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Abstract. Thermoplastic polyurethanes (TPU) have attracted increasing attention due to their excellent flexibility, chemical
stability, processability and greenness. The traditional processes generally limit them to civil and industrial applications, but
electrospun TPU nanofibers with high porosity, high specific surface area and superior mechanical properties are promising
in emerging fields. TPU nanofibers’ properties are affected by various electrospinning parameters, such as solution concen-
tration, applied voltage, flow rate and rotational speed. Thus, 29 sets of experiments were designed here by the efficient and
low-cost response surface methodology (RSM). The analysis of variance (ANOVA) revealed that the model agrees well
with experimental results, and solution concentration is the most crucial parameter affecting nanofibers’ morphology and
diameter. Based on it, the impacts of solution concentration and orientation on the mechanical properties of the TPU nanofiber
membrane were investigated. Benefiting from the stress transfer and network deformation, the TPU nanofiber membranes
parallel to the collection direction possessed the highest stress strength (23.71 MPa), while the nanofiber membranes vertical
showed the widest strain range (485%). This study provides useful guidance for the preparation of high-performance TPU
nanofibers, contributing to expanding its applicability in emerging fields such as biomedical, filtration and separation, and
flexible sensing.

Keywords: TPU nanofibers, electrospinning parameters, response surface methodology, mechanical properties, orientation
of nanofibers

1. Introduction similar to rubber [2]. However, TPU is lighter in
Owing to the combination of rubber elasticity and  weight compared to rubber and does not require the
plasticity, thermoplastic polyurethanes (TPU) are  vulcanization process necessary for synthetic rubber,
known as the “Third Generation Rubber” after nat-  so the production process is shortened by 25%, en-
ural rubber and synthetic rubber [1]. TPU is a linear  ergy consumption is reduced by 25 to 40%, and pro-
block polymer consisting of hard and soft chain seg-  duction efficiency is increased by 10 to 20 times [3].
ments. Among them, the hard chain segments form  Therefore, TPU is not only a high-performance, high-
a physical cross-linking network with each other, quality polymer material but also a friendly material,
providing TPU with physical properties such as ten-  in line with the requirements of green development
sile, abrasion and heat resistance. The molecular [4]. The market demand for TPU has also been in-
chains in the soft segments are capable of strong free  creasing in recent years. Its market is estimated to
rotation, providing TPU with excellent elasticity, be $2.3 billion in 2020 and is expected to grow at a
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compound annual growth rate of more than 6.5% by
2026 [5].

