Carbohydrate Polymers 349 (2025) 122963

Contents lists available at ScienceDirect

Carbohydrate Polymers

journal homepage: www.elsevier.com/locate/carbpol

ELSEVIER

Check for

Biodegradable, robust, and conductive bacterial cellulose @PPy-P | e
macrofibers as resistive strain sensors for smart textiles

Zaixian Yuan®, Hai Yin®, Min Zheng®“, Xiao Chen ", Wei Peng“, Hongfu Zhou“, Jun Xing ",
Li Wang ", Sanming Hu ™"

@ School of Biomedical Engineering and Imaging, Xianning Medical College, Hubei University of Science and Technology, Xianning 437100, PR China
Y Wuhan Branch of the National Science Library, Chinese Academy of Sciences, Wuhan 430071, China

ARTICLE INFO ABSTRACT

Keywords: Fiber-based resistive strain sensors have attracted significant interest in the development of smart wearable
Bacterial cellulose devices due to their portability, flexibility, and easy conformability. However, current fiber-based resistive strain
Polypyrrole

sensors mainly composed of metals and nondegradable polymers are not environmentally friendly and have poor
mechanical strength. In this work, we examined biodegradable, robust, and conductive macrofibers fabricated
through the in situ polymerization of p-toluenesulfonic acid (P-TSA)-doped polypyrrole (PPy) in bacterial cel-
lulose (BC) nanofibers using wet-stretching and wet-twisting methods. The BC/PPy-P macrofibers possessed
excellent conductivity (~7.19 S/cm), with superior mechanical properties (~210 MPa tensile strength and 2 GPa
Young’s modulus). Importantly, the BC/PPy-P microfiber operating as a resistive strain sensor possessed fast
response time (15 s) and long-term stability (up to 1000 cycles), which could be used to effectively detect human
movements. Moreover, the matrix material BC of BC/PPy-P macrofibers could be completely degraded within 96
h in the cellulase solution, leaving only PPy-P particles that could be recycled for other use. Therefore, the
prepared BC/PPy-P microfibers provided a promising strategy for developing green resistive strain sensing fibers,

Biodegradable conductive macrofibers
Resistive strain sensors
Movement monitoring

with great potential to design eco-friendly smart fabric for monitoring human movements.

1. Introduction

As the basic unit of fabrics, fibers play a decisive role in the perfor-
mance of fabrics. Recently, a large number of researchers have focused
on the preparation of sensing fibers to design functional fabrics for
personal movement monitoring (Dong et al., n.d.; He et al., 2019; Lin
etal., 2017; Meng et al., 2018; Wang, Wang, et al., 2018). Among these,
research on strain sensing fibers is the most mature and has been
commercially applied. Strain sensing fibers used to construct functional
fabric for monitoring mechanical movement mainly includes resistive
(Dang et al., 2024), capacitive (Ma et al., 2021), piezoelectric (Qian
et al., 2023), triboelectric (Fan et al., 2020), and electromagnetic fibers
(Du et al., 2020). Resistive strain sensing fibers enable human move-
ment monitoring through resistance changes of conductive fibers in
response to external forces, which have the advantages of a simple
structure, low preparation cost, and easy construction of functional
fabrics compared to other types of sensing fibers (Lee et al., 2021; Souri
et al., 2020). Therefore, numerous studies have been conducted on
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conductive fibers as resistive strain sensors.

Conductive fibers for resistive strain sensing fibers mainly include
metal-based fibers (Liu, Miao, et al., 2022), carbon-based fibers (Li, Ni,
et al., 2022), conductive polymer-based fibers (Song et al., 2024), and
hydrogel-based ionic conductive fibers (Wang et al., 2022). Metal ma-
terials such as metal wires, metal nanoparticles and nanowires, and
liquid metals are considered very attractive for the preparation of
conductive fibers due to their excellent electrical conductivity (Liu, Zhu,
et al., 2022; Pai et al., 2023; Zheng et al., 2021). For example, Lee et al.
prepared a stretchable fiber-shaped strain sensor with high sensitivity
and ultra-wide sensing range by synthesizing Ag nanoparticles in
multifilament stretchable fibers using hydrazine hydrate (NyH4-4H50)
solution to act on absorbed Ag precursors (Lee et al., 2018). However,
metal-based fibers are not oxidation-resistant and cannot be degraded,
resulting in a short lifespan and generating e-waste that is harmful to the
environment. Carbon-based materials, typically carbon black (CB) (Hu
et al., 2021), carbon nanotubes (CNTs) (Wang, Sun, et al., 2018), and
graphene oxides (GOs) (Wang et al., 2020), exhibit high electrical
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conductivity and excellent mechanical properties and are suitable for
constructing flexible strain sensing fibers with large-strain and high
sensitivity. For example, Yuan et al. fabricated flexible and stretchable
resistive strain sensing fibers by self-assembling CNTs and CB layer by
layer on PU fibers (Zhang et al., 2018). The fibers exhibited high
sensitivity (gauge factor [GF] up to 45.4), excellent stretchability and
good linear detection range (strain range of 15-150 %). The drawback of
this type of conductive fiber is that the coated carbon-based conductive
layer tends to peel away from the polymer, resulting in weak stabiliza-
tion as strain sensors. In addition, synthetic polymers used in fibers are
nonrenewable and biodegradable. Conductive polymers, such as poly-
pyrrole (PPy) (Wang, Xue, & Zhu, 2019), polyaniline (PANI) (Raman &
Ravi Sankar, 2022), and poly(3,4)-ethylenedioxythiophene:poly
(styrenesulfonate) (PEDOT:PSS) (Sarabia-Riquelme et al., 2020) have
been widely used in the preparation of resistive strain sensing fibers
through doping with other polymers or via chemical synthesis. For
example, Chen et al. fabricated a PU@PEDOT:PSS composite conductive
fiber with core-shell structure using the coaxial microfluidic spinning
method (Chen et al., 2024). Fibers with high conductivity (220 S/m) and
impressive stretchability (up to and above 400 % strain) as the resistive
strain sensor can provide the ultra-sensitive monitoring of human
movement. Conductive polymers used to fabricate resistive strain
sensing fibers offer advantages in terms of biocompatibility, electro-
chemical properties, flexibility and ease of chemical modification and
synthesis, and good stability. These materials are typically doped or
synthesized on other nondegradable synthetic polymers to construct
composite conductive fibers (Jo et al., 2022). Hydrogel-based ionic
conductive fibers may be used as strain sensors to monitor human
movement due to their superior flexibility, softness, stretchability, and
recoverable deformability (Hardman et al., 2022; Lu et al., 2024; Wu
et al., 2024). For example, Shuai et al. prepared a stretchable (~900 %),
conductive (0.69 S/cm), and self-healing PNA/PMA hydrogel fiber,
which may be used as a strain sensor for smart fabrics to effectively
monitor human body motion (Shuai et al., 2020). However, hydrogel-
based ion conductive fibers used as strain sensors for smart fabrics suf-
fer from significant drawbacks in terms of poor spinnability due to poor
mechanical strength.

