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Abstract: With the rapid development of smart wearable
devices and the urgent demands for new energy resources,
fibrous flexible power supply units had attracted a lot of
interest. Here, we reported the fabrication of polylactic
acid (PLA) piezoelectric nanofibrous yarn-based fabric
through conjugated electrospinning and weaving process.
Five kinds of PLA yarns including poly(i-lactide) (PLLA),
poly(p-lactide) (PDLA), PLLA positive/PDLA negative, PDLA
positive/PLLA negative, and PLLA/PDLA mixture (1:1 w/w)
ones were prepared and investigated. Among these, the
PLLA/PDLA yarn had more uniform and oriented structure
with 301 MPa tensile strength, which could meet the require-
ment of weaving. A 4cm x 4 cm woven PLLA/PDLA fabric
could provide a maximum current of 90.86 nA and a voltage
of 8.69 V under 5N force, and the piezoelectricity could be
enhanced by the fabric area and the applied force. This
approach may be helpful for the design of wearing generators.
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1 Introduction

Nowadays, under the background of carbon neutraliza-
tion, the development of renewable and environmentally
friendly energy technologies was urgently needed to
replace the traditional fossil energy (1-8). In addition to
the rapid development of intelligent wearable technology,
light and wearable power supply units were also a urgent
demand (9-11).

Recently, various materials were developed to collect
energy based on different working mechanisms, such as
piezoelectricity (12-14) and triboelectricity (15,16). Speci-
fically, piezoelectric nanogenerators (PENGs) which con-
vert mechanical energy into electrical energy through
piezoelectric materials had attracted a lot of interest since
2006 (13). Piezoelectric materials were expanded from
inorganic materials such as ZnO (13), BaTiOs (17), and per-
ovskite lead zirconate titanate (18) to polymers including
poly(vinylidene fluoride) (PVDF) (19), poly(lactide) (PLA)
(20), and their copolymers. To obtain flexible PENGs for
wearing, these materials had been isolated or blended elec-
trospun into nanofibrous films (21-23). Among these electro-
spun piezoelectric films, the PLA-based ones had been paid
much attention due to its low cost, biodegradability, and
biocompatibility (24,25). Generally, PLA had two isomers,
namely poly(i-lactide) (PLLA) and poly(p-lactide) (PDLA)
(26). Both PLLA and PDLA exhibited weak piezoelectricity
(27,28). It had been reported that the PDLA/PLLA multilayer
films could generate a larger piezoelectric resonance (28-30).

However, the flexible piezoelectric films still had some
shortcomings in wearable applications, such as poor air
permeability and being less comfortable to wear (31). To
overcome these challenges, various self-powered yarns
and fabrics were developed (32-34). Dai et al. had prepared
poly(vinylidene fluoride-co-tri-fluoroethylene) P(VDF-TrFE)
piezoelectric yarns by electrospinning, and the woven fab-
rics achieved 38 nA current and 2.7 V voltage under 15N
pressure (32). However, PLA nanofibrous yarns were rarely
mentioned in that study.

In this article, we reported the fabrication of PLA
yarns by conjugated electrospinning, which had two
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spinnerets with opposite polarity. Here, five types of PLA
yarns were prepared including pure PLLA yarn, pure
PDLA yarn, PLLA positive/PDLA negative yarn, PLLA
negative/PDLA positive yarn, and PDLA/PLLA yarn. The
morphology of the prepared yarns was examined by scan-
ning electron microscope (SEM). The crystalline properties
and mechanical properties of the yarns were also investi-
gated. The yarns were woven into fabrics, and the piezo-
electric properties of the fabrics were examined.

2 Materials and methods

2.1 Materials

PLLA (Dongguan Wanda Plastic Raw Materials Co., Ltd,
4032D), PDLA (Dongguan Wanda Plastic Raw Materials Co., Ltd,
4043D), and the mixture of PLLA and PDLA (1:1 w/w) were
dissolved into N,N-dimethylformamide (Shanghai Sinopharm
Chemical Reagent) at ambient temperature, humidity, and stir-
ring for 24h at room temperature. The PLLA, PDLA, and the
PLLA/PDLA solution concentrations were all 8 wt%. A copper
wire with a diameter of 0.05mm (B&R Company, China) was
selected as the core yarn and conductive electrode.
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2.2 Preparation of continuous PLA nanofiber
yarns and fabric

The conjugate electrospinning process is illustrated in
Figure 1. Before electrospinning, the prepared solution
was loaded into a 5 mL nozzle with a 25-gauge flat metal
nozzle and placed in the nozzle holder of the conjugate
spinning machine, using the Cu fiber as the core elec-
trode, and the spinning parameters were set as follows:
the distance between the nozzle and the trumpet collector
of 12 cm, the positive and negative voltage of +6.5 kV, the
solution feeding rate of 0.4mL-h™", the yarn winding
speed rate of 1 mm-min’, and the speed of the trumpet
of 300 rpm.