Traditionally, TPUs are generally processed into
products through extrusion, injection moulding, blow
moulding, and other moulding processes, mainly
used in agriculture, construction, automobiles and
daily necessities. However, preparing TPU into nano-
scale fiber materials enables it to obtain excellent
properties such as high porosity, high surface area,
superior mechanical properties and biocompatibility,
which are not available in ordinary TPU products,
thus could further expand the applicability of TPU
in emerging fields of biomedical [6-8], filtration and
separation [9-11], and flexible sensing [12—15]. Elec-
trospinning has become the most mature and widely
used method to fabricate nanofiber due to the simple
technology, low cost, wide variety of spinnable ma-
terials and controllable process [16—18]. It works by
stretching the spinning solution coming out of the
spinneret into nanofibers by means of an auxiliary
electrostatic field and then gathering the nanofibers
on a grounded collector electrode [19, 20]. The di-
ameter and morphology of the electrospinning nano-
fibers are of great interest in influencing their me-
chanical properties. The diameter and morphology
of nanofibers depend on many electrospinning pa-
rameters that can be classified into four categories:
polymer properties (molecular weight and solubili-
ty), polymer solution parameters (concentration, vis-
cosity, conductivity and surface tension), processing
conditions (applied voltage, collect distance, rotating
speed and flow rate) and ambient parameters (tem-
perature, atmosphere pressure, and relative humidi-
ty) [21-24]. By optimizing these parameters, not only
can nanofibers with homogeneous morphology be
obtained, and a quantitative basis for parameters af-
fecting nanofiber diameter and mechanical proper-
ties be established, but also time-consuming and ex-
cessive experimental costs can be reduced. For ex-
periments on such multivariate problems, response
surface methodology (RSM) is the preferred opti-
mization method [25]. Compared with orthogonal
experimental design, Taguchi design, full factorial
design, and divisional design, RSM can obtain ef-
fective information on the factors influencing the de-
pendent variable with fewer trials, and it is suitable
for selecting the optimal option from multifactorial
and multilevel experiments; thus RSM is efficient
and low-cost.
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Currently, RSM has been applied to analyze the ef-
fect of electrospinning parameters and their interac-
tions on the final performance and the response of
mathematical models [26-32]. Eroglu et al. [26] eval-
uated the correlation between electrospinning pa-
rameters (flow rate, applied voltage, polymer/ethanol
concentration) and average nanofiber diameter of
2-hydroxyethyl acrylate (pHEMA) by RSM. He et al.
[27] used RSM to analyze the impacts of process pa-
rameters on the diameter and orientation of alternat-
ing current electrospun polyacrylonitrile (PAN) nano-
fibers. Ahmadipourroudposht et al. [28] explained
the performance of magnetic nanofibers made from
polyvinyl alcohol (PVA) and evaluated two impor-
tant factors, flow rate and applied voltage through
RSM. Maleki et al. [29] developed an experimental
program by the RSM to investigate the influence of
electrospinning process parameters on the morphol-
ogy, diameter and mechanical properties of poly(l-
lactide) (PLLA) nanofiber yarns. These fully demon-
strate the beneficial role of RSM in the field of opti-
mizing the properties of electrospinning nanofibers.
Therefore, RSM can also be considered an effective
method to systematically explore the effect of mul-
tiple electrospinning parameters on the micromor-
phology and mechanical properties of TPU nano-
fibers, thus promoting the development and applica-
tion of TPU nanomaterials.

Herein, RSM was utilized to predict and verify the
diameter of nanofiber with solution concentration,
applied voltage, flow rate and rotating speed as key
parameters. Then, a linear regression model was es-
tablished by analysis of variance (ANOVA) to inves-
tigate the effects of four spinning parameters on the
diameter and microscopic morphology of TPU nano-
fibers. Further, microscopic characterization and frac-
ture tensile tests were carried out on TPU nanofiber
membranes with five concentrations and two orien-
tations to compare their average diameter distribu-
tions and investigate their stress-strain properties. Fi-
nally, electrospinning parameters with ideal nano-
fiber diameter and mechanical properties were ob-
tained. This work aims to explore the effect of spin-
ning parameters on the diameter and morphology of
TPU nanofibers, which could provide research ex-
perience for the subsequent research and develop-
ment of high-performance TPU nanofibers or the reg-
ulation of the nanofiber parameters so that it can be
better applied in biomedical, separation and filtration,



L. Liu et al. — Express Polymer Letters Vol.18, No.8 (2024) 807-818

flexible sensing and other emerging fields in the fu-
ture.

2. Experimental section

2.1. Materials

TPU (Elastollan 1185A, My, = 30000 g/mol) was
purchased from Hongbo Chemical Co., Ltd in Taix-
ing City, China. Reagents N,N-dimethylformamide
(DMF 99%) used in experiments were provided by
China Sinopharm Chemical Reagent Co., Ltd in
Shanghai. TPU should be dried at 30°C for 5 h to
remove any possible moisture before the use.

