curve of a discontinuous shear thickening fluid according to
previous reports [2,5]. Hence, it should be concluded that the as-prepared STF will undergo
a liquid–solid conversion and then dissipate impact energy under the impact loading.
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3.3. Microstructure of SylSR/STF Composites

The microstructure of the SylSR/STF composites was first characterized using an
optical microscope. As can be seen from the optical microscopy photos in Figure 4, STF
was dispersed in the silicone rubber matrix in the form of spherical microcapsules for
all the SylSR/STF composites. The microcapsules in all SylSR/STF composites had a
wide diameter distribution from 5 to 25 µm. In particular, the mean diameters of the STF
microcapsules for SylSR/STF-10, SylSR/STF-20, SylSR/STF-30, and SylSR/STF-40 were
13.7 ± 5.0, 13.2 ± 4.2, 13.4 ± 4.5, and 10.2 ± 2.1 µm, respectively. To further investigate
the STF microcapsules, the SylSR/STF composites were made brittle and broken using
liquid nitrogen, and then their fracture surface properties were investigated by FE-SEM. As
shown in Figure 5, silica microspheres in the matrix of silicone rubber exhibited a state of
aggregation rather than the average distribution state. In particular, it was observed that the
silica microspheres were in STF microcapsules (Figure 5b). Therefore, the results indicate the
composites prepared in this work were indeed composed of STF microcapsules and silicone
rubber matrix, rather than a simple homogeneous mixture of SiO2, PEG, and silicone rubber.
Since SiO2 microspheres and PEG, the components of the STF, are hydrophilic, the STF itself
is a hydrophilic liquid. Considering the hydrophobicity of silicone rubber, a water-in-oil
emulsion would be formed when the STF and silicone rubber are mixed under mechanical
stirring [24]. Then, the water-in-oil configuration could be fixed with the help of the silicone
rubber curing process, which resulted in the microstructure formation of STF microcapsules
in the silicone rubber matrix.
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enlarged image of a STF microcapsule.

3.4. Mechanical Properties and Impact Resistance Behavior of SylSR/STF Composites

Dynamic thermo-mechanical analysis (DMA) measurements were used to investigate
the damping properties by calculating the damping factor Tan δ of the SylSR/STF compos-
ites at different temperatures and frequencies, and the results are shown in Figure 6. It was
found that the values of Tan δ for SylSR/STF-30 and SylSR/STF-40 were higher than that of
silicone rubber in the temperature range of −50~150 ◦C. In addition, at the tested frequency
range, 0.1–200 Hz, when the weight fractions of the STF were 10% and 20%, the values of
Tan δ of the SylSR/STF composites were slightly lower than silicone rubber. When the mass
fractions of the STF were increased to 30% and 40%, the Tan δ values of the SylSR/STF
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composites were greatly increased. Based on these results, it was concluded that STFs could
markedly improve the damping properties of silicone rubber, which means that SylSR/STF
composites have a better protection ability than silicone rubber itself when they are applied
in changeable temperature environments and complex impact frequency domains.
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Figure 6. (a) Tan δ versus temperature curves and (b) Tan δ versus frequency curves of
SylSR/STF composites.

The mechanical behavior of the SylSR/STF composites under low strain rates was stud-
ied using compression tests on a universal testing machine. The engineering stress–strain
relationships of the SylSR/STF composites under loading rates ranging from 0.5 mm/min
to 200 mm/min are shown in Figures 7 and 8. The results indicate that all the five kinds of
composites show nonlinear elasticity for strains smaller than 60%. In addition, at the same
strain, the stiffness increased with the increase of strain rate, as shown in Figure 7, indicat-
ing an obvious positive strain-rate sensitivity of the SylSR/STF composites. As shown in
Figure 8, the stiffness of the composite decreased with the increasing mass fraction of the
STF microcapsules under low strain rates. According to the mechanical behavior of the STF,
below the critical strain rates of the STF it acts as liquid and exhibits slight shear thinning
behavior, leading to the weakening effect when its content increases. The lower stiffness
of the composite indicates the higher flexibility of the material with the increasing mass
fraction of the STF microcapsules, which is strongly required for the design of soft impact
protective structures [25].

The dynamic impact experiments conducted on drop hammer impact tester were
used to evaluate the impact resistance behavior of SylSR/STF composites under low-speed
impacts. In these experiments, two different kinds of silicone rubber, i.e., hydro-silylated
liquid silicone rubber (Sylgard 184) and hot vulcanized silicone rubber (HTVSR), were
used as the matrix of the SylSR/STF composites. The experiments were conducted with
the same 48 kN initial impact force, and the contact forces tested behind the specimens
were adopted to evaluate their impact resistance behaviors. Every specimen was tested at
least three times. Figure 9a shows the results of the average value of contact force for the
different tested specimens.
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For the SylSR/STF composites, with the increase in the STF mass fraction, the contact
force was reduced. When the fraction of the STF increased to 30%, the contact force was
reduced by 8.3%, from 24.54 kN to 22.52 kN; the typical curves are presented in Figure 9b.
This result indicated that the STF can enhance the impact resistance properties of silicone
rubber, and the higher the mass fraction of the STF in SylSR/STF composites resulted in
a better impact protection effect. Since it was reported that the shear thickening effect of
STFs can dissipate impact energy, with an increase in the STF fraction, more energy would
be absorbed [5,9,13]. Therefore, SylSR/STF-30 presented a lower value of contact force
compared with SylSR itself.

To further evaluate the effect of the mechanical strength of the silicone rubber matrix
on the impact resistance of composites with STF microcapsules, another silicone rubber,
HTVSR, was selected as a matrix. The mechanical strength of the HTVSR matrix is higher
than that of the Sylgard 184 silicone rubber matrix in the SylSR/STF composites [26]. The
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HTVSR/STF composites presented a significant decrease in the value of the contact force.
Their data are also shown in Figure 9a and their typical curves are shown in Figure 9b. The
value of the contact force for HTVSR/STF-30 was reduced by 25.6% in comparison with
HTVSR, from 21.04 kN to 15.65 kN, and the contact force reduction degree for HTVSR/STF-
30 in comparison with HTVSR was almost four times of that of SylSR/STF-30 in comparison
with SylSR. Hence, it can be concluded that the strength of the silicone rubber matrix has an
obvious influence on the effect of improving the impact protective performance of silicone
rubber with the addition ofSTF. The stronger the strength of the silicone rubber, the better
the effect of STF on improving the impact-protective performance of the composites. The
enhancement effect of STF on the impact resistance of silicone rubber composites should
be ascribed to the shear thickening and the energy absorption of STF microcapsulesunder
external force impact, which are influenced by the strength of the silicone rubber.

4. Conclusions

In this work, SR/STF composites were successfully prepared by a simple mechanical
mixing and curing process. STF was dispersed in a silicone rubber matrix in the form of
microcapsules, and the mechanical test results showed that the STF improves the impact
resistance behavior of silicone rubber. The specific conclusions are as follows:

(1) The damping properties of silicone rubber can be enhanced by the addition of STF
and the increase of the fraction of the STF increases the value of Tan δ.

(2) The SR/STF composites presented decreased stiffness and an obvious strain rate effect
at low strain rates (from 0.5 mm/min to 200 mm/min) in quasi-static compression
experiments.

(3) The addition of STF can improve the impact protection performance of silicone rubber
and the impact resistance increased with the increase in the STF mass fraction.

(4) The enhancement effect of STF on the impact resistance of silicone rubber is influenced
by the strength of the silicone rubber matrix. The stronger the strength of silicone
rubber, the better the effect of STF on improving the impact protective performance of
the silicone rubber.
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Abstract: To examine the interactions between two binder systems—hydroxyl-terminated polybuta-
diene (HTPB) and hydroxyl-terminated block copolyether prepolymer (HTPE)—as well as between
these binders and ammonium perchlorate (AP) at various temperatures for their susceptibility to
varying degrees of thermal damage treatment, the thermal characteristics and combustion interac-
tions of the HTPB and HTPE binder systems, HTPB/AP and HTPE/AP mixtures, and HTPB/AP/Al
and HTPE/AP/Al propellants were studied. The results showed that the first and second weight
loss decomposition peak temperatures of the HTPB binder were, respectively, 85.34 and 55.74 ◦C
higher than the HTPE binder. The HTPE binder decomposed more easily than the HTPB binder.
The microstructure showed that the HTPB binder became brittle and cracked when heated, while
the HTPE binder liquefied when heated. The combustion characteristic index, S, and the difference
between calculated and experimental mass damage, ∆W, indicated that the components interacted.
The original S index of the HTPB/AP mixture was 3.34 × 10−8; S first decreased and then increased
to 4.24 × 10−8 with the sampling temperature. Its combustion was initially mild, then intensified.
The original S index of the HTPE/AP mixture was 3.78 × 10−8; S increased and then decreased
to 2.78 × 10−8 with the increasing sampling temperature. Its combustion was initially rapid, then
slowed. Under high-temperature conditions, the HTPB/AP/Al propellants combusted more in-
tensely than the HTPE/AP/Al propellants, and its components interacted more strongly. A heated
HTPE/AP mixture acted as a barrier, reducing the responsiveness of solid propellants.