During the electrospinning process, the positive and
negative high-voltage power supply connected to the two
spinnerets and the positive- and negative-charged jets
were spayed and flied onto the trumpet to form a fiber
bundle (32,34), as suggested in Figure 1a and b. Here, we
chose five combinations of spinning solutions connected
to the positive/negative power supply, which were pure
PLLA, pure PDLA, PLLA positive/PDLA negative, PDLA
positive/PLLA negative, and PLLA/PDLA mixture. With
the rotating of the trumpet, the as-spun fibers were
twisted onto the core Cu wire (Figure 1c) and then the
continuous core-spun PLA/Cu yarns were obtained, as

Figure 1: Preparation process of conjugated electrospun PLA nanofiber yarns and fabrics: (a) schematic diagram of conjugated electrospun
Cu core/PLA shell yarn, (b) devices for conjugated electrospun PLA nanofiber yarn, (c) the twisting trumpet during electrospinning process,
(d) the obtained PLA nanofiber yarn and the cross section images of the yarn, (e) home-made weaving device, (f) hand-weaving process,

and (g) the prepared PLA fabric.
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shown in Figure 1d. Through a small home-made spin-
ning device shown in Figure 1e, the continuous flexible
PLA nanofiber yarns were woven into 1/1 plain fabric with
warp and weft yarns of the same type. Moreover, during
the hand-weaving process as suggested in Figure 1f, the
warp yarn density was 17 cm ™! and the weft yarn density
was 4 cm™ . The obtained fabric is displayed in Figure 1g.

2.3 Characterization

The real images of the prepared yarns and fabrics were
taken using a mobile phone camera (Huawei, Honor 20). The
morphology of the prepared nanofiber yarns was observed
by a desktop SEM (Phenom Pro, Thermo Fisher Scientific).
The crystalline melting behavior of the prepared PLA fibers
was examined by a differential scanning calorimeter (DSC,
Mettler Toledo, Switzerland) under the protection of nitrogen
and at a room temperature of 23-250°C with a ramp-up rate
of 10°C:min"". The chemical structures of the as-spun PLA
fibers were characterized by infrared spectroscopy (Nicolet
5700; Thermo Fisher Scientific, USA) in the range of
500-4,000 cm ™. The mechanical properties of the yarns
and fabrics were tested by a universal tensile strength
machine (Instron 3382, Instron, USA) with a length of
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70mm and a 4cm X 4cm area at a stretching speed of
10 mm-min ", respectively.

The PLA fabric samples were completely wrapped
with polyimide tape, and the twisted Cu cores of the warp
yarns were used as the electrode. The piezoelectricity of the
fabric was examined by a laboratory-assembled piezoelec-
tric test equipment with a picoammeter (Keithley 6487),
current amplifier (SR570), and digital oscilloscope (GDS-
2102; GW Instek). The pressure was provided by a circula-
tion device (ds-400) with a reciprocating telescopic linear
speed regulator and checked by a tensimeter (HG-100; HBO
instrument, China).

3 Results and discussion

3.1 Morphology of the prepared PLA
nanofiber yarns

Figure 2 shows the morphology of the prepared PLA
as-spun yarns and fibers with different combinations,
including pure PLLA yarn (Figure 2a and al), pure PDLA
yarn (Figure 2b and b1), PLLA/PDLA yarn (Figure 2c and cl1),
PLLA positive/PDLA negative (Figure 2d and d1), and PDLA
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Figure 2: SEM images of as-spun PLA yarns and fibers. (a) PLLA yarn, (b) PDLA yarn, (c) PLLA/PDLA yarn, (d) PLLA positive/PDLA negative

yarn, (e) PDLA positive/PLLA negative yarn, and the SEM images of corresponding fibers (al-el), as well as the fiber diameter distribu-
tion (a2-e2).
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positive/PLLA negative (Figure 2e and el). It could be found
that in each case, the electrospun PLA fibers twined round
the Cu core tightly forming a relatively uniform covering
yarn without any obvious nodules and defects. The surface
fibers of the yarns generally had a directional arrangement
due to the twisting process.