2.2. Preparation of TPU nanofiber
membranes

TPU was dissolved in DMF at a certain mass ratio
and then magnetically stirred at room temperature,
approximately 2545 °C for 24 h to obtain a homoge-
neous spinning precursor solution [33]. The solution
was placed in a 10 ml syringe with a metal needle
(No.19) to set aside. TPU nanofiber membranes
were prepared by an electrospinning system (TAKE
602NL, Shanghai, China) consisting of a high volt-
age supply, syringe, a grounded cylindrical collector,
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and temperature and humidity control components,
as shown in Figure 1a. The concentration of the spin-
ning solution ranges from 12 to 28 wt%. The flow
rate of the polymer solution was set at 1-2 ml/h. 18—
28 kV voltage was applied between the needle and
the grounded collector to initiate the jet. A collection
roller of 7 cm diameter was rotated at 300—700 rpm
to collect the nanofibers with a linear speed of 1.1—
2.56 m/s [34]. The distance between the rotating drum
and the spinneret tip was 12.5 cm. In addition, the
electrospinning machine controlled the work condi-
tions with 50+£5% RH and a temperature of 25+5 °C.
After placing the fiber membrane in Figure 1b, Ic
within a fume hood for 24 h to remove residual sol-
vents, it showed excellent ductility (Figure 1d). For
convenience, the nanofiber membranes with different
solution concentrations are named TPU-X; where X
refers to the mass fraction of TPU in the spinning so-
lution. The nanofiber membranes parallel to the col-
lection direction and vertical to the collection direc-
tion were labeled as P-TPU and V-TPU, respectively.
It can be expressed as P/V-TPU-X when it is neces-
sary to specify both the mass fraction and the orien-
tation of the nanofiber membrane.
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Figure 1. Preparation process of TPU nanofiber membranes. a) Schematic of electrospinning equipment and preparation
process. b) Photos of TPU nanofiber membranes. ¢c) FESEM image of the TPU nanofiber. d) The 1x10 cm TPU
nanofiber membranes doubled in elongation under the gravity of a 200 g weight.
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2.3. Characterization

The surface morphology of the nanofiber mem-
branes was visualized by Field Emission Scanning
Electron Microscopy (FESEM, Regulus8100, Tokyo,
Japan), as illustrated in Figure 1c. Then the diame-
ters of 100 randomly selected nanofibers from the
FESEM images were measured by using Imagel,
followed by a statistical analysis of the mean value
of the fiber diameters and the size distribution.

The viscosity of TPU solutions with different mass
fractions was determined on a rotary rheometer
(Anton Paar Physica MCR301, Graz, Austria) at 25 °C
to obtain 50 measurement points. The shear rate is
varied logarithmically from 1 to 100 s™!. The dis-
tance between the parallel plate and the test bench
was | mm, the pre-shear rate was set to 10 s™!, and
the shear time was 60 s. The operation process is as
follows: Firstly, a certain amount of TPU spinning so-
lution was put into the center of the test bench. When
the parallel plate was slowly lowered to flatten the
TPU spinning stock, the excess TPU spinning stock
was scraped off the edge of the parallel plate with a
blade, and then the test began.

The stress and strain during stretching were recorded
in real-time with a universal material testing ma-
chine (5500R Instron, Boston, America). Before the
test, all samples were cut into rectangles of 10 mm
width and 50 mm length along parallel and vertical
directions to the rotation of the collectors. The fiber
membranes should be selected where the nanofibers
are evenly distributed without areas of excessive ac-
cumulation. Then, the samples were fixed with tape
in paper frames with a gap size of 1.5%25 mm. The
rectangular sample was held by two insulator clamps
of the machine, and stretched at a speed of
10 mm/min with an initial gauge length of 25 mm
[27]. Hence, the strain rate of the nanofiber mem-
brane in the stretching test is the percentage of the
deformation to the initial gauge length. The cross-
sectional area of the sample subjected to force is the
product of its width and thickness. The thickness of
the fiber membranes was measured with a high-pre-
cision thickness gauge (resolution 0.001 mm,
SYNTEK, Guangzhou, Guangdong).