Keywords: composite propellant; thermal damage treatment; thermal weight loss; interaction;
combustion characteristics

1. Introduction

Hydroxyl-terminated polybutadiene (HTPB) propellant is currently the most impor-
tant type of composite propellant and has been applied in various rocket motor models
in China and abroad. HTPB not only improves the specific impulse of the propellant but
also has a widely adjustable range of burning rates, good mechanical properties, a simple
manufacturing process, and abundant raw materials [1–6]. Thus, it is one of the mainstream
composite propellants in use. However, a new type of insensitive solid propellant has
been developed that uses hydroxyl-terminated block copolyether prepolymer (HTPE) as a
binder. It has good desensitisation performance, energy characteristics, and application
performance [7]. Owing to its significant insensitivity under hazardous conditions such
as slow heating, HTPE propellant is intended to replace HTPB propellant [8–12]. Based
on their performance, HTPB and HTPE propellants can be applied in a wide range of
environments. However, with the increasing complexity of the service environment, the
possibility of accidental reaction and the degree of harm of the motor in the process of
use is also increasing. Therefore, it is an important development direction to improve the
survivability of solid rocket motors in a complex environment in the future.
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A composite solid propellant, which has certain mechanical properties, is manufac-
tured by mixing and curing oxidants (such as ammonium perchlorate (AP) and ammonium
nitrate), combustion agents (such as Al powder), and polymer binders. Unexpected thermal
decomposition and the energy release of propellants can occur in stimulating environments
subjected to heating conditions. A typical example is an external fire causing a warehouse
to warm up slowly; the heating process can lead to the thermal decomposition of the
propellant. The thermal decomposition behaviour of propellants, especially the interaction
between components, significantly affects their combustion characteristics after ignition.
The thermal decomposition process is defined as the initial stage of ignition and combus-
tion [13], and the decomposition characteristics of propellants have a profound effect on
their combustion characteristics [14]. Therefore, the thermal analysis and cocombustion of
energetic materials, such as solid propellants, is crucial not only to understand the thermal
decomposition behaviour of propellants but also to conduct an in-depth evaluation of
the effect of propellant exothermic decomposition on potential hazards during heating
processes [15,16].

The thermal decomposition and combustion characteristics of propellants are closely
related to the interactions between other components of the propellant [17]. Extensive
research has been conducted on the thermal decomposition properties of AP [18,19],
HTPB [20–23], HTPE [24], HTPB/AP propellant [25,26], and HTPE/AP propellant [16,27,28],
laying an important foundation for understanding the thermal decomposition, ignition,
and combustion characteristics of HTPB and HTPE propellants. However, similar research
has not been conducted on the interaction between the propellant components during
heating. During the heating process, various degrees of thermal decomposition of the
propellant components occur, and their interactions are variable. Therefore, understanding
the interactions between the components during the heating process is crucial for under-
standing the thermal decomposition behaviour of propellants and the effect of exothermic
decomposition on potential hazards.

In this study, the interactions and cocombustion between two binder systems (HTPB
and HTPE) at various temperatures were studied. The interactions and cocombustion between
the incremental components of the propellants were evaluated by using thermogravimetric–
Fourier transform infrared–mass spectrometry (TG–FTIR–MS) and other testing methods.
In addition, the interactions between the binders and AP were analysed, which can pro-
vide a theoretical basis for further understanding and research on the thermal safety of
propellants under heating conditions.

2. Materials and Methods
2.1. Materials

To study the interaction and cocombustion between propellants and their components
via thermal analysis characteristics, the following incremental component formulations
were designed: HTPB binder, HTPB/AP mixture, HTPB/AP/Al propellant, HTPE binder,
HTPE/AP mixture, and HTPE/AP/Al propellant. The mass ratio of the binder to AP
particles in the mixture and propellant was 18:82, and the composition and content of their
respective formulations are listed in Table 1. The samples used in this experiment were
developed and prepared by the Beijing Institute of Technology.

2.2. Equipment and Conditions Methods

To analyse the interaction and cocombustion between the components of the propel-
lant, an experimental device for slow-heating propellant tables [29] was used to heat the
samples (Table 1) at a rate of 0.2 ◦C/min. One sample was removed when the temperature
listed in Table 2 was reached. The heated samples were analysed by using a simultane-
ous thermal analyser infrared–mass spectrometer (Netzsch—STA449F3, FTIR Nicolet iS20,
Netzsch—QMS 403, Beijing, China, accessed from www.eceshi.com, accessed on 14 Febru-
ary 2023.). Approximately 3.0 mg of the sample was heated from an initial temperature of
45 ◦C to 800 ◦C at a rate of 10 K/min. The purge gas was high-purity argon with a gas flow
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rate of 240 mL/min. The testing range of the mass spectrometer was 0–300 m/z. Scanning
electron microscopy (SEM; Hitachi, S-4800, Beijing, China, accessed from www.eceshi.com,
accessed on 15 May 2023.) was used to visually analyse the micromorphology of the
components of the propellant.

Table 1. Composition of the sample formula (wt.%).

System Sample HTPB DOA a TDI b AP Al

HTPB system

HTPB binder 42.00 54.67 3.33
AP 100.00

HTPB/AP mixture 7.56 9.84 0.60 82.00
HTPB/AP/Al

propellant
HTPB
6.30

DOA
8.20

TDI
0.50

AP
68.00

Al
17.00

HTPE A3 c IPDI d Butanetriol AP Al

HTPE system
HTPE binder 37.33 54.67 7.33 0.67

HTPE/AP mixture 6.72 9.84 1.32 0.12 82.00
HTPE propellant 5.60 8.20 1.10 0.10 68.00 17.00

a dioctyl adipate; b toluene diisocyanate; c bis (2,2-dinitropropyl) formal and bis (2,2-dinitropropyl) formal acetal
mixture; d isophorone diisocyanate.

Table 2. Propellant sampling temperatures for various degrees of thermal damage treatment.

System Sample Experiment Number Sampling Temperature

AP AP

1# original
2# 160 ◦C
3# 180 ◦C
4# 220 ◦C

HTPB system

HTPB binder

5# original
6# 160 ◦C
7# 180 ◦C
8# 220 ◦C

HTPB/AP mixture

9# original
10# 160 ◦C
11# 180 ◦C
12# 220 ◦C

HTPB/AP/Al
propellant

13# original
14# 160 ◦C
15# 180 ◦C
16# 220 ◦C

HTPE system

HTPE binder
17# original
18# 160 ◦C

HTPE/AP mixture

19# original
20# 160 ◦C
21# 180 ◦C
22# 220 ◦C

HTPE/AP/Al
propellant

23# original
24# 160 ◦C
25# 180 ◦C
26# 220 ◦C

3. Results and Discussion
3.1. Thermal Decomposition of a Single-Component Propellant
3.1.1. Thermal Decomposition of the HTPB Binder at Various Sampling Temperatures

Figure 1 shows the TG–MS–FTIR curves of the HTPB binder films heated to various
temperatures (original samples and samples with sampling temperatures of 160 °C, 180 °C,
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and 220 °C, respectively). The TG/DTG curve (differential thermogravimetry (DTG), a
curve that differentiates each point on a TG curve with respect to temperature coordinates
to the first degree) in Figure 1a shows that the thermal weight loss process of the film was
completed in two stages.
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Figure 1. TG−FTIR−MS curves of the HTPB binder films heated to various temperatures.