Various conductive fibers can be used as resistive strain sensing fi-
bers for human activity detection. These fibers exhibit outstanding
performance in terms of electrical conductivity, tensile properties,
detection sensitivity, and flexibility. However, most of these fibers are
composed of nonbiodegradable metals and synthesized polymers, which
are not environmentally friendly and generate e-waste. In addition, the
mechanical strength of fibers prepared by doping/coating with
conductive substances or using hydrogel materials remains poor and
long-term stability cannot be maintained. Therefore, the design of
resistive strain sensing fibers with biodegradability and high mechanical
strength has rarely been studied or reported. Notably, many degradable
conductive composites have been obtained using cellulose as a substrate
(Fatma et al., 2023; Li, Ma, et al., 2022; Wang et al., 2023). Therefore,
cellulose, as the most abundant polymer with renewable and biode-
gradable properties, may serve as a good candidate for the preparation
of biodegradable conductive fibers (Liao et al.,, 2022). Specifically,
bacterial cellulose (BC) produced by Acetobacter xylinum (A. xylinum)
offers high crystallinity and a three-dimensional network nanofibrous
structure (nanofiber with a diameter of 10-100 nm), endowing it with
excellent mechanical properties (Wang, Tavakoli, & Tang, 2019).
Importantly, the nanostructures and rich —OH groups of BC can provide
space and sites for doping or synthesizing conductive materials. More-
over, some studies reported that pure BC macrofibers with high me-
chanical strength could be prepared by wet stretching and wet twisting
methods (Hu, Han, et al., 2022; Wang et al., 2017). Therefore, it may be
theoretically feasible to dope or synthesize conductive nanomaterials on
BC nanofibers and then prepare conductive macrofibers with high me-
chanical strength and biodegradability as strain sensors through wet
stretching and wet twisting methods. For conductive polymers, although
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PEDOT has the highest electrical conductivity, its preparation process
and cost are higher than those of PPy and PANI In addition, the
conductive stability of PPy is superior to that of PANI, which can be
affected by a variety of factors, such as pH, temperature, etc. (Goswami
et al., 2023). Therefore, PPy can be selected as a conductive functional
material for the preparation of conductive fibers with degradable sub-
strate. Notably, conducting polymer PPy particles may be synthesized in
situ through a facile method of oxidizing pyrrole monomers with Fe3*,
and their conductivity may be significantly enhanced by doping with P-
TSA (Tian et al., 2020). Moreover, many studies have been conducted on
the preparation of BC/PPy composite films for supercapacitors (Wang
et al., 2016; Xu et al., 2013) interference and electrostatic interference
shielding (Huo et al., 2022). As a result, PPy doped with P-TSA (PPy-P)
may be used as a functional material to prepare BC/PPy-P composite
conductive macrofibers as resistive strain sensors.

In this work, we tested the hypothesis that BC/PPy-P composite
conductive macrofibers as resistive strain sensors may effectively
monitor mechanical deformation, as well as exhibit high mechanical
strength, and be biodegraded without generating e-waste. Through the
in-situ polymerization of PPy-P particles on BC nanofibers, BC/PPy-P
composite conductive macrofibers were prepared by wet-stretching
and wet-twisting methods. The physicochemical properties of the
fabricated BC/PPy-P composite macrofibers were systematically char-
acterized in terms of their morphology, chemical structures, electrical
conductivity, electrothermal properties, and mechanical strength. In
addition, the biodegradability of the BC/PPy-P composite macrofibers
was characterized, and the performance of BC/PPy-P conductive mac-
rofibers as resistive strain sensors were investigated. For practical ap-
plications, we tested macrofibers sewn into fabrics for the monitoring of
human movement.

2. Experimental section
2.1. Chemicals and materials

BC hydrogels (purity of 99.4 %, crystallinity ~85 %, molecular
weight ~3.25 x 10° kDa, nanofiber diameter of 20-100 nm) with a
thickness of 4 mm after water absorption were purchased from Hainan
Guangyu Biotechnology Co., Ltd. (China). Cellulase (enzyme activity of
400 U/g) was purchased from Dongheng Huadao Biotechnology Ltd.
(China). Pyrrole, sodium hydroxide sodium acetate, ferric chloride
hexahydrate (FeCls-6H30), and anthrone, p-toluenesulfonic acid (P-
TSA) were purchased from Shanghai Macklin Biochemical Technology
Co., Ltd. and used as received. Concentrated sulfuric acidchloroform, n-
butanol, potassium sodium tartrate, acetic acid, and recrystallized
phenol were purchased from Shanghai Sinopharm Chemical Reagent
Co., Ltd. and used without further purification.