2.4. Design of experiments

To investigate the influence of four processing pa-
rameters (solution concentration, applied voltage,
flow rate and rotating speed) on TPU nanofiber di-
ameter and microscopic morphology, a three-level

Box-Behnken Design was applied for four inde-
pendent variables by Design Expert. The spinning
parameters (i.e., the solution concentration of 12,
20, 28 wt%, applied voltage of 18, 23, 28 kV, flow
rate of 1, 1.5, 2 ml/h, rotating speed of 300, 500,
700 rpm) were selected based on literature [35, 36].
Thus, 29 sets of nanofiber membrane preparation
experiments were carried out. Then “RSM” was
employed to optimize, model and analyze the per-
formance of TPU nanofiber. The responses (nano-
fiber diameters) were evaluated and analyzed ac-
cording to experimental independent factors (pro-
cessing parameters). A quadratic regression model
was used to describe the relationship between im-
portant input factors and measurable output (Equa-
tion (1)). The full factorial design matrix is shown
in Table 1:

Table 1. The Box-Behnken Design for TPU electrospinning
involved four parameters with three levels.

Sample TPU ‘ Applied Flow rate Rotating

number concentration | voltage [m/h] speed
[wt%] [kV] [rpm]

1 20 28 1.5 700
2 28 23 1.5 700
3 28 28 1.5 500
4 20 23 2.0 700
5 20 23 1.0 300
6 20 23 1.5 500
7 20 18 2.0 500
8 28 23 2.0 500
9 20 18 1.5 700
10 20 28 1.0 500
11 20 28 1.5 300
12 20 23 2.0 300
13 28 23 1.5 300
14 12 28 1.5 500
15 20 28 2.0 500
16 20 18 1.0 500
17 20 23 1.0 700
18 12 23 1.5 700
19 20 23 1.5 500
20 20 18 1.5 300
21 12 18 1.5 500
22 12 28 1.0 700
23 12 23 2.0 500
24 20 23 1.5 500
25 28 23 1.0 500
26 20 23 1.5 500
27 20 23 1.5 500
28 28 18 1.5 500
29 12 23 1.5 300
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where y is the response; Bo, B, Bii and B;; are the re-
gression coefficients to be determined; & represents
the number of the independent variables “x;”, and

“g” 1is the statistical error.

3. Results and discussion
3.1. Importance evaluation of the
electrospinning parameters
The maximum and minimum of average nanofiber
diameters were obtained from Sample 1 and Sam-
ple 22 with 1.45+0.46 and 0.16+0.05 pum, respec-
tively (Figure 2). There were a plenty of beaded
fibers in Sample 22 (about 160 beads in Figure 2a at
1000x magnification) due to the low solution con-
centration (12 wt%). In contrast, the nanofiber mor-
phology of Sample 1 in Figure 2b and Figure 2b’
was more homogeneous and average nanofiber di-
ameter was larger (1.45 pm). Whereas, spindle-shaped
nanofibers appeared in Sample 3 with the highest so-
lution concentration (28 wt%), spinning voltage
(28 kV) and flow rate (1.5 ml/h) (in Figure 2¢ and
Figure 2¢").
Without any transformation in data, the results of all
29 experimental groups were selected to perform the

Sample 22

analysis of variance (ANOVA) [28]. The result of the
ANOVA was summarized in Table 2 to estimate the
impact of four spinning parameters on nanofiber di-
ameter [26], including the p-value, coefficient of de-
termination (R?), adjusted R? and adequate precision.
Each coefficient's importance was determined by
p-values. The factor can be indicated as the most sig-
nificant factor when their p-values are <0.05. While
the p-value for the model is <0.0001, indicating that
the model is considered statistically significant [37].
It is obvious that solution concentration (X;) was de-
termined as a significant model term but coefficients
of applied voltage (X>), flow rate (X) and rotating
speed (X3) are found to be insignificant. The coeffi-
cient of determination (R?) is used for the goodness
of the fit with the model and should be close to desir-
able 1. The R? of this model was determined as
95.26%, indicating that only 4.76% of all the variables
are out of the regression model, which proved that the
model agrees well with experimental results. More-
over, the coefficient of adjusted R> (90.52%) also
greatly illustrated the significance of the model. The
adequate precision (12.946) is greater than 4 [28, 38],
also suggesting that the accuracy and the ratio of the
model are desirable. The relationship between the pro-
cessing parameters and nanofiber diameter obtained
from the ANOVA analysis is shown in Equation (2):