For sample 5# HTPB binder, the first stage of weight loss occurs between 165 and
370 ◦C, with a maximum peak temperature at 294.92 ◦C for weight loss decomposition
and a maximum weight loss rate of 0.89%/◦C. The second stage occurs between 370 and
510 ◦C, with a maximum peak temperature at 463.92 ◦C for weight loss decomposition
and a maximum weight loss rate of 0.71%/◦C. The first stage occurs mainly because of the
decomposition and volatilisation of DOA and TDI in the film when heated, and the second
stage occurs mainly because of the chain-breaking decomposition and volatilisation of the
HTPB polymer [30].
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For sample 6#, the first stage of weight loss occurs between 165 and 370 ◦C, with a
weight loss of 55.67%. The maximum peak temperature for weight loss decomposition
is 285.56 ◦C, and the maximum weight loss rate is 0.96%/◦C. The second stage occurs
between 370 and 510 ◦C. During this stage, the weight loss is 43.39%, the maximum peak
temperature of weight loss decomposition is 459.18 ◦C, and the maximum weight loss rate
is 0.80%/◦C.

For sample 7#, the first stage of weight loss occurs between 165 and 370 ◦C, with a
weight loss of 54.26%. The maximum peak temperature for weight loss decomposition
is 280.73 ◦C, and the maximum weight loss rate is 0.85%/◦C. The second stage occurs
between 370 and 510 ◦C, with a weight loss of 44.05%, maximum peak temperature of
weight loss decomposition of 463.13 ◦C, and maximum weight loss rate of 0.79%/◦C.

For sample 8#, the first stage of weight loss occurs between 165 and 370 ◦C, with a
weight loss of 48.64%. The maximum peak temperature for weight loss decomposition
is 276.71 ◦C, and the maximum weight loss rate is 0.78%/◦C. The second stage occurs
between 370 and 510 ◦C. During this stage, the weight loss is 48.20%, the maximum peak
temperature of weight loss decomposition is 459.51 ◦C, and the maximum weight loss rate
is 0.79%/◦C. These results indicate that as the sampling temperature increases, the peak
temperature of the first stage of weight loss of the HTPB films and their weight loss rate
slightly decrease, but almost no effect is observed in the second stage of weight loss.

The weight loss peak temperatures of the HTPB binder in the FTIR curve reveal the
corresponding groups of each characteristic absorption peak as follows: 2874–2964 cm−1 for
C-H (2964 cm−1 for the asymmetric stretching vibration peak of C-H on CH3 and 2874 cm−1

for the symmetric stretching vibration peak of C-H on CH3); 2260 cm−1 for N2O; 1738 cm−1

for the stretching vibration peak of C=O; 1461 cm−1 for the in-plane bending vibration peak
of C-H on CH2; 1231 cm−1 for the amide band III (this peak also represents the stretching
vibration peak of C-N, which is a strong characteristic of polyurethane when it exists
together with band II, the stretching vibration peak of C=O, and the stretching vibration
peak of C-O described below), 1140–1178 cm−1 for the C-O stretching vibration peak;
966 cm−1 for (transform 1,4) -CH=CH- on the C-H out-of-plane bending vibration peak;
and 910 cm−1 for (1,2-)—CH=CH2 on the C-H out-of-plane bending vibration peak. Among
them, the absorption peak at 1738 cm−1 was formed by the superposition of C=O absorption
in polyurethane and DOA. The absorption peaks at 1178 and 1140 cm−1 were formed by
the superposition of C-O absorption peaks in polyurethane and DOA. The absorption
peaks at 1535 and 1231 cm−1 represented the characteristic peaks of polyurethane hard
segment urethane bonds, and the absorption peaks at 966 and 910 cm−1 represented the
characteristic peaks of HTPB polymer. Using mass spectrometry, the gaseous products
in the first weight loss stage of the HTPB films were determined to be CH3-containing
gases, CO, CO2, N2O, and NO. During the second weight loss stage, the concentration
of gas-containing CH3 increased significantly, whereas those of CO2 and CO decreased
significantly.

Based on the decomposition peak temperatures of samples 6#, 7#, and 8# in the
FTIR curves, the characteristic absorption peaks in the first stage were observed to have
decreased; for example, the amide III band at 1231 cm−1 and the stretching vibration peak
of C-O between 1140 and 1178 cm−1. As the sampling temperature increased, the gaseous
products in the HTPB binder film contained CH3 gas, and the volatilisation of CO, CO2,
N2O, and NO started. Furthermore, as the temperature increased, the DOA and TDI in
the HTPB binder film were thermally decomposed and volatilised, leaving only those
substances that were difficult to volatilise. When reheated, the substances that had not been
completely volatilised in the first stage continued to volatilise; thus, the peak temperature
in the first stage of weight loss decreased slightly. In contrast, reheating had almost no
effect on the second weight loss stage.

SEM was used to analyse the apparent morphology of HTPB binder films at different
sampling temperatures, as shown in Figure 2. It can be seen that the morphology of sample
5# is smooth and rich in viscoelasticity. Sample 6# begins to undergo changes, and as the
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components in the binder undergo thermal decomposition and volatilisation, the binder
becomes brittle and cracks on the surface. As the sampling temperature reaches 180 ◦C,
there are more cracks on the surface of sample 7#. When the sampling temperature is
220 ◦C, the 8# sample becomes more brittle, forming a bumpy surface.
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3.1.2. Thermal Decomposition of the HTPE Binder at Various Sampling Temperatures

Figure 3 shows the TG–FTIR–MS curves of the HTPE binder films heated to various
temperatures. In Figure 3a, (I) and (II) show the TG/DTG curves of samples 17# and
18#, respectively. In Figure 3a, (III) shows the residual HTPE binder film samples after
combustion, and (IV) shows the TG/DTG curves of component A3. The thermal weight
loss process of the HTPE binder film can be observed to be completed in two stages. In
the first stage, when the sampling temperature increases, the peak temperature of the
weight loss of the HTPE binder film increases slightly, and the weight loss rate decreases
slightly. In contrast, little effect is observed in the second weight loss stage. As the HTPE
binder ignited before the temperature reached 180 ◦C, HTPE samples were not collected at
temperatures exceeding this. Furthermore, the energetic plasticiser A3 was added to the
HTPE binder film, which lowered the reaction temperature of the HTPE binder owing to
the volatilisation and decomposition heat release of A3; A3 is observed to be completely
volatilised between 150 ◦C and 269 ◦C.

Based on the positions of the main absorption peaks, their corresponding groups in
the FTIR spectrum can be determined to be as follows: 2874–2964 cm−1 for C-H (where
the peaks at 2964 and 2874 cm−1 correspond to the asymmetric and symmetric stretching
vibration peaks, respectively, of C-H in CH3); 2260 cm−1 corresponding to N2O; 1738 cm−1

to the stretching vibration peak of C=O; and 1140–1178 cm−1 to the stretching vibration
peak of C-O. Based on the intensity of the infrared absorption peak of the decomposition
product, the decomposition product can be determined to be mainly composed of small
molecular ethers, alkanes, and a small amount of aldehydes. Based on MS, the first stage
of weight loss of HTPE can be determined to comprise mainly the pyrolysis of the A3
plasticiser, and the second stage of weight loss can be determined to comprise the pyrolysis
of the HTPE polymer colloid.

Figures 1 and 3 indicate that although the thermal decomposition process of both
binder films is completed in two stages, the first weight loss decomposition peak tempera-
ture of the HTPE binder is 209.58 ◦C, whereas that of the HTPB binder is 294.92 ◦C, which is
85.34 ◦C higher than that of the HTPE binder. The second weight loss decomposition peak
temperature of the HTPE binder is 408.18 ◦C, whereas that of the HTPB binder is 463.92 ◦C,
55.74 ◦C higher than that of the HTPE binder. Therefore, compared to HTPB binders,
HTPE binders decompose more easily. Such different decomposition peak temperatures are
bound to impact the thermal decomposition and cocombustion interactions of propellants.

SEM was used to analyse the apparent morphology of HTPE binder films at different
sampling temperatures, as shown in Figure 4. It can be seen that the morphology of
sample 17# is wrinkled and elastic. As the components in the binder undergo thermal
decomposition and volatilisation, sample 18# begins to liquefy, making the binder more
viscous and smoothing the surface wrinkles. It can be seen that as the sampling temperature
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increases, the HTPB binder begins to become brittle, while the HTPE binder becomes sticky,
which may cause the HTPE binder to adhere to the surface of AP particles and affect the
interaction between the two components.

Polymers 2023, 15, x FOR PEER REVIEW 7 of 28 
 

 
Figure 3. TG−FTIR−MS curves of the HTPE binder films heated to various temperatures. 