2.2. Preparation of the BC/PPy-P conductive macrofibers

First, the purchased BC was cut into long strips with a width of 6 mm
and soaked in distilled water to fully absorb the water for purification
(Fig. S1la and b). The swollen BC strips were then mechanically com-
pressed using a compressor (100 N pressure) for 1 min to remove some
of the absorbed water (Fig. S1c). Subsequently, the compressed BC strips
were immersed in a solution of Fe®>" and shaken in a shaker (150 rpm)
for 1 h and Fe®*' was allowed to fully diffuse in the three-dimensional
network structure of BC to obtain BC/Fe>* composite strips (Fig. S1d
and e). Next, BC strips with absorbed Fe3* were placed into Py/P-TAS
mixed solution for the in situ polymerization reaction to form the PPy-
P particles (Fig. S1f). The temperature and time of the reaction were
controlled at 4 °C and 1 h, respectively. Subsequently, the prepared 10
BC/PPy-P composite strips (Fig. S1g) were immersed in 1 L of distilled
water and washed repeatedly to remove any excess chemicals and im-
purities. The water was changed every 12 h for 4 days until the distilled
water was colorless. Subsequently, the BC/PPy-P composite strip was
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elongated by 20 % via wet-drawing to achieve better orientation of the
nanofibers (Fig. S1h). Finally, BC/PPy-P composite conductive macro-
fiber was obtained by wet-twisting the composite strip to 95 % of its
original length and drying at room temperature in a tensile state with a
loading of 100 g (Fig. S1i). As a control, BC macrofibers were also ob-
tained by wet-drawing and wet-twisting methods. The molar ratio of
Fe3", Py monomer, and P-TSA was 2.6:1:1. The Fe>' solutions were
established with 5 concentrations of 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5 mol/
L, and the prepared conductive composite fibers were abbreviated as
BC/PPy-P1, BC/PPy-P2, BC/PPy-P3, BC/PPy-P4, and BC/PPy-P5,
respectively. In addition, to investigate the effect of P-TSA on the elec-
trical conductivity of composite macrofibers in this work, BC/PPy
macrofibers were prepared using the same method without the addition
of P-TSA. Unless otherwise specified, BC/PPy-P macrofibers in this work
refer to BC/PPy-P4 macrofibers.

2.3. Biodegradation of the BC/PPy-P macrofibers

First, 150 mL of 0.2 mol/L sodium acetate mother liquor was mixed
with 100 mL of 0.2 mol/L acetic acid mother liquor, and the mixed
solution was diluted to 1 L with distilled water to obtain the acetic acid
buffer solution with a pH of 4.8. Then, 0.5 g of cellulase was added to
100 mL of acetate buffer to obtain the degradation solution. Next, BC
fibers and BC/PPy-P fibers were separately added to the degradation
solution and degraded in a water bath at 50 °C. Subsequently, 2 mL of
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degradation solution was obtained every 12 h for total sugar content
testing, and photographs were taken to observe the state of the macro-
fibers. Multiple sets of experiments were conducted to weigh the mass of
the dried fibers every 12 h to observe the change in weight during fiber
degradation.

2.4. Characterization

The morphologies and microstructures of all samples were obtained
by using an S-4800 field emission scanning electron microscope (FE-
SEM) after gold sputtering for 240 s. The distribution of major elements
in the BC/PPy-P macrofiber cross sections was also captured by utilizing
the FE-SEM machine. The X-ray photoelectron spectroscopy (XPS) pat-
terns of the BC/PPy-P macrofibers were recorded by an X-ray photo-
electron spectrometer (AXIS-ULTRADLD-600W). The X-ray diffraction
(XRD) spectra were acquired by an XRD spectrometer (XRD-7000,
MAXima X) in the scanning range of 5°~70° with a scanning speed of
10°/min. The Fourier transform infrared (FTIR) spectra of samples were
measured by a VERTEX 70 spectrometer in the spectral range of
400-4000 cm™!. A thermal analyzer (Pyrisl TGA) was employed to
analyze the thermal stability of samples ranging from 30 °C to 800 °C at
a heating rate of 10 °C/min under a nitrogen atmosphere. The me-
chanical properties of the BC, BC/PPy, and BC/PPy-P macrofibers were
characterized by a universal testing machine (UTM6503, SUNS Indus-
trial Testing System Co., Ltd., China). All sensing properties of the BC/
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Fig. 1. Schematic diagram showing BC and BC/PPy-P macrofiber preparation: (a) BC strip; (b) stretched BC strip; (c) BC macrofibers obtained by twisting the
stretched BC stripe and drying; (d) optical photographs of the BC macrofibers; (e) BC strip immersed in Fe>" solution, and then shaking for 1 h to allow for the full
absorption of Fe>* to obtain the BC/Fe>" strip (f); (g) immersion of the BC/Fe>" strip into Py/P-TSA solution to undergo in situ polymerization to form PPy-P; (h) BC/
PPy-P composite strip; (i) stretched BC/PPy-P strip; (j) obtained BC/PPy-P macrofiber by twisting the stretched BC/PPy-P strip and drying; (d) optical photographs of

the BC/PPy-P macrofibers.
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PPy-P macrofibers were assessed by a high-precision multimeter
(DMM7510), and polyimide (PI) films were used to support the bending
deformation of the macrofibers. The regular bending behavior of the
macrofibers during the test was accomplished by a mechanical stretch-
ing apparatus. Moreover, the conductive BC/PPy-P macrofibers were
sewn into gloves, pants, and a top to monitor body movement.