- S _Sample‘&

20 pm :
b) c)
25 40
Mean = 0.16 Mean = 1.45 Mean = 0.74
Std. dev. = 0.05 16 Std. dev. = 0.46 Std. dev. = 0.3
— — .30
] ] o 20
= s | |
oy o 8 o
o 0 o
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0 0
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a') Nanofiber diameter [um] b") Nanofiber diameter [um] ¢ Nanofiber diameter [um]

Figure 2. The microscopic morphology and diameter distribution of three groups’ nanofibers: a) and a’) Sample 22, b) and

b’) Sample 1, ¢) and c’) Sample 3.
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Table 2. ANOVA test results for estimation of minimum nanofiber diameter.

Source Sum of squares DF Mean square F-value p-value
Model 8.87 14 0.63 20.10 <0.0001
X;-TPU concentration 0.70 1 0.70 22.28 0.0003
X>-applied voltage 0.055 1 0.055 1.75 0.207
X;-flow rate 4.92-107 1 4.92-1073 0.16 0.6987
Xy-rotating speed 0.043 1 0.043 1.36 0.2627
XiXa 0.039 1 0.039 1.24 0.2844
XX, 0.012 1 0.012 0.38 0.5486
X1 Xy 0.023 1 0.023 0.74 0.4034
XX 3.45-10* 1 3.45-10* 0.011 0.9181
XoXy 0.028 1 0.028 0.87 0.3659
X3X, 1.91-10* 1 1.91-10° 6.07-107 0.9390
X% 6.420 1 6.420 203.72 <0.0001
X3 0.067 1 0.067 2.12 0.1677
X3 0.019 1 0.019 0.59 0.4539
X5 0.270 1 0.270 8.45 0.0115
R 95.26%
Adjusted R? 90.52%
Adequate precision 12.946
Color points by value of fiber diameter:

Y, Average nanofiber diameter = 20f 1.8567
= 1.28+0.24X, + 0.068X, — 0.02.X; + 006X, + I
+0.099X, X, + 0.055X, X; — 0.076X, X, — 2 g L5l TTR134T
—0.00929X,X; — 0.083X, X, + 0.00691X; X, — %
—0.99X7 + 0.1X2 + 0.054X% + 0.2X2 s

o Ur

e}
To verify the model’s accuracy, predicted and actual g
response values were evaluated. Figure 3 presents %
that the predicted nanofiber diameters are in good % 0sr
agreement with the actual nanofiber diameter. With & /
this model, the influence of the single parameters on ool Vw
the microscopic morphology of the nanofibers was . . ' . ,

0.0 05 1.0 15 2.0

evaluated, as depicted in Figure 4. Among them,
concentration had the most significant effect on
nanofiber diameter because the slope of the curve is
the largest. As illustrated in Figure 4a, the nanofiber
diameter showed a tendency to increase and then de-
crease as the solution concentration increased. The
reason for this is that a minimum solution concen-
tration is required for the solution to form a Taylor
cone and further to be drawn into nanofibers during
electrospinning. Below this concentration, the sur-
face tension of the spinning solution is insufficient,
and the degree of polymer chain entanglement can-
not resist the electric field force, resulting in the for-
mation of bead-like fibers, i.e., mixtures of polymer
particles and finer nanofibers as the jet breaks during
the spinning process (Figure 2a and Figure 2a’). The
spinning solution with appropriate concentration

812

Actual nanofiber diameter [um]