Based on the positions of the main absorption peaks, their corresponding groups in 
the FTIR spectrum can be determined to be as follows: 2874–2964 cm−1 for C-H (where the 
peaks at 2964 and 2874 cm−1 correspond to the asymmetric and symmetric stretching 
vibration peaks, respectively, of C-H in CH3); 2260 cm−1 corresponding to N2O; 1738 cm−1 
to the stretching vibration peak of C=O; and 1140–1178 cm−1 to the stretching vibration 
peak of C-O. Based on the intensity of the infrared absorption peak of the decomposition 
product, the decomposition product can be determined to be mainly composed of small 
molecular ethers, alkanes, and a small amount of aldehydes. Based on MS, the first stage 
of weight loss of HTPE can be determined to comprise mainly the pyrolysis of the A3 
plasticiser, and the second stage of weight loss can be determined to comprise the 
pyrolysis of the HTPE polymer colloid. 

Figures 1 and 3 indicate that although the thermal decomposition process of both 
binder films is completed in two stages, the first weight loss decomposition peak 
temperature of the HTPE binder is 209.58 °C, whereas that of the HTPB binder is 294.92 
°C, which is 85.34 °C higher than that of the HTPE binder. The second weight loss 

Figure 3. TG−FTIR−MS curves of the HTPE binder films heated to various temperatures.

Polymers 2023, 15, x FOR PEER REVIEW 8 of 28 
 

decomposition peak temperature of the HTPE binder is 408.18 °C, whereas that of the 
HTPB binder is 463.92 °C, 55.74 °C higher than that of the HTPE binder. Therefore, 
compared to HTPB binders, HTPE binders decompose more easily. Such different 
decomposition peak temperatures are bound to impact the thermal decomposition and 
cocombustion interactions of propellants. 

SEM was used to analyse the apparent morphology of HTPE binder films at different 
sampling temperatures, as shown in Figure 4. It can be seen that the morphology of 
sample 17# is wrinkled and elastic. As the components in the binder undergo thermal 
decomposition and volatilisation, sample 18# begins to liquefy, making the binder more 
viscous and smoothing the surface wrinkles. It can be seen that as the sampling 
temperature increases, the HTPB binder begins to become brittle, while the HTPE binder 
becomes sticky, which may cause the HTPE binder to adhere to the surface of AP particles 
and affect the interaction between the two components. 

 
Figure 4. SEM morphology of the HTPE binder films heated to various temperatures. 

3.1.3. Thermal Decomposition of AP Particles at Various Sampling Temperatures 
Figure 5 shows the TG–FTIR-MS curves of the AP particles heated to various 

temperatures. Figure 5a shows that two stages exist in the thermal weight loss process of 
AP particles: the low- and high-temperature weight loss stages. By increasing sampling 
temperature, the DTG low- and high-temperature decomposition peaks of AP advance 
slightly. Compared to sample 1#, the starts of the low-temperature decomposition of 
samples 2# and 3# are delayed because the sampling temperature consumes a portion of 
the defective AP nuclei during the period when the temperature is between 160 and 180 
°C; therefore, the start of low-temperature decomposition is delayed during reheating. 
However, the low-temperature decomposition peak of sample 4# is observed 20 °C earlier 
than those of samples 2# and 3# because the AP particles generate pores, and the specific 
surface area increases when the sampling temperature is 220 °C, resulting in AP 
dissociation. 

Figure 4. SEM morphology of the HTPE binder films heated to various temperatures.

186



Polymers 2023, 15, 2485

3.1.3. Thermal Decomposition of AP Particles at Various Sampling Temperatures

Figure 5 shows the TG–FTIR-MS curves of the AP particles heated to various tem-
peratures. Figure 5a shows that two stages exist in the thermal weight loss process of AP
particles: the low- and high-temperature weight loss stages. By increasing sampling tem-
perature, the DTG low- and high-temperature decomposition peaks of AP advance slightly.
Compared to sample 1#, the starts of the low-temperature decomposition of samples 2#
and 3# are delayed because the sampling temperature consumes a portion of the defective
AP nuclei during the period when the temperature is between 160 and 180 ◦C; therefore,
the start of low-temperature decomposition is delayed during reheating. However, the
low-temperature decomposition peak of sample 4# is observed 20 ◦C earlier than those of
samples 2# and 3# because the AP particles generate pores, and the specific surface area
increases when the sampling temperature is 220 ◦C, resulting in AP dissociation.

Based on the FTIR curves of the gaseous products decomposed from AP at the weight
loss peak temperatures in Figure 5b,c, the wave numbers of N2O (2238 and 2201 cm−1),
NO2 (1630 and 1598 cm−1), H2O (3500–4000 cm−1), and HCl (2700–3012 cm−1) can be
determined by combining the data from (d) and (e). This analysis reveals that the main
gaseous products of AP thermal decomposition are N2O and NO2.

It can be seen from Figure 5c that during the low-temperature weight loss stage, the
NO2 absorption intensity of sample 1# is 0.0215, and the N2O absorption intensity is 0.0405.
The NO2 absorption intensity of sample 2# is 0.0215, and the N2O absorption intensity
is 0.0359. The NO2 absorption intensity of sample 3# is 0.0201, and the N2O absorption
intensity is 0.0246. The NO2 absorption intensity of sample 4# is 0.0193, and the N2O
absorption intensity is 0.0226. Their ratios are 1.88, 1.67, 1.22, and 1.17, respectively. As the
sampling temperature increases, the absorption intensity ratio of NO2 and N2O gradually
decreases during the low-temperature weight loss stage. During the high-temperature
weight loss stage, the NO2 absorption intensity of sample 1# is 0.0594, and the N2O
absorption intensity is 0.0514. The NO2 absorption intensity of sample 2# is 0.0608, and the
N2O absorption intensity is 0.0560. The NO2 absorption intensity of sample 3# is 0.0604,
and the N2O absorption intensity is 0.0530. The NO2 absorption intensity of sample 4# is
0.0640, and the N2O absorption intensity is 0.0511. Their ratios are thus 0.87, 0.92, 0.87, and
0.80, respectively. As the sampling temperature increases, the absorption intensity ratio of
NO2 and N2O does not change significantly during the high-temperature weight loss stage.

SEM was used to analyse the apparent morphology of AP particles at different sam-
pling temperatures, as shown in Figure 6. It can be seen that the surface of sample 1# is
smooth and free from pores. Sample 2# began to undergo changes and the surface became
uneven, but there were no pores. As the sampling temperature reaches 180 ◦C, there is a
trend of increasing pores in sample 3#. When the sampling temperature is 220 ◦C, as the
degree of decomposition deepens, sample 4# forms a porous AP structure.

Moreover, the changes in the intensity ratio of N2O to NO2 during the two weight loss
stages indicate that a competitive relationship exists between the formation reaction of N2O
and NO2 during the thermal decomposition of AP. This is consistent with the observations
in reference [19]. The absorbance of N2O and NO2 during the low-temperature weight loss
stage is greater than that of NO2, indicating that the products of N2O play a dominant role
in the low-temperature weight loss process. However, during the high-temperature weight
loss stage, the absorption intensity of NO2 is greater than that of N2O, indicating that the
products of NO2 dominate high-temperature weight loss.

The first step of the thermal decomposition of AP is the dissociation of NH4ClO4
through proton transfer to form adsorbed NH3 and HClO4. Low-temperature thermal
decomposition mainly occurs as a reaction between NH3 and HClO4 adsorbed onto the
surface of the particles. At low temperatures, the decomposition products of HClO4 cannot
oxidise NH3, and the remaining adsorbed NH3 covers the AP surface. When the particle
surfaces are completely covered by NH3, low-temperature thermal decomposition causes a
weight loss of approximately 30%.
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The high-temperature thermal decomposition process of AP is mainly a gaseous-phase
reaction: the adsorbed NH3 and HClO4 are pyrolysed and absorbed into the gaseous phase.
In the gaseous phase, HClO4 further decomposes to generate oxidation products, whereas
NH3 is oxidised by the oxidation products decomposed by HClO4 to generate the final
products. As the sampling temperature increases, the severity of the partial decomposition
of AP increases. When reheated, the specific surface area increases due to the presence
of pores in the particles, and NH4ClO4 dissociation is more likely to occur, resulting in a
decrease in the initial reaction temperature [31].