Moreover, from Figure 2al-el, it was found that when the
positive and negative power supply connected to the same
solution (Figure 2al-c1), the as-spun fibers were more smooth,
uniform, and better oriented than the different solution cases
(Figure 2d1 and el). This may be due to the following reasons:
the uneven charge distribution in the different solution jets,
the as-spun fibers with larger difference in diameter being
interspersed with each other, and the adhesion phenomenon
would have affected the fibers’ morphology.

The distribution of the fiber diameters is shown in
Figure 2a2-e2. It could be found that the electrospun pure
PLLA fibers had smaller diameters of about 562 + 22nm
(Figure 2a2), and the as-spun pure PDLA fibers had average
diameters of about 661 + 19 nm (Figure 2b2). However, when
the PLLA and PDLA were mixed in the solution, the as-spun
fibers had a larger average diameter of about 666 + 20 nm
(Figure 2c2). When the PLLA and PDLA were electrospun
with different power polarity, the average fiber diameters
were located in the range of pure PLLA and PDLA ones.

3.2 FTIR and DSC analysis of electrospun
PLA fibers

Figure 3 shows the fourier transform infrared (FTIR)
spectra and DSC curves of the PLA raw materials and the
as-spun PLA fibers. From the FTIR spectra in Figure 3a,
we found that the characteristic absorption peaks of all
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PLA species were almost the same, with C-H stretching
vibration absorption peaks at around 3,002-2,932cm™’
and C=H stretching vibration absorption peaks at 1,750 cm,
bending vibration absorption peaks of C-H of —CH; at
1,452cm™, 1,380 cm™, C=H bending vibration absorption
peaks at 1,180 cm ™, and the asymmetric stretching and sym-
metric stretching vibrational peaks of C-O-C at 1,085 cm .
This suggested that none of the characteristic peaks of the
various PLA was changed after electrospinning.

Figure 3b displays the DSC results for different types of
electrospun PLA nanofibers (PLLA, PDLA, PDLA/PLLA). It
was suggested that with the increase of temperature, all
PLA fibers showed an exothermic peak at around 70°C.
When the temperature raised to more than 150°C, melt
peaks appeared in the pure PLLA, pure PDLA, PLLA posi-
tive/PDLA negative, and PLLA negative/PDLA positive sam-
ples. For pure PLLA electrospun fiber, there were two higher
peaks, and PDLA fiber had one peak; both the PLLA posi-
tive/PDLA negative and PLLA negative/PDLA positive fibers
also had two weaker peaks due to the mixture of PLLA
and PDLA fibers (28,30). However, for the electrospun
PDLA/PLLA (1:1 w/w) fibers, the melting point shifted to
approximately 220°C with a melting point increase of
approximately 50°C and better heat resistance (35,36),
which might result from the formation of stereocomplex
crystal in the mixture of PDLA and PLLA (26,35,36).

3.3 Mechanical properties of PLA yarns and
fabrics

The mechanical properties of the as-spun PLA yarns were
first investigated to ensure that they could meet the
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Figure 3: (a) FTIR spectra of PLLA, PDLA powders, and the different types of electrospun PLA fibers and (b) DSC curves of the as-spun PLA fibers.
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weaving requirements. As shown in Figure 4a, the crys-
tallinity of the samples affected its tensile properties, so
there was a large difference in mechanical properties
between the different types of PLA yarns. The semi-crys-
talline pure PLLA yarn had a tensile strain of 16.2% and a
tensile strength of 265 MPa, which were much less than
the crystalline pure PDLA yarn with a tensile strain of
23.2% and a tensile strength of 285 MPa; the yarn formed
by spinning PLLA and PDLA at different polarity charges
had the expected tensile strain and strength between
PLLA and PDLA. Remarkably, the tensile strain of the
PLLA/PDLA yarns was 24.9% and the tensile strength was
301 MPa, which were consistent with the previously assumed
results. These results suggested that the PLLA/PDLA yarn
could meet the requirements for weaving.