Figure 3. The predicted nanofiber diameter and the actual
nanofiber diameter.

facilitates the entanglement of molecular chains, so
the jet is not easy to break, which can form a uniform
and regular nanofibers under the full stretching by
electric field force (Figure 2b and Figure 2b") [39,
40]. Once the solution concentration exceeds the
limit, it will cause the solution to accumulate in the
nozzle so that a stable jet stream cannot be formed,
and the sprayed solution will also tend to aggregate
into spindle-shaped nanofibers, as indicated in
Figure 2c. However, a small portion of the outer
edge of the jet can be stretched out and extended
very thinly under a strong electric field, causing a
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decrease in the overall nanofiber diameter except for
the spindle-shaped nanofibers (Figure 2¢’).

Compared to the solution concentration, we found
that the effect of applied voltage in Figure 4b is more
monotonous. If the voltage is too low, the electrical
force may not be sufficient to stretch the polymer so-
lution into fine nanofibers. When the voltage is too
high, excessive stretching may reduce the diameter
of the nanofibers and even damage the continuous
polymer jet. The effect of flow rate on the diameter
of nanofibers in Figure 4c is also unremarkable. The
higher the flow rate and the more spinning solution
ejected at the same time, the thicker the nanofibers
will be. However, if the flow rate is too small, the
nanofibers will become finer and may break due to
excessive stretching. Besides, rotating speed has a
similar influence on nanofiber diameter as voltage,
as can be seen in Figure 4d. A slow rotating speed is
not sufficient to stretch nanofiber, while a faster
speed will cause the polymer jets to break due to

2.5 1 Actual factors
Applied voltage: 23 kV
Feed rate: 1.5 ml/h
2.0 Rotation speed: 500 rpm
E
= ~ .
o 1.5 - b
k]
1S
@
©
5 1.0
2
kS
j
[
Z 0.5
0.0
T T T T T
14 17 20 23 26
a) Solution concentration [wt%]
Actual factors
2.5 Solution concentration: 20 wt%
Feed rate: 1.5 mi/h
Rotation speed: 500 rpm
. 2.0
€
=
g
D 4
0 15
K
©
o}
2 1.0 —
o - - _ I
j
[
z
0.51
0.0 T T T

18 23

Applied voltage [kV]

28
b)

electric field forces. Therefore, the finest nanofibers
can only be prepared at the suitable electrospinning
parameters.

It was verified by 29 sets of orthogonal tests that the
most influential factor on nanofiber morphology was
concentration. Next, further experiments were car-
ried out with a gradient variable with a concentration
of 3 wt% based on the parameters of group 22
(20 wt%, 28 kV, 1 ml/h and 700 rpm) that had the
smallest fiber diameter and the best morphology.

3.2. Effect of the concentration on the
diameter of TPU nanofibers

To further explore the most suitable TPU electro-
spinning concentration, we conducted additional ex-
periments to analyze the nanofiber morphology and
diameter at spinning solution concentrations ranging
from 14 to 26% (3 wt% gradient). The single-factor
experimental design is shown in Table 3. It can be
seen in Figure 5a—5¢ that the surface of TPU

Actual factors
2.54 Solution concentration: 20 wt%
Applied voltage: 23 kV
Rotation speed: 500 rpm
E 207
[0}
k]
§
5 1.59
@
2
5 -
j
2 1.0
0.51
1 15 2
c) Feed rate [mi/h]
Actual factors
2.5+ Solution concentration: 20 wt%
Applied voltage: 23 kV
Feed rate: 1.5 ml/h
= 2.0
=
g
g -
5 1.54 -
©
o}
2
2 1.0 - .
[
z
0.5

T T
500 700

Rotation speed [rpm]

T
300
d)

Figure 4. The predicted relationship between single processing parameters and nanofiber diameter in the model: a) solution
concentration, b) applied voltage, c) flow rate, d) rotating speed.