3. Results and discussion

3.1. Preparation and morphological characterization of the BC/PPy-P
macrofibers

Fig. 1 shows the schematic preparation process and actual
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morphology of the pure BC and BC/PPy-P macrofibers. Meanwhile,
Fig. S1 shows the digital images of the BC/PPy-P macrofibre preparation
process. Initially, pure BC film was cut into long strips with a width of 6
mm for later use (Fig. la). Pure BC macrofiber was then fabricated
directly by wet-stretching and wet-twisting of the BC strips (Fig. 1b and
c). The purpose of stretching BC was to endow the nanofibers with better
orientation, which effectively increased the mechanical strength of the
macrofibers (Wang et al., 2017). The stretched BC was wet-twisted and
then dried under a stretched state (loading with 100 g) at a temperature
of 30 °C in the oven for 2 h to obtain the BC macrofibers (Fig. 1d). The
BC/PPy-P composite conductive macrofibers were fabricated by wet-
stretching and wet-twisting of the BC/PPy-P complexes. The com-
plexes were synthesized through the in situ synthesis of PPy doped with
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Fig. 2. SEM images of the PPy and PPy-P particles, as well as the BC, BC/PPy, and BC/PPy-P membranes: (a) PPy particles; (b, c) PPy-P4 particles; (d) surface
morphology and (e) cross-sectional morphology of the BC membrane; (e) surface morphology of the stretched BC membrane; surface morphologies of the (g) BC/PPy-
P1, (h) BC/PPy-4, and (i) BC/PPy-P4 membranes; (j, k) cross-sectional morphologies of the BC/PPy-P4 membrane; (1) surface morphology of the stretched BC/PPy-
P4 membrane.
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P-TSA in the 3D nano-network structure of BC. The BC strips were first
immersed in Fe®" solution and shaken in a shaker (150 rdm) for 1 h,
which allowed the Fe3" ions to fully diffuse into the network structure of
BC to obtain the BC/Fe3* complexes (Fig. le and f). Then, the BC
complexes were immersed in a mixed solution of pyrrole and P-TSA, and
left at 4 °C for 1 h to prepare the BC/PPy-P composite strips, as shown in
Fig. 1g and h. During the process, the oxidant Fe>" ions made contact
with the pyrrole monomers and P-TSA molecules, causing the pyrrole
monomers to undergo a polymerization reaction and produce PPy-P
particles in the network structure of BC. The reaction process is shown
in Fig. S2. The introduction of P-TSA as a dopant significantly improved
the electrical conductivity of PPy (Tian et al., 2020). Finally, as
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demonstrated by the pure BC macrofibers, the BC/PPy-P composite
conductive macrofibers were fabricated by the wet-stretching and wet-
twisting of the BC/PPy-P composite strips (Fig. 1i and j). A more
detailed preparation process is provided in Section 2.2. Comparison of
Fig. 1d and k indicated that the BC/PPy-P composite conductive mac-
rofibers were transformed from white pure BC macrofibers to black fi-
bers due to the presence of PPy-P particles.

Fig. 2a and b show the SEM images of the PPy particles (undoped P-
TSA) and PPy-P particles. No significant difference was observed in the
size of the two types of particles. Additionally, sticky phenomena
occurred between both types of particles, as clearly shown in Fig. 2¢c. The
sticky phenomenon facilitated the encapsulation of BC nanofibers by the
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Fig. 3. SEM images of BC and BC/PPy-P macrofibers, analysis of the elemental distribution of BC/PPy-P macrofibers in the cross-sectional SEM images; (a, b) surface
morphology and (c, f) cross section of the BC macrofibers; (d, e) surface morphology and (g, h) cross section of the BC/PPy-P macrofibers; (i-1) elemental distribution

of C, N, O, and S in the BC/PPy-P macrofibers.
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PPy-P particles. This was possibly conducive to the transfer of electrons,
which improved the electrical conductivity of the BC/PPy-P macro-
fibers. Fig. S3 shows the SEM images of the PPy-P particles and the
corresponding mapping of C, N, O, and S elements. The uniform distri-
bution of N and S elements tentatively indicated the successful synthesis
of PPy doped with P-TSA. Fig. 2d and e show the microstructure of the
BC membrane surface and cross section. BC exhibited a three-
dimensional nano-network structure and the cross section demon-
strated an obvious hierarchical structure. Fig. 2f shows the SEM image of
the BC surface after 30 % stretching. The stretched BC exhibited a better
nanofiber orientation than the unstretched BC in Fig. 2d. Fig. 2g and h
show the surface SEM images of the BC/PPy-P1 and BC/PPy-P4 com-
posite membranes, respectively. The nanofibers of BC were encapsu-
lated by the PPy-P particles, resulting in an increase in nanofiber
diameter compared to pure BC. Moreover, the nanofiber diameter of the
BC/PPy-P4 composite strip was significantly larger than that of BC/PPy-
P1, indicating that more PPy-P particles were wrapped on the surface of
the BC nanofibers of the BC/PPy-P4 composite membrane, resulting in
better obtained electrical conductivity. Therefore, this tentatively sug-
gested that the electrical conductivity of the BC/PPy-P composite ma-
terials could be modulated by controlling the concentration of raw
materials during the preparation process. Fig. 2i presents the SEM image
of the BC/PPy-4 composite strip surface. The BC/PPy-4 composite strips
had smaller nanofiber diameters than BC/PPy-P4, indicating that the
BC/PPy-P4 macrofibers contained more PPy-P. This could be verified by
the elemental analysis results of the samples. As shown in Table S1, the
BC/PPy-P4 macrofibers contained 25.18 % PPy-P, while the BC/PPy-4
macrofibers contained only 0.22 % PPy-P. Therefore, the doping of P-
TSA was possibly beneficial to improving the conductivity of the BC/
PPy-P macrofibers. The cross-sectional micro-layered structure of the
BC/PPy-P4 composite strip is shown in Fig. 2j. Fig. 2k presents a partial
enlargement of Fig. 2j, which indicated that the PPy-P particles were
also fully wrapped with the BC nanofibers. Similarly, the nanofibers of
the stretched BC/PPy-P composite strips demonstrated good orientation
along the stretching direction (Fig. 21). Good nanofiber orientation of
BC/PPy-P composite strips not only improved the mechanical strength
of the prepared microfibers, but also increased the electrical
conductivity.