Although only 30% of AP decomposes at low temperatures, with the solid residue
after decomposition is still AP, its physical properties change significantly and form a
relatively stable porous material. However, when the temperature rises to 350–400 ◦C,
AP undergoes high-temperature decomposition, releasing a large amount of energy. The
thermal weight loss data of the HTPB and HTPE binders indicate that the first weight loss
temperature of both HTPB and HTPE are low (less than 350 ◦C), whereas the second weight
loss temperature exceeds 350 ◦C. Therefore, the two binders may interact at both the low-
and high-temperature decomposition of AP.

3.2. Study on Cocombustion of Propellant Component

After analysing and understanding the thermal decomposition characteristics of in-
dividual components of propellant, the cocombustion and interaction are analysed and
researched.

3.2.1. Cocombustion of the HTPB Binder and AP Particles

Figure 7 shows the TG and DTG curves of the HTPB/AP mixture and HTPB/AP/Al
propellant, respectively. The thermal weight loss process of the original HTPB/AP mixture
sample can be observed to be divided into three stages. The first stage is in the temperature
range of 145–273 ◦C, with a maximum weight loss peak temperature at 201.65 ◦C and a
gentle peak shape. The maximum weight loss rate is 0.31%/◦C, and the weight loss is
approximately 15.75%. This stage mainly results from the breakage and decomposition
of the binder chain in HTPB. The second stage is in the temperature range of 273–330 ◦C,
with a maximum peak temperature at 294.65 ◦C and a sharp peak shape. The weight loss is
approximately 23.15%, and the maximum weight loss decomposition rate is 0.96%/◦C. This
stage consists mainly of the low-temperature decomposition of AP. The third stage is in the
temperature range of 330–414 ◦C, with a peak temperature at 401.65 ◦C and a sharp peak
shape. The maximum weight loss decomposition rate is 1.88%/◦C, and the weight loss is
approximately 61.10%. This stage consists mainly of the high-temperature decomposition
of AP.

The thermal weight loss process of the HTPB/AP mixture samples heated to 160 ◦C can
also be divided into three stages. The first stage is in the temperature range of 146–270 ◦C,
with a maximum weight loss peak temperature at 225.16 ◦C and a gentle peak shape. The
maximum weight loss rate is 0.21%/◦C, and the weight loss is approximately 10.62%. This
stage results mainly from the breaking and decomposition of the binder chain in HTPB.
The second stage is in the temperature range of 270–328 ◦C, with a peak temperature at
295.36 ◦C and a sharp peak shape. The weight loss is approximately 25.89%, and the
maximum weight loss decomposition rate is 0.96 /◦C. This stage consists mainly of the
low-temperature decomposition of AP. The third stage is in the temperature range of
328–408 ◦C, with a peak temperature at 387.16 ◦C and a sharp peak shape. The maximum
weight loss decomposition rate is 1.55%/◦C, and the weight loss is approximately 63.49%.
This stage consists mainly of the high-temperature decomposition of AP.

189



Polymers 2023, 15, 2485Polymers 2023, 15, x FOR PEER REVIEW 12 of 28 
 

 
Figure 7. TG and DTG curves of the HTPB/AP mixtures and HTPB/AP/Al propellants at various 
sampling temperatures. 
Figure 7. TG and DTG curves of the HTPB/AP mixtures and HTPB/AP/Al propellants at various
sampling temperatures.

190



Polymers 2023, 15, 2485

The thermal weight loss process of the HTPB/AP mixture samples heated to 180 ◦C can
be divided into two stages: the first stage is in the temperature range of 202–328 ◦C, with a
peak temperature at 295.54 ◦C and a sharp peak shape. The maximum rate of weight loss is
0.99%/◦C, and the weight loss is approximately 27.50%. This stage mainly results from the
continued decomposition of the binder chain that is not completely decomposed in HTPB
and the low-temperature decomposition of AP. The second stage is in the temperature range
of 328–415 ◦C, with a peak temperature at 397.74 ◦C and a sharp peak shape. The maximum
weight loss decomposition rate is 1.77%/◦C, and the weight loss is approximately 72.50%.
This stage consists mainly of the high-temperature decomposition of AP.

The thermal weight loss process of the HTPB/AP mixture sample heated to 220 ◦C can
also be divided into two stages. The first stage is in the temperature range of 210–306 ◦C,
with a maximum weight loss temperature at 268.77 ◦C and a gentle peak shape. The
maximum weight loss rate is 0.47%/◦C, and the weight loss is approximately 26.00%. This
stage results mainly from the continued decomposition of the binder chain that is not fully
decomposed in HTPB and the low-temperature decomposition of AP. The second stage
is in the temperature range of 306–406 ◦C, with a peak temperature at 393.37 ◦C and a
sharp peak shape. The maximum weight loss decomposition rate is 2.28%/◦C, and the
weight loss is approximately 74.00%. This stage consists mainly of the high-temperature
decomposition of AP.

The thermal weight loss process of the original HTPB/AP/Al propellant sample can
be divided into three stages. The first stage is in the temperature range of 149–265 ◦C,
with a maximum weight loss peak temperature at 205.62 ◦C and a gentle peak shape. The
maximum weight loss rate is 0.26%/◦C, and the weight loss is approximately 13.59%. This
stage results mainly from the breaking of the binder chain in HTPB. The second stage
is in the temperature range of 265–326 ◦C, with a peak temperature at 292.02 ◦C and a
sharp peak shape. The weight loss is approximately 19.96%, and the maximum weight
loss decomposition rate is 0.94%/◦C. This stage consists mainly of the low-temperature
decomposition of AP. The third stage is in the temperature range of 326–391 ◦C, with a peak
temperature at 380.02 ◦C and a sharp peak shape. The maximum weight loss decomposition
rate is 1.83%/◦C, and the weight loss is approximately 49.55%. This stage consists mainly
of the high-temperature decomposition of AP.

The thermal weight loss process of the HTPB/AP/Al propellant samples heated to
160 ◦C can also be divided into three stages. The first stage is in the temperature range of
158–264 ◦C, with a maximum weight loss peak temperature at 221.31 ◦C and a gentle peak
shape. The maximum weight loss rate is 0.22%/◦C, and the weight loss is approximately
9.49%. This stage results mainly from the fracture and decomposition of the binder chain in
HTPB. The second stage is in the temperature range of 264–325 ◦C, with a peak temperature
at 292.71 ◦C and a sharp peak shape. The weight loss is approximately 23.27%, and the
maximum weight loss decomposition rate is 1.10%/◦C. This stage consists mainly of the
low-temperature decomposition of AP. The third stage is in the temperature range of
325–401 ◦C, with a peak temperature at 392.91 ◦C and a sharp peak shape. The maximum
weight loss decomposition rate is 1.19%/◦C, and the weight loss is approximately 49.81%.
This stage consists mainly of the high-temperature decomposition of AP.

The thermal weight loss process of the HTPB/AP/Al propellant samples heated to
180 ◦C can be divided into two stages. The first stage is in the temperature range of
197–324 ◦C, with a peak temperature at 293.85 ◦C and a sharp peak shape. The maximum
rate of weight loss is 0.90%/◦C, and the weight loss is approximately 25.74%. This stage
results mainly from the continued decomposition of the binder chain that is not fully
decomposed in HTPB and the low-temperature decomposition of AP. The second stage
is in the temperature range of 324–399 ◦C, with a peak temperature at 377.25 ◦C and a
sharp peak shape. The maximum weight loss decomposition rate is 1.42%/◦C, and the
weight loss is approximately 0.37%. This stage consists mainly of the high-temperature
decomposition of AP.
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The thermal weight loss process of the HTPB/AP/Al propellant samples heated to
220 ◦C can also be divided into two stages. The first stage is in the temperature range
of 206–310 ◦C, with a maximum peak temperature at 266.63 ◦C and a gentle peak shape.
The maximum rate of weight loss is 0.31%/◦C, and the weight loss is approximately
20.30%. This stage results mainly from the continued decomposition of the binder chain
that is not completely decomposed in HTPB and the low-temperature decomposition of
AP. The second stage is in the temperature range of 310–400 ◦C, with a peak temperature
at 385.23 ◦C and a sharp peak shape. The maximum weight loss decomposition rate is
1.45%/◦C, and the weight loss is approximately 58.38%. This stage consists mainly of the
high-temperature decomposition of AP.

When the sampling temperature is 180 ◦C and 220 ◦C, the thermal decomposition
process can be divided into two stages. However, it can be divided into three stages when
unheated and when the sampling temperature is 160 ◦C. This is because the binder in the
mixture decomposes when the temperature exceeds 180 ◦C, meaning that a decomposition
stage of the binder is lacking. This is because during the preparation of the sample, the first
stage of binder decomposition has been completed. Therefore, it made the first-stage and
second-stage original decomposition temperature higher.