813



L. Liu et al. — Express Polymer Letters

Table 3. Single factor experimental design of spin-
ning solution concentration.

Sample number TPU concentration | Fiber diameter

[wt%] [pnm]
1 23 1.46
2 26 1.47
3 17 0.69
4 20 1.25
5 14 0.35
6 14 0.37
7 26 1.47

nanofiber membranes showed a uniform mesh struc-
ture without droplets and spindle-shaped fibers when
the concentration was in the range of 14 to 26 wt%,
indicating that the concentration range was suitable
for electrospinning of TPU. However, the nanofiber
diameter gradually expanded from 0.36+0.11 pm
(14 wt%) to 1.47+0.35 pm (26 wt%) with the in-
crease of concentration, as depicted in Figure 5a’'—5¢’
and Figure 5f. The reason is that the appropriate
viscoelastic resistance of the solution, as well as
the degree of entanglement of the molecular chains
and inter-chain friction, make it easier to stretch
the intermolecular chain segments into filaments
within the appropriate concentration range of the
spinning solution, resulting in a higher degree of
nanofiber continuity. Figure 6 shows the viscosity
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Figure 6. Viscosity of TPU electrospinning solutions.

of five concentrations of TPU solutions against the
shear rate of 0.1-100 s™'. The viscosity of the solu-
tion increases with increasing TPU content due to its
high molecular weight. However, lower solution vis-
cosity will contribute to less viscoelastic resistance,
and the nanofibers will be fully stretched under the
electric field, resulting in finer diameters and worse
stability. Higher solution viscosity is accompanied
by higher viscoelastic resistance, which can result in
coarser nanofibers that are not sufficiently stretched
by the electric field. Both of these conditions will
lead to an uneven distribution of nanofiber diameters.

Frequency [%]

&

eY) Nanofiber diameter [um]

Mean: 0.36 Mean: 1.46
Std. dev: 0.11 Std. dev: 0.40
Number: 100 Number: 100
02 04 06 038 8 12 16 20 24 28
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Figure 5. a)-e) FESEM images and diameter distribution of nanofibers at five concentrations. f) The average nanofiber di-

ameter increased with solution concentration.
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Based on the FESEM images and diameter distribu-
tion statistics in Figure 5, it can be concluded that
20 wt% of the nanofibers have a more uniform
nanofiber diameter, indicating a suitable viscoelas-
ticity at this concentration. Consequently, it is obvi-
ous that a 20 wt% mass fraction of spinning solution
at 28 kV, a flow rate of 1 ml/h and a rotating speed
of 700 rpm was able to obtain the most homoge-
neous TPU nanofiber with high porosity (mean is
1.25 pum, standard deviation is 0.21).

3.3. Effect of concentration and orientation on
the mechanical properties of TPU
nanofiber membranes

Furthermore, the mechanical properties of the

nanofibers varied with the concentration of the spin-

ning solution and showed different characteristics in
parallel and vertical orientations. To further investi-
gate the mechanical properties of TPU nanofiber
membranes with different proportions, a series of
monotonic tensile tests were performed. Figure 7a
and Figure 7b shows the typical stress-strain varia-
tion of TPU fiber membranes in the parallel direc-
tion. Apparently, the stress and strain of P-TPU nano-
fiber membranes tended to increase and then de-
crease with increasing concentration. Among them,
the mechanical properties of P-TPU-20 were optimal,

with 411% elongation at break and 23.71 MPa stress
strength. These are due to the fact that the more uni-
form the arrangement and diameter of the nanofibers
are at the optimal spinning solution concentration,
the more stable the stress transfer during stretching
is and the greater the stress and strain can be with-
stood. Figure 7d and Figure 7e¢ shows the mechani-
cal properties of the nanofiber membrane vertical to
the collection direction. It can be seen that the trends
of elongation and breaking strength of V-TPU
nanofiber membranes are similar to those of P-TPU,
where V-TPU-20 still exhibits optimal mechanical
performance. It was confirmed again that nanofibers
at a concentration of 20 wt% with better alignment
provided higher strain and tensile strength.