Fig. 3a and b present the SEM images of the pure BC macrofiber
surface. The wet-drawing and wet-twisting preparation methods, com-
bined with a slow drying process in the stretched state, resulted in BC
macrofibers with a dense nanofiber structure due to the formation of
hydrogen bonds between the nanofibers (Wang et al., 2017), as shown in
the cross-sectional SEM images of the BC microfibers (Fig. 3c and f).
Fig. 3d and e show the surface of the BC/PPy-P macrofiber and its
localized magnified SEM images. The BC/PPy-P macrofiber had a
rougher and looser surface structure than the pure BC macrofiber due to
the presence of PPy-P isolating the BC nanofibers. As shown in Fig. 3e,
the nanofibers encapsulated by PPy-P were well oriented, which facili-
tated the procurement of macrofibers with superior electrical conduc-
tivity and mechanical strength. Additionally, the BC/PPy-P macrofibers
had a dense cross-sectional structure, and larger diameter than the pure
BC macrofibers (Fig. 3g and h). Fig. 3i-1 show the mapping distribution
of the four elements (C, N, O, and S) and the energy-dispersive spectrum
in the cross section of the BC/PPy-P macrofibers. The energy spectra of
the corresponding elements are shown in Fig. S4. The presence of S el-
ements was due to the introduction of P-TSA and the N elements were
derived from the pyrrole ring. The uniform distribution of S elements
indicated that P-TSA was successfully grafted onto PPy. Significantly,
the conductivity of PPy doped with P-TSA could be substantially
increased up to 200 S/cm from 10~° S/cm of undoped PPy (Li et al.,
2006). More importantly, the elemental distribution diagrams demon-
strated that PPy-P had a uniform distribution in the BC network struc-
ture, which effectively ensured that the BC/PPy-P macrofibers achieved
good electrical conductivity.
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3.2. XRD and FTIR spectroscopy

Several chemical structure characterization methods were used to
demonstrate the successful synthesis of PPy-P in the BC network. The
crystal structure and integration of PPy-P and BC was confirmed by the
XRD patterns, as shown in Fig. 4a. First, the characteristic peaks of PPy
and PPy-P consisted of broad reflection peaks with an obvious amor-
phous state. Additionally, BC, BC/PPy, and BC/PPy-P exhibited consis-
tent characteristic peaks at 20 = 14.6°, 16.8°, and 22.5°, only with
reduced intensity, which corresponded to the (110), (101), and (202)
reflections of type I cellulose planes, respectively (Hu, Zheng, et al.,
2022). This indicated that the in-situ polymerization of PPy and the
doping of P-TSA did not change the crystal structure of BC, but only
reduced the crystal content. Fig. 4b shows the FTIR spectra of BC, PPy,
PPy-P, BC/PPy, and BC/PPy-P, where the specific chemical functional
groups could be characterized. The characteristic peaks of BC appeared
at 3342, 2895, 1160, and 1060 cm ™, corresponding to the stretching
vibrations of —OH, C—H, C—O0, and C—0—¢C, respectively (Hu, Han,
et al., 2022), and the typical absorbance peaks of absorbed water at
1644 cm™! represented O—H bending. The characteristic peaks of PPy
shown in the regions of 1447, 1297, 1040, and 835 em ™! corresponded
to C—C, C—N stretching of aromatic amine, —=C—H bending, and N—H
wagging of the out of plane PPy ring (Peng et al., 2016), respectively.
The peak at 1537 cm ™! was attributed to the C=C vibrations in the
aromatic ring of pyrrole. The peak at 778 cm™! corresponded to the
—C—H bond, which represented the bending deformation vibration of
the pyrrole ring and the substitution vibrations of the benzene ring in the
PPy-P particles. This indicated that PPy-P was successfully synthesized
inside BC. Additionally, the characteristic peak of the sulfonic acid
group appeared in the region of 1038 cm ™, which indicated that P-TSA
was present with a doped state inside the BC/PPy-P substance. Many
characteristic peaks of BC and PPy-P were observed in the BC/PPy-P
composite macrofibers, demonstrating that a satisfactory chemical
structure was achieved. In addition, BC/PPy-P demonstrated charac-
teristic peaks that showed significant shifts, such as the N—H and sul-
fonic acid groups (—HSOs3). This was possibly due to the formation of
hydrogen bonds between the O—H of BC, the N—H of pyrrole, and the
—HSOg3 of P-TSA. However, the hydrogen bonds possibly served as a
traction force to assist the PPy warped BC nanofibers and avoid the
large-scale aggregate formation of the PPy-P particles.