SEM was used to analyse the apparent morphology of HTPB/AP mixtures and
HTPB/AP/Al propellants at different sampling temperatures, as shown in Figure 8. It can
be seen that as the sampling temperature increases, cracks begin to appear in the adhesive
of sample 11# at 180 ◦C, while cracks have already appeared in sample 14# at 160 ◦C. It
indicates that the adhesive has decomposed at this time, and in sample 15#, it can be seen
that the adhesive is filled with pores while AP particles have no detailed changes. This also
indicates that the adhesive decomposes first during the heating process. In samples 12#
and 16#, pores are observed in AP particles. Both the decomposition of the binder and the
pore structure of AP particles will have an impact on the combustion of the propellant.
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The characteristic temperature is an important characteristic parameter in the heating
process of propellants. As shown in Figure 7, T1 is the temperature at which the propellant
begins to decompose, T2 is the temperature corresponding to the first peak of the weight
loss rate, T3 is the end temperature of the first stage of weight loss, T4 is the temperature
corresponding to the second peak of the weight loss rate, T5 is the end temperature of
the second stage of weight loss, T6 is the temperature at which the propellant begins
to burn (ignition temperature), T7 is the temperature corresponding to the third peak
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of the weight loss rate, and T8 is the temperature at which all combustible elements in
the propellant are burned out. The ignition temperature is defined as the temperature
corresponding to the intersection point C of the TG baseline and the tangent line of the
TG descent point B corresponding to the peak point A on the DTG curve [32–34]. The
heating process of the propellant can be mainly divided into two stages: the first stage is
thermal decomposition and the second stage is combustion after ignition. Understanding
the cocombustion behaviour of propellant components is important for investigating the
interactions between the propellant components.

Figure 7 shows that the heating weight loss process of the propellant can be divided
into two stages: the thermal decomposition before ignition of the propellant and the
combustion stage after ignition. The first weight loss stage of the HTPB/AP mixture is
characterised by a slow weight loss, which is 35% to 45% higher than the binder content in
the propellant. This indicates that the first stage results not only from the thermal decom-
position of the binder but also from the low-temperature decomposition of AP particles.
The second stage is characterised by a rapid weight loss of 55% to 65%, mainly owing to
the combustion of AP oxidants in the propellant. The weight loss of the HTPB/AP/Al
propellant in the first stage is 32% to 40%, which is also higher than the binder content in
the propellant. The second stage includes the thermal decomposition of the binder and the
low-temperature decomposition of the AP particles. The weight loss in the second stage is
45% to 53%. The material remaining after the second stage consists of Al powder and a
reaction residue.

To analyse the combustion characteristics of the propellants comprehensively, the
flammability index, S, is defined as follows [35].

The combustion at lower heating rates can be determined by chemical reaction kinetics.
According to Arrhenius’ law,

dW
dt

= Aexp
(
− E

RT

)
, (1)

where dW/dt is the combustion rate (%/◦C), A is the pre-exponential factor (min−1), E is
the activation energy (kJ/mol), and T is the temperature (K).

From Equation (1), the following derivation can be obtained:
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Equation (3) can be converted as follows:
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where (dW/dt)max is the maximum combustion rate (%/◦C), (dW/dt)mean is the average
combustion rate (%/◦C), (dW/dt)T=Ti is the combustion rate at the ignition temperature
(%/◦C), Ti is the ignition temperature (◦C), and Th is the burnout temperature (◦C). R/E
represents the reactivity of the propellant: the greater the value, the faster the reaction
speed. At the ignition temperature, d/dT (dW/dt)T=Ti is the percentage of combustion
rate conversion: the greater the value, the more rapid the ignition. Moreover, at the
ignition temperature, (dW/dt)max/(dW/dt)T=Ti is the ratio of the maximum combustion rate
to the combustion rate. Furthermore, (dW/dt)mean/TH represents the ratio of the average
combustion rate to the burnout temperature: the greater the value, the faster the propellant
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burns. The product of the aforementioned terms reflects the combustion characteristics of
the propellant, and its flammability index S is defined as

S =

(
dW
dt

)
max

(
dW
dt

)
mean

T2
i Th

. (5)

Here, Ti and Th are T6 and T8, respectively. The calculated flammability indices of the
propellant samples are listed in Table 3.

Table 3. Flammability indices of the HTPB/AP mixture and HTPB/AP/Al propellant at various
sampling temperatures.

Propellant
Samples

Experiment
Number

(
dW
dt

)
max

(%/◦C)
(

dW
dt

)
mean

(%/◦C) Ti (◦C) Th (◦C) S × 10−8

HTPB/AP mixture

9# 1.88 0.92 353.65 413.45 3.34

10# 1.55 0.81 333.16 407.96 2.77

11# 1.77 0.96 352.34 415.34 3.30

12# 2.28 1.17 353.77 406.57 4.24

HTPB/AP/Al
propellant

13# 1.83 0.84 339.22 391.82 3.41

14# 1.19 0.66 326.11 401.91 1.84

15# 1.42 0.71 330.85 399.05 2.31

16# 1.45 0.66 332.83 400.23 2.42

Table 3 shows that the S index of sample 9# is 3.34 × 10−8, and S decreases to
2.77 × 10−8 as the sampling temperature increases to 160 ◦C. This occurs because the
HTPB binder in the propellant is thermally decomposed, thus weakening the interaction
between the binder and AP particles. As the sampling temperature continues to increase,
the S index gradually increases to 4.24 × 10−8; although the HTPB binder has decomposed
and the interaction is weak, pores are generated inside the sample at that time, which,
in return, increases the specific surface area. To put it another way, even the interaction
is weak, while the increase in the specific surface area could also enlarge the interaction
effect. Therefore, the combustion characteristics are first mild and then become intense.
The HTPB/AP/Al propellants exhibit the same trend as the mixtures, indicating that the
addition of the Al powder has no significant effect on the interaction between the binder
and AP other than performing a catalytic role.

3.2.2. Cocombustion of the HTPE Binder and AP Particles

Figure 9 shows the TG and DTG curves of the HTPE/AP mixture and HTPE/AP/Al
propellant, respectively. The thermal weight loss process of the original HTPE/AP mixture
sample and samples 20#, 21#, and 22# can all be observed to be divided into three stages.

For the original HTPE/AP mixture sample, the first stage is in the temperature range of
174–274 ◦C, with a maximum weight loss peak temperature at 252.95 ◦C and a gentle peak
shape. The maximum weight loss rate is 0.24%/◦C, and the weight loss is approximately
11.16%. This stage results mainly from the breaking and decomposition of the binder chain
in HTPE. The second stage is in the temperature range of 274–327 ◦C, with a maximum peak
temperature at 294.75 ◦C and a sharp peak shape. The weight loss is approximately 21.88%,
and the maximum weight loss decomposition rate is 0.93%/◦C. This stage consists mainly
of the low-temperature decomposition of AP. The third stage is in the temperature range of
327–411 ◦C, with a peak temperature at 395.75 ◦C and a sharp peak shape. The maximum
weight loss decomposition rate is 2.00%/◦C, and the weight loss is approximately 66.96%.
This stage consists mainly of the high-temperature decomposition of AP.
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For sample 20#, the first stage is in the temperature range of 173–270 ◦C, with a maxi-
mum weight loss peak temperature at 245.39 ◦C and a gentle peak shape. The maximum
weight loss rate is 0.26%/◦C, and the weight loss is approximately 10.83%. The second
stage is in the temperature range of 270–324 ◦C, with a maximum peak temperature at
294.39 ◦C and a sharp peak shape. The weight loss is approximately 21.83%, and the
maximum weight loss decomposition rate is 0.89%/◦C. Finally, the third stage is in the
temperature range of 324–399 ◦C, with a peak temperature at 384.99 ◦C and a sharp peak
shape. The maximum weight loss decomposition rate is 1.92%/◦C, and the weight loss is
approximately 67.34%

For sample 21#, the first stage is in the temperature range of 173–270 ◦C, with a maxi-
mum weight loss peak temperature at 241.45 ◦C and a gentle peak shape. The maximum
weight loss rate is 0.24%/◦C, and the weight loss is approximately 9.70%. The second stage
is in the temperature range of 270–324 ◦C, with a peak temperature at 293.85 ◦C and a
sharp peak shape. The weight loss is approximately 22.85%, and the maximum weight loss
decomposition rate is 0.98%/◦C. The third stage is in the temperature range of 324–408 ◦C,
with a peak temperature at 391.65 ◦C and a sharp peak shape. The maximum weight loss
decomposition rate is 1.65%/◦C, and the weight loss is approximately 67.45%.