Obviously, P-TPU-20 nanofiber membranes
(23.71 MPa) exhibited stronger stress than V-TPU-20
nanofiber membranes (17.81 MPa), while the break-
ing elongation of V-TPU-20 nanofiber membranes
(485%) was about 1.2 times than that of P-TPU-20
nanofiber membranes (411%), superior to related lit-
erature [34, 35]. The favorable strain performance
was mainly related to the orientation of nanofibers
when they were collected from the rotating collector.
The rapid rotation of the collection rollers caused the
nanofibers to align with the direction of rotation, re-
sulting in the anisotropy of the nanofiber membrane,
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25F — P-TPU-17 Stress: 23.71 MPa 5001} B Stress
— P-TPU-20
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E — P-TPU-26 %“
S 151 =
%]
o 10f &
)
5 -
0 i . " . Parallel direction
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Figure 7. Mechanical properties of TPU nanofiber membranes in parallel and vertical orientation. a), b) Stress-strain at break
and mechanical properties of the TPU nanofiber membrane at five concentrations in the parallel direction. ¢) The
FESEM images of P-TPU-20. d), e) Stress-strain at break and mechanical properties of the TPU nanofiber mem-
brane at five concentrations in the vertical direction. f) The FESEM images of V-TPU-20.
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as displayed in Figure 7c and Figure 7f. Along the
parallel direction, the nanofiber will be directly
straightened under stretching and deformed by its
own elasticity. When the force is applied along the
vertical direction, the pores in the nanofiber network
will first be stretched wider and then continue to
elongate through their own elasticity, meaning that
these fishing net-like gaps widen the strain range. As
a result, the V-TPU nanofiber membrane exhibits a
weak dependence of stress on strain due to the de-
formation of the gap, providing a wider strain re-
sponse range and more outstanding repeatability and
recoverability than the P-TPU nanofiber membrane.
To summarize, spinning solution concentration has
a significant effect on nanofiber morphology and
mechanical properties. By using the process param-
eters selected from RSM, TPU nanofibers with uni-
form morphology and finer diameter can be obtained
without forming any bead or spindle shape. Nano-
fibers with optimum solution concentration (20 wt%)
have a more desirable stress intensity and strain
range. The strain range of the nanofiber membrane
vertical to the collection direction is larger than that
parallel to it, but the stress intensity is the opposite.
Benefiting from the RSM, the nanofiber diameter
can be predicted from known electrospinning param-
eters by Equation (2), and the mechanical properties
of the nanofiber membrane can be adjusted by con-
trolling the collection direction. However, it is no-
table that different experimental conditions and raw
materials may lead to varying experimental results.
Therefore, the electrospinning fabrication of TPU
needs further standardization.

4. Conclusions

In this study, RSM was used to investigate the influ-
ence of four processing parameters on the perform-
ances (i.e., nanofiber morphology, diameter and me-
chanical performance) of nanofibers with the aim of
optimizing the preparation process of TPU nano-
fibers in order to save the cost of time, material and
labor. The ANOVA of 29 sets of experiments showed
that among the four spinning parameters, solution
concentration had the most significant effect on
nanofiber diameter. The finest nanofiber diameters
with the most uniform and homogeneous structures
were obtained from 20 wt% (applied voltage of
28 kV, flow rate of 1 ml/h and rotating speed of
700 rpm). We also compared the mechanical proper-
ties of the samples in vertical and parallel directions.

The nanofibers in the parallel direction showed the
highest stress (23.71 MPa) due to the stress concen-
tration. While the nanofibers in the vertical direction
demonstrated a larger strain range (485%) owing to
the lateral deformation of the nanofiber network. It
is noteworthy that this study will provide useful
guidance for future research on the preparation of
TPU nanofibers and related applications.
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