3.3. XPS analysis

In addition, the XPS wide-scan spectra of the BC/PPy-P fiber and its
raw materials, as well as the high-resolution spectra of N 1s and S 2p, are
shown in Fig. 4c—f. The ratio of C to O in the BC-based composite fibers
gradually increased with the synthesis of PPy and the doping of P-TSA
(Fig. 4c). Additionally, the peak of N 1s at 400 eV appeared in the BC/
PPy and BC/PPy-P composite macrofibers. These results provided a
preliminary indication of the successful synthesis of PPy in BC. As shown
in Fig. 4d and e, the N 1s spectra verified that the N—H (peak at 399.3)
and C—N (peak at 400.4) groups were both present in the BC/PPy and
BC/PPy-P composite macrofibers. N—H and N—C were derived from the
pyrrole ring, demonstrating the successful synthesis of PPy. After doping
with P-TSA, the characteristic peaks produced a small shift for the BC/
PPy-P composite macrofibers, which was attributed to intermolecular
interactions between PPy and P-TSA. The characteristic peak of PPy-P at
405 eV for N-S appeared in BC/PPy-P, as shown in Fig. 4e. Moreover, the
S 2p spectra of BC/PPy-P could be decomposed into two peaks at 167.5
and 169.5 eV, which belonged to the binding energies of S 2p1/2 and S
2p3/2 of the —HSOg3 group of P-TSA, respectively (Thombal & Han,
2018). These results provided that PPy doped with P-TSA was success-
fully synthesized in the BC/PPy-P composite macrofibers.
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lifting a 2-kg weight.
3.4. Mechanical property analysis

The mechanical properties of the BC/PPy-P composite conductive
macrofibers were characterized and the effects of PPy and P-TSA on the
mechanical properties of macrofibers were investigated. Fig. 4g and h
display the strain-stress curves and corresponding tensile strength and
Young's modulus of the pure BC, BC/PPy-4, and BC/PPy-P macrofibers.
The pure BC macrofibers had the highest mechanical strength, as shown
in Fig. 4g. This was attributed to the fact that the pure BC macrofiber had
the densest nanofiber structure, which was evident from the SEM images
of the macrofiber surface (Fig. 3b) and because the BC macrofibers
possessed the smallest diameter among all types of macrofibers
(Table S1). This dense nanofiber structure was attributed to strong
hydrogen bonding between the BC molecules. For the BC/PPy-P com-
posite macrofibers, hydrogen bonding interactions between the BC
molecules were weakened with the introduction of PPy, and the surface
roughness of the BC nanofibers wrapped by PPy significantly increased,
leading to a looser nanofiber structure. Therefore, compared to the pure
BC macrofibers, the mechanical strength of the BC/PPy-P composite
macrofibers significantly decreased. For different BC/PPy-P macro-
fibers, the mechanical strength decreased with increasing concentration
of the reactive raw material solution. This was due to the fact that a
higher concentration of reactants produced more PPy-P wrapped around
the nanofibers of BC, which produced a looser fiber structure of the BC/
PPy-P fibers, resulting in a decrease in mechanical strength. As shown in
Table S1, the diameter of the BC/PPy-P macrofibers and the PPy-P

content gradually increased with an increase in pyrrole concentration.
Additionally, previous SEM images demonstrated that the nanofiber
diameter in the BC/PPy-P4 macrofibers was larger than that of BC/PPy-
P1 due to the encapsulation of more PPy-P agglomerated particles
(Fig. 2g and h). The mechanical strength of the BC/PPy macrofibers
without P-TSA doping was slightly stronger than that of the BC/PPy-P
macrofibers. This was possibly due to the fact that the amount of syn-
thesized PPy was less than that of PPy-P, as indicated in the microscopic
SEM images (Fig. 2h and i) and in Table S1. Overall, the tensile strength
and Young's modulus of the BC/PPy-P macrofibers were inferior to the
pure BC macrofibers, as shown in Fig. 4h. Both the tensile strength and
Young's modulus of the BC/PPy-P macrofiber decreased with increasing
reactant concentration. The elastic strength and Young's modulus
decreased from 366 MPa and 8.4 GPa for the BC/PPy-P1 macrofibers to
76 MPa and 1.4 GPa for the BC/PPy-P5 macrofibers, respectively. This
was mainly due to the increase in PPy-P content and the structure
becoming looser, as well as the brittle nature of PPy-P (Tian et al., 2020).
Due to the high degree of orientation and dense arrangement of nano-
fibers, the BC macrofibers served as a basic framework that supported
the entire structure of the BC/PPy-P fibers. Although the mechanical
properties of the BC/PPy-P macrofibers were relatively weakened,
benefiting from the high mechanical strength of the BC macrofibers, the
mechanical properties of the BC/PPy-P4 (~177 MPa of tensile strength
and ~1.6 GPa of Young's modulus) macrofibers was well maintained,
and these fibers could lift a 2-kg weight without breaking (Fig. 4i).
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3.5. TGA and electrothermal property analysis

In addition to the mechanical properties, the thermal stability of the
BC/PPy-P composite conductive macrofibers is considered crucial for
different environments. The thermal properties of the BC macrofibers,
PPy-P particles, BC/PPy-P1, and BC/PPy-P4 macrofibers were charac-
terized, as shown in Fig. 5a. The residual quality of BC and PPy-P at
800 °C was maintained at 3.5 % and 57.4 %, respectively. For the BC/
PPy-P composite macrofibers, the BC/PPy-P1 composite macrofibers
degraded at 340 °C and the last mass was maintained at 5.8 %, while the
BC/PPy-P4 composite macrofibers degraded at 290 °C and the final mass
was maintained at 38.7 %. Clearly, PPy-P endowed the BC/PPy-P
composite conductive fibers with good thermal stability. The electro-
thermal effect of the BC/PPy-P composite conductive macrofibers was
also studied. As shown in Fig. 5b and c, the macrofibers were tested
under different voltages by utilizing the polyimide film as the substrate.
Pictures taken by a thermal imaging camera showed that the tempera-
ture of the macrofibers increased as the applied voltage increased
(Fig. 5¢1—¢cg). In addition, the temperature increased from 19.8 °C to
75.5 °C as the voltage increased from 3 to 17 V (Fig. 5d). The BC/PPy-P
composite conductive macrofibers also possessed fast thermal response
(~15 s) to different temperatures when different voltages were applied
(Fig. 5e).