For sample 22#, the first stage is in the temperature range of 171–251 ◦C, with a maxi-
mum weight loss peak temperature at 240.92 ◦C, maximum weight loss rate of 0.23%/◦C,
and weight loss of approximately 7.70%. The second stage is connected to the first stage,
with a weight loss of approximately 9.18% in the temperature range of 251–293 ◦C. The
third stage is in the temperature range of 293–405 ◦C, with a peak temperature at 382.72 ◦C
and a sharp peak shape. The maximum weight loss decomposition rate is 1.43%/◦C, and
the weight loss is approximately 68.88%.

On account of the defects on the AP crystal surface, a small number of AP molecules
at the defect sites readily dissociate into NH3 and HClO4 via proton transfer at lower
temperatures. Furthermore, as a strong acid, HClO4 readily reacts with the oxygen atoms
of the ether bond in the HTPE molecular chain to form a salt, which makes the thermal
stability of the ether bond decrease. Therefore, the earlier initial decomposition temperature
of the first decomposition stage of the HTPE/AP mixture may have been caused by the
small number of AP decomposition products promoting the decomposition of the HTPE
binder.

The thermal weight loss process of the original HTPE/AP/Al propellant sample and
samples 24#, 25#, and 26# can all be divided into three stages. For the original HTPE/AP/Al
propellant sample, the first stage is in the temperature range of 136–259 ◦C, with a maximum
weight loss peak temperature at 205.02 ◦C and a gentle peak shape. The maximum weight
loss rate is 0.26%/◦C, and the weight loss is approximately 13.15%. This stage results mainly
from the breaking of the binder chains in HTPE. The second stage is in the temperature
range of 259–326 ◦C, with a peak temperature at 292.02 ◦C and a sharp peak shape. The
weight loss is approximately 22.40%, and the maximum weight loss decomposition rate is
0.94%/◦C. This stage consists mainly of the low-temperature decomposition of AP. The
third stage is in the temperature range of 326–392 ◦C, with a peak temperature at 380.02 ◦C
and a sharp peak shape. The maximum weight loss decomposition rate is 1.83%/◦C, and
the weight loss is approximately 47.77%. This stage consists mainly of the high-temperature
decomposition of AP.

For sample 24#, the first stage is in the temperature range of 170–270 ◦C, with a maxi-
mum weight loss peak temperature at 230.03 ◦C and a gentle peak shape. The maximum
weight loss rate is 0.19%/◦C, and the weight loss is approximately 7.79%. The second stage
is in the temperature range of 270–324 ◦C, with a peak temperature at 295.03 ◦C and a
sharp peak shape. The weight loss is approximately 21.69%, and the maximum weight loss
decomposition rate is 0.85%/◦C. The third stage is in the temperature range of 324–391 ◦C,
with a peak temperature at 373.23 ◦C and a sharp peak shape. The maximum weight loss
decomposition rate is 1.77%/◦C, and the weight loss is approximately 53.12%. This stage
consists mainly of the high-temperature decomposition of AP.
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For sample 25#, the first stage is in the temperature range of 167–270 ◦C, with a maxi-
mum weight loss peak temperature at 236.21 ◦C and a gentle peak shape. The maximum
weight loss rate is 0.19%/◦C, and the weight loss is approximately 7.50%. The second stage
is in the temperature range of 270–325 ◦C, with a maximum peak temperature at 296.61 ◦C
and a sharp peak shape. The weight loss is approximately 22.77%, and the maximum
weight loss decomposition rate is 0.81%/◦C. The third stage is in the temperature range of
325–400 ◦C, with a peak temperature at 379.81 ◦C and a sharp peak shape. The maximum
weight loss decomposition rate is 1.50%/◦C, and the weight loss is approximately 52.52%.

For sample 26#, the first stage is in the temperature range of 164–255 ◦C, with a
maximum weight loss peak temperature at 239.67 ◦C, a maximum weight loss rate of
0.17%/◦C, and a weight loss of approximately 5.96%. The second stage is in the temperature
range of 255–313 ◦C, with a peak temperature at 292.47 ◦C and a sharp peak shape. The
weight loss is approximately 19.52%, and the maximum weight loss decomposition rate
is 0.55%/◦C. The third stage is in the temperature range of 313–390 ◦C, with a peak
temperature at 359.87 ◦C and a sharp peak shape. The maximum weight loss decomposition
rate is 1.25%/◦C, and the weight loss is approximately 52.06%.

In contrast with the HTPB/AP mixture, the thermal decomposition processes of all
the aforementioned samples can be divided into three stages. The addition of Al power
will not affect its decomposition process.

SEM was used to analyse the apparent morphology of HTPE/AP mixtures and
HTPE/AP/Al propellants at different sampling temperatures, as shown in Figure 10.
It can be seen that in the HTPE/AP mixture and HTPE/AP/Al propellant, as the sampling
temperature increases, the HTPE binder gradually liquefies and coats the surface of AP
particles. From samples 12# and 16#, it can be seen that the HTPE binder at this time is still
in a viscoelastic state, but the AP particles have already decomposed.
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Figure 10. SEM morphology of the HTPE/AP mixtures and HTPE/AP/Al propellants heated to
various temperatures.

It can be seen that the interactions between the components of the two binder systems
are different. This is because the HTPB binder becomes harder and more brittle as the
sample temperature increases, causing it to debond from the AP particles, which in turn
weakens the interactions between them. The HTPE binder becomes softer and reaches a
certain degree of liquefaction, while continuing to adhere to the AP particles and interact
with them.

Figure 9 shows the TG/DTG curves and characteristic temperatures of the HTPE/AP
mixtures and HTPE/AP/Al propellants at various temperatures. The heating weight loss
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processes of the propellants can be divided into two stages. The first stage of the HTPE/AP
mixture exhibits a slow weight loss, with a total weight loss of 25–40%, which is higher
than the binder content in the propellant, indicating that this stage involves not only the
thermal decomposition of the binder but also the low-temperature decomposition of the
AP particles. The rapid weight loss in the second stage results mainly from the combustion
of the AP oxidant in the propellant, and the weight loss in this stage is approximately 60%.
The weight loss of the HTPE/AP/HTPB propellant in the first stage is between 23% and
38%, which is also higher than the binder content in the propellant. This stage includes the
thermal decomposition of the binder and the low-temperature decomposition of the AP
particles. The weight loss in the second stage is between 45% and 53%. The material that
remains after the second stage consists of Al powder and a reaction residue.

Table 4 shows that the S index of sample 19# is 3.78 × 10−8, and S increases to
4.05 × 10−8 as the sampling temperature increases to 160 ◦C. This occurs because as the
sampling temperature increases, the HTPE binder liquefies under heat and adheres more
tightly to the AP particles to coat their surfaces, resulting in stronger interactions. However,
as the sampling temperature increases, S gradually decreases to 2.78 × 10−8 owing to
the decomposition of the energetic plasticiser A3 in the binder, which cannot provide
the heat released by its decomposition to accelerate the low-temperature decomposition
of AP. Therefore, the combustion characteristics are initially violent and then slow. The
HTPE/AP/Al propellant exhibits the same trend as the mixture, indicating that the addition
of Al powder has no significant effect on the interaction between the binder and AP other
than performing a catalytic role.

Table 4. Flammability indices of the HTPE/AP mixture and HTPE/AP/Al propellant at various
temperatures.

Propellant
Samples

Experiment
Number

(
dW
dt

)
max

(%/◦C)
(

dW
dt

)
mean

(%/◦C) Ti (◦C) Th (◦C) S × 10−8

HTPE/AP mixture

19# 2.00 0.97 353.35 411.35 3.78

20# 1.92 0.99 342.99 399.19 4.05

21# 1.65 0.87 337.85 408.45 3.10

22# 1.43 0.87 333.92 405.72 2.78

HTPE/AP/Al
propellant

23# 1.83 0.84 339.42 392.22 3.40

24# 1.77 0.85 335.23 391.03 3.42

25# 1.50 0.72 333.21 400.81 2.43

26# 1.25 0.65 308.27 390.87 2.19

3.3. Study of the Interaction of Propellant Component
3.3.1. Interaction between the HTPB Binder and AP Particles

To investigate whether there is an interaction between the binder and AP particles,
the theoretical TG/DTG curve of the blend was calculated from the average weight of the
individual as follows:

W = αWbinder + βWAP (6)

where Wbinder and WAP are the weight loss rates of the binder and AP particles, respectively,
and α and β are their respective proportions in the propellant.