By home-made weaving tools, the prepared PLA
yarns were woven into fabrics, as displayed in Figure
4b. The mechanical properties of the fabrics were also
examined and shown in Figure 4c. Similar to the PLA
yarns, the PLLA/PDLA fabric had the highest tensile
strength. Obviously, the stress—strain curves of the fabric
were not straight lines but a stepwise variation. The
reason was that the yarns in the fabric did not break in
the ideal way (all yarns break at the same time), but
partly and in sequence. Therefore, the stretching device
did not stop immediately at the start of breaking, but
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continued to stretch until the stress dropped by 30%
before defaulting to complete breaking. These test results
proved that the prepared PLLA/PDLA fabrics had excel-
lent mechanical properties for wearing.

Nowadays, the wearing power supply required flex-
ibility to adapt to various use environments. As shown in
Figure 4d, the flexibility of the prepared fabrics was
examined by bending, deformation, and restoration. It
was found that the PLLA/PDLA fabric could be bent
over 180° and even after applying strong external forces,
it could recover fast from deformation with structural
stability. The flexibility and stability of the PLLA/PDLA
fabric ensured it could be potentially applied for wearing.

3.4 Piezoelectric properties of flexible PLA
fabrics

It had been reported that electrospun PLA could enhance
orientation and result piezoelectricity under the polar-
izing effect of the external electric field (27). Accordingly,
we examined the piezoelectric properties of the prepared
fabrics. First, the piezoelectric voltages of the different
PLA fabrics suggested in Figure 4b were tested. As shown
in Figure 5a and b, all the prepared PLA fabrics showed
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Figure 4: (a) Stress—strain curves of the as-spun PLA yarns, (b) the prepared PLA fabrics of 4 cm x 4 cm with different PLA yarns,
(c) stress—strain curves of the PLA fabrics, and (d) the flexibility of the PLLA/PDLA fabrics.
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Figure 5: The piezoelectric voltages (a) and currents (b) of 4 cm x 4 cm PLA fabrics under 5N forces, the voltages (c) and currents (d) of
4 cm x 4 cm PLLA/PDLA fabric under different forces, and the voltages (e) and currents (f) of PLLA/PDLA fabric with different areas under

5N forces.

piezoelectricity under 5N forces, and the PLLA/PDLA
fabric had the highest open circuit charge of 8.69 V and
a short circuit current of 90.86 nA (Figure 5b), which were
higher than the PVDF nanofibrous fabric (32). Compared
with the pure PLLA fabric, the generated voltage and
current increased about 228% and 210%, respectively. The
increasing of the piezoelectricity of the PLLA/PDLA one
may be attributed to the forming of a stereocomplex crystal
in the mixture of PDLA and PLLA, as suggested in Figure 3b.

Moreover, the piezoelectric properties of the PLLA/PDLA
fabrics were examined under different forces and dif-
ferent areas, as displayed in Figure 5c—f. It was found
that with the increasing forces and areas, the generated
voltages and currents were also improved. These results
indicated that the prepared PLLA/PDLA nanofibrous fabric
had potential application in flexible power supply for
wearing.

4 Conclusions

In summary, we had successfully prepared various PLA
nanofibrous yarns by conjugate electrospinning. Since

the conjugate electrospinning contained two spinnerets
connected to opposite polarity power supply, we designed
five types of PLA nanofibrous yarns including pure
PLLA, pure PDLA, PLLA positive/PDLA negative, PDLA
positive/PLLA negative, and PLLA/PDLA mixture (1:1 w/w)
ones. It was found that the two spinnerets with the same
solutions would produce more uniform and oriented
yarns. The DSC examination suggested that the PLLA/PDLA
yarns would raise the melt point temperature due to the for-
mation of stereocomplex crystallization in the mixture of
PDLA and PLLA. Moreover, the PLLA/PDLA yarns showed
301 MPa tensile strength, which was higher than the other
yarns. Furthermore, a 4cm x 4cm woven PLLA/PDLA
fabric could generate 8.69 V voltage and 90.86 nA cur-
rent under 5N forces, which is much higher than the
other PLA nanofibrous fabrics. These results indicated
that the PLLA/PDLA nanofibrous fabric could be used as
a piezoelectric nanogenerator and had potential appli-
cation in self-powered wearing textile fields.
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