3.6. Electrical conductivity analysis

Electrical conductivity is considered one of the most important
properties of macrofibers that reflects application potential. As shown in
Fig. 5f, pure BC macrofibers exhibited high electrical insulation prop-
erties with resistance reaching 5 x 10* MQ. After the in situ poly-
merization of PPy and doping of P-TSA, the conductivity of the BC/PPy-
P macrofibers was significantly improved. This was because the layer of
PPy-P particles wrapped around the outside of the BC nanofibers con-
structed a conductive pathway for external electron transfer. As is shown
in Fig. S5, the effect of the concentration of the reactants on the
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electrical conductivity of the PPy-P particles was not significant. How-
ever, the concentration of reactants had a great influence on the elec-
trical conductivity of the prepared BC/PPy-P macrofibers. More
specifically, a higher concentration of reactants led to a higher content
of synthesized PPy-P (Table S1, Supporting Information), resulting in a
higher electrical conductivity of the prepared BC/PPy-P macrofibers.
The electrical conductivity increased from 0.0015 S/cm for BC/PPy-P1
macrofiber (PPy-P content of 9.7 %) to 7.19 S/cm for the BC/PPy-P5
macrofiber (PPy-P content of 66.1 %). Notably, the electrical conduc-
tivity values of the BC/PPy-4 and BC/PPy-P4 macrofibers were 0.09 and
5.33, respectively, which relatively increased by nearly 60 times after
doping, indicating that the doping of P-TSA could significantly improve
the electrical conductivity of the BC/PPy macrofibers. From the image of
Fig. S5, doping of p-TSA greatly enhances the electrical conductivity of
PPy (from ~0.3 S/cm for PPy particles to ~42 S/cm for PPy-P particles).
As shown in the inset of Fig. 5f, the BC/PPy-P4 macrofibers could light
up an LED under a state of applied voltage. Therefore, combining these
mechanical properties, the BC/PPy-P4 fibers demonstrated the most
integrated performance, which could be used to design specific
applications.

3.7. Degradability of the BC/PPy-P macrofibers

Previous results showed that BC hydrogels could be degraded by
cellulase in 6 h (Zhang et al., 2021). The process and principle of BC
nanofiber degradation by cellulase were mentioned in our previous
study (Hu, Han, et al., 2022). However, remains unclear whether BC
nanofibers encapsulated by PPy-P particles can be successfully degraded
in cellulase solution. Therefore, the state of BC/PPy-P composite
conductive macrofibers and pure BC macrofibers in cellulase solution
was consecutively recorded, as shown in Fig. 6a and b. It was clear that
BC macrofibers were degraded in the cellulase solution within 60 h,
while BC/PPy-P macrofibers were degraded after 132 h, leaving only
black BC/PPy-P particles. As a result, the degradation of nanofibers in
the BC/PPy-P macrofibers was slower than in the BC macrofibers, due to
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Fig. 5. Thermal and electrical properties of the BC/PPy-P macrofibers: (a) TGA curves of the BC macrofibers, PPy-P particles, BC/PPy-P1, and BC/PPy-P1 mac-
rofibers; (b, c) digital image of the BC/PPy-P macrofibers when switched on at different voltages; (c;-c¢) temperature diagrams of the BC/PPy-P macrofibers at
different voltages; (d) time—temperature curve of the BC/PPy-P macrofibers; (e) temperature and voltage diagram of the BC/PPy-P macrofibers; (f) electrical
conductivity of the BC/PPy-P macrofibers (inset, BC/PPy-P macrofiber as a conductor lights up the LED when connected to the power supply).
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the encapsulation of PPy-P hindering the contact of BC nanofibers with
the cellulase solution. To more accurately determine the degradation
time and degradation rate changes of the BC/PPy-P macrofibers, the loss
mass of the BC and BC/PPy-P macrofibers during degradation was
calculated (Fig. 6a). In addition, their total sugar content in the degra-
dation solution was measured (Fig. 6d). As shown in Fig. 6¢, pure BC
macrofibers lost about 57 % of their weight in the first 12 h of the
degradation process, while the BC/PPy-P macrofibers lost only 3 % of
their weight. As shown in Table S1, the BC content in the BC/PPy-P
macrofibers was about 44 % (~56 % of PPy-P particles). Thus, the
loss of BC in the BC/PPy-P macrofibers in the first 12 h was 6.8 %, which
was significantly less than 57 %. This result also indicated that the
degradation rate of BC in the BC/PPy-P macrofibers was slower than that
of the BC macrofibers. After 48 h of degradation, the weight loss of BC
was about 97 %, while after 84 h of degradation, the weight loss of BC/
PPy-P fibers was about 43 %, with no significant change in their weight
loss as degradation proceeded. These results illustrated that pure BC and
BC/PPy-P macrofibers could be completely degraded within 48 h and
84 h, respectively. Furthermore, the change in total sugar content in the
solution also reflected the characteristics of macrofiber degradation. As
shown in Fig. 6d, the total sugar content in the degradation solution of
the BC and BC/PPy-P macrofibers did not increase after 48 h and 84 h,
respectively. In addition, the total sugar content in the degradation so-
lution of the BC macrofibers was higher than that of the BC/PPy-P
macrofibers, and was approximately equal after complete degradation.
In summary, the BC/PPy-P macrofibers could be completely degraded
by cellulose within 84 h, leaving only biocompatible PPy-P particles,
which could be recycled for other uses. Biodegradability of the BC/PPy-
P conductive macrofiber demonstrated their potential for the prepara-
tion of environmentally friendly and green wearable electronic devices.