The theoretical thermogravimetric curve for the binder mass ratio to AP particles at
18:82 was calculated. The experimental and calculated TG curves are shown in Figure 11.
To further clarify the interaction between the HTPB binder and AP particles, ∆W (∆W =
TGcalculated − TGempirical) is defined as the difference in weight loss. Figure 12 shows the
composition of the HTPB/AP mixture as ∆W changes with temperature.
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Figure 12. Difference between the HTPB/AP mixture experimental and theoretical weight loss.

The calculated DTG curve of the HTPB/AP mixture almost coincides with the exper-
imental DTG curve within the temperature range below 150 ◦C. When the temperature
of all samples exceeds 150 ◦C, the calculated TG curve lags behind the experimental TG
curve. All the interactions between HTPB and the AP particles are positive and occur
at all stages. At 200 ◦C, the calculated maximum weight loss is 0.30%/◦C higher than
the experimental value, indicating that the HTPB binder and AP particles interact at low
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temperatures. Compared with the calculated DTG curve, the experimental DTG curve
shifts in the 260–420 ◦C region. This further confirms the significant interaction between
the HTPB binder and AP particles.

Three maximum peaks exist in sample 9#, notably at 262 ◦C, with a deviation value
as high as 13.93. The deviations are 12.72 and 12.09 at 357 and 405 ◦C, respectively. The
maximum deviation for samples 10#, 11#, and 12# are 29.25, 3.42, and 18.33, respectively.
These deviations indicate that a promoted interaction occurs between the HTPB binder
and AP particles during both the thermal decomposition and combustion stages. This can
be attributed to the exothermic heating effect of the HTPB decomposition process, which
causes the AP to dissociate at low temperatures and release highly oxidising products
in advance. The effect is more significant during the thermal decomposition stage of the
unheated HTPB/AP mixture. Above 500 ◦C, ∆W is stable due to the combustion process of
the blend being almost complete.

The interaction between the HTPB binder and AP differs from the mixed HTPB/AP
system. Figure 13 shows the combustion characteristic index S of the HTPB and HTPE
binder systems. As can be seen from Figures 12 and 13, the impact of ∆W is divided
into three stages, which have varying degrees of impact. The first weight loss stages of
samples 9#, 10#, and 11# show a gradually decreasing ∆W, and as the sampling temperature
increases, the HTPB binder gradually decomposes. Thus, the AP particles promote the
decomposition of the HTPB binder at this stage. The second weight loss stage also shows a
gradually decreasing ∆W, but the interaction is weaker than that in the first weight loss
stage, and ∆W has a negative promoting effect. In the third weight loss stage, ∆W first
increases and then decreases as the sampling temperature increases. This is due to the HTPB
binder gradually decomposing while weight loss continues, leaving behind substances
that are difficult to decompose, thus gradually weakening the interaction. However, the
combustion characteristic index, S, of sample 12# is the largest, and the interaction between
the HTPB binder and AP particles is the largest in the third stage. The main interaction
between the HTPB binder and AP particles occurs in the combustion stage. The interaction
of various components in the mixed HTPB/AP system is not only related to its thermal
decomposition stage but also affected by its decomposition products and many other
factors, such as pore structure.
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3.3.2. Interaction between the HTPE Binder and AP Particles

The experimental and calculated TG curves of the HTPE/AP mixture at various
sampling temperatures are shown in Figure 14 (the theoretical calculated values in samples
21# and 22# were calculated by using sample 18#). Figure 15 shows the composition of
the HTPE/AP mixture at various sampling temperatures, and ∆W changes along with
temperature. It can be seen that when the temperature is below 160 ◦C, the calculated
DTG curve of the HTPE/AP mixture is almost consistent with the experimental DTG
curve. When the temperature exceeds 160 ◦C, the calculated TG curve of sample 19# lags
behind the experimental TG curve. When the temperature is between 150 and 320 ◦C, the
experimental TG curves of samples 20#, 21#, and 22# lag behind the calculated TG curve.
When the temperature exceeds 320 ◦C, the calculated TG curves of 20#, 21#, and 22# lag
behind the experimental TG curve. There are three peaks in samples 19#, 20#, and 21#, of
which sample 19# has a value of 4.05 at 206 ◦C and 3.48 at 220 ◦C, and a deviation value of
up to 25.67 at 385 ◦C. Sample 20# is −3.10 at 226 ◦C, −2.26 at 304 ◦C, and 27.95 at 381 ◦C.
Sample 21# is −1.39 at 229 ◦C, −3.34 at 299 ◦C, and 14.62 at 386 ◦C. Sample 22# has two
peaks, ranging from −10.37 at 281 ◦C to 27.41 at 372 ◦C. These deviations indicate that
when unheated, a positive promoting effect exists between HTPE and the AP particles,
whereas when the sampling temperature exceeds 160 ◦C, a blocking effect exists between
HTPE and the AP particles in the first and second weight loss stages of the HTPE/AP
mixture and a positive promoting effect in the third weight loss stage. The main interaction
between the HTPE binder and AP particles is in the thermal decomposition stage.
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As can be seen from Figures 13 and 15, the impact of ∆W is divided into three stages;
yet, these three stages have varying degrees of impact, while the third stage has the least.
The interaction between the binder and AP is different in the mixed system.

The unheated HTPE binder was beneficial to the low- and high-temperature decom-
positions of AP. This is related to the structural and thermal decomposition characteristics
of HTPE. When AP is promoted, the HTPE binder can decompose in advance to produce
short-chain polyethers. Moreover, as the temperature increases, the HClO4 produced by
decomposition consumes a large amount of the HTPE binder owing to its decomposition
and participation in oxidation reactions. However, when the HTPE propellant is heated,
the short-chain polyether produced by the partial decomposition of the binder in it will
fill the holes formed by the decomposition of the AP surface, thus acting as a coating and
insulation, slowing down further decomposition of AP and inhibiting the concentrated
and rapid release of decomposition heat. Therefore, the heated HTPE/AP mixture has
a blocking effect, which can be achieved from the first stage when a decrease in ∆W is
observed. It can be seen that the interaction of various elements in the mixed HTPE/AP
system is not only related to its thermal decomposition stage but also affected by the binder
decomposition products and many other factors, such as pore structure. Furthermore, it
is also very beneficial for solid propellants to slow down the reaction of the AP oxidation
products with Al powder under heating conditions, thereby reducing the responsiveness
of solid propellants.

4. Conclusions

By studying the interactions between the components of two binder systems at various
temperatures, the conclusions are as follows:

(1) The first and second weight loss decomposition peak temperatures of the HTPB binder
are 85.34 and 55.74 ◦C higher, respectively, than those of the HTPE binder. Therefore,
compared to the HTPB binders, the HTPE binders are more easily decomposed.

(2) As the sampling temperature increases, the S index of the HTPB/AP mixture initially
decreases from 3.34 × 10−8 to 2.77 × 10−8, then increases to 4.24 × 10−8, indicating
that its combustion characteristics are initially mild and then intensify. In contrast, the
S index of the HTPE/AP mixture from 3.78 × 10−8 first increases to 4.05 × 10−8, then
decreases to 2.78 × 10−8, indicating that its combustion characteristics are initially
rapid and then slow down.

(3) The ∆W deviation between the heated HTPB binder and AP particles is positive, and
the maximum deviations are 13.93, 29.25, 3.42, and 18.33, respectively. This indicates a
promoting interaction between the HTPB binder and AP particles during the thermal
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decomposition and combustion stages. The ∆W deviation between the heated HTPE
binder and AP particles is negative in the first and second weight loss stages, but
positive in the third weight loss stage, with maximum deviations of 25.67, 27.95,
14.62, and 27.41, respectively. During the first and second weight loss stages of the
HTPE/AP mixture, there is a blocking effect between the HTPE and AP particles on
the surface, and a positive promoting effect appears in the third weight loss stage.
The main interaction between the HTPE binder and AP particles occurs in the thermal
decomposition stage.

The study of the interaction of the propellant component after heating is an impor-
tant influencing factor for mastering and understanding the slow burning mechanism
and response severity of propellants. In addition, the influence of the microstructure
of propellants after heating cannot be ignored, and it is significant for comprehensively
understanding the thermal safety of propellants.
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