3.8. Performance analysis of BC/PPy-P macrofibers as resistive strain
sensors

Benefiting from excellent biodegradability, electrical conductivity,
and mechanical strength, the BC/PPy-P macrofiber showed potential for
wearable smart fabrics. The performance and applications of the BC/
PPy-P macrofibers as fiber-shaped resistive strain sensors were
explored. To achieve more accurate and sensitive detection of resistance

changes under deformation, PI films were used to support the BC/PPy-P
macrofiber, as shown in the inset of Fig. 7a, where (R — Rg)/Ro was used
to represent the relative resistance changes during macrofiber bending,
with Ry the initial resistance of the macrofiber without bending, R the
resistance during bending. When the BC/PPy-P conductive macrofiber
was bent under force, one side of the PPy-P was stretched and the other
side of the PPy-P was compressed, resulting in an inhomogeneous
structure of the macrofiber conductive pathway, which was not
conducive to electron transport and led to an increase in resistance.
When the external force was removed, the structure would recover and
the resistance would return to its initial value. Thus, BC/PPy-P
conductive macrofibers could realize excellent sensing properties with
a small volume. As shown in Fig. 7a, the BC/PPy-P macrofibers exhibited
nearly uniform relative resistance changes when subjected to continuous
20° bending deformation. Fig. 7b illustrates the amplified waveform of
the relative resistance change produced by a single deformation. The
response and recovery times for detection were 67 and 95 ms, respec-
tively, demonstrating that the BC/PPy-P macrofibers possessed sensitive
sensing of bending deformation. Additionally, the sensing performance
of the BC/PPy-P macrofibers to different degrees of bending at the same
frequency was investigated, as shown in Fig. 7c. The relative resistance
changes of the BC/PPy-P macrofibers increased with increased bending
angle (increasing from 4.3 at 20° to 17.2 at 80°), demonstrating it had a
wide detection range. Furthermore, the sensitivity of the BC/PPy-P
macrofibers as resistive strain sensors was calculated (Fig. 7d). The
sensitivity was 0.23 at the stage of 5-30°, which transformed to 0.19 at
40-80°. The sensitively was defined as the ratio of A((R — Rg)/Ro ) and
AA, where R is the resistance value of the macrofiber during bending, RO
is the initial value of the sensor without bending, and A is the angle of
bending. In addition, a long service life of the sensor was important to
ensure economic practicality. The BC/PPy-P macrofiber was subjected
to repeated bending cycles, as shown in Fig. 7e and f. The BC/PPy-P
macrofiber possessed an expected service life, allowing it to be reused
more than a thousand times without signal degradation. The results
showed that the BC/PPy-P macrofiber possessed durable and stable
sensing performance as a resistive strain sensor.
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Fig. 7. Sensing properties of the BC/PPy-P macrofiber: (a) sensing properties of fibers against bending deformation; (b) waveforms of fiber resistance change in
response to bending deformation; (c) changes in fiber resistance at different bending angles; (d) sensitivity of fiber detection for different bending angles; (e) cyclic
performance test of fibers under 1000 cycles of bending deformation; (f) partial enlarged detail of the cyclic test after 800 times; BC/PPy-P fibers embedded in fabrics
as strain sensors to monitor movements such as (g) finger bending, (h) arm bending, and (i) leg bending.

3.9. BC/PPy-P macrofibers as resistive strain sensors for human
movement monitoring

Furthermore, we utilized the BC/PPy-P macrofiber for human
movements to evaluate its potential for practical applications in the field
of wearable smart fabrics. First, the macrofiber was sewn into a yarn
glove to monitor the bending motion of the fingers. As shown in Fig. 7g,
although the resulting generating resistance change was not as large as
the previous test results, the bending motion of the finger could still be
sensitively captured. In addition, we tested the sensing performance of
BC/PPy-P macrofibers sewn into gloves in different humidity environ-
ments (Fig. S6). The sensing signal generated by the BC/PPy-P macro-
fibers decreases with increasing humidity (from 0.69 at 20 % to 0.44 at
85 %). However, the BC/PPy-P macrofibers are still effective in moni-
toring finger bending motion in high humidity environments, suggesting
that it has the potential to monitor motion when the body is sweating.
Furthermore, the accurate monitoring of elbow bending (Fig. 7h) and
leg bending (Fig. 7i) could be realized by sewing fibers into clothing that
corresponded to the body's movement areas. All of these factors indi-
cated that the BC/PPy-P macrofiber had potential applications in the
field of sensing due to its fast responsiveness, wide detection range, good
stability, and long service life.
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4. Conclusions

In summary, we developed an approach to fabricate biodegradable,
robust, and conductive macrofibers that consisted of a BC matrix and a
conductive material consisting of PPy-P particles. The composite mac-
rofibers as resistive strain sensors exhibited a fast response time and high
sensitivity, which could be sewn into clothing to effectively monitor
human activity. Moreover, the matrix BC material was capable of being
completely biodegraded into harmless glucose and oligosaccharides in
the presence of cellulase, while the remaining biocompatible PPy-P
particles could be recycled for other uses. Therefore, this work pro-
vided a strategy for designing environmentally friendly conductive
macrofibers for functional fabrics.
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