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• Sustainable fiber from bio-based
isosorbide is fabricated using a dry-jet
wet spinning.

• Better water tolerance of bio-based
polysulfone enables a compact fiber
structure.

• The Bio-based fiber has a mechanical
strength 2.3 times that of the
petroleum-based fiber does.

• The potential use of a bio-based fiber in
a wig application is demonstrated by
its similarity to human hair.

• The thermal stability of the fiber is high
enough to prevent damage at 200 °C.
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To address environmental concerns related to the large volumeof plastics currently used, high-performance, sus-
tainable, and satisfactorily performing bioplastics can be a solution. Isosorbide (ISB)-based amorphous poly
(arylene ether sulfone)s (PAESs) derived from biomass feedstocks instead of harmful aromatic petrochemicals,
such as bisphenol-A (BPA), are promising novel materials. To expand the range of eco-friendly products, ISB-
PAES microfibers (ISU) along with BPA-PAES-based microfibers (PSU) have been fabricated through dry-jet
wet spinning. ISU is mechanically 2.3 times stronger (247 MPa) than PSU (106 MPa), which may be ascribed
to the compact and homogeneous structure of ISU compared to the porous structure of PSU. This structural supe-
riority is due to the polar ISBmoiety, which improves the phase stability of the ISU spinning dope inwater (a role
of the coagulant). For potential wig applications, the diameter, strength, and moduli of ISU are well matched to
those of human hair. In addition, ISU is easily colored and endures high temperatures better than current wig fil-
aments. It survives at high temperatures without breaking down during hair iron treatment (200 °C).

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

There is an increasing demand for the replacement of petrochemical
processes and plastics with sustainable materials that alleviate serious
environmental issues [1,2]. Petroleum-based raw materials, such as
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bisphenol-A (BPA), biphenols, and styrenes, which are key monomers
for the synthesis of engineering plastics and super engineering plastics
(SEPs), may be harmful to human health [3–6]. Specifically, BPA acts
as an endocrine-disrupting compound and can cause developmental
and reproductive problems in humans [7–9]. Consequently, there is a
reluctance to use products made of polycarbonate, polysulfone (PSU),
and epoxy resin, which contain BPA, in consumer goods.

Sustainability is being increasingly highlighted in the polymer field.
Sustainability refers to the ability of ecosystems and human civilization
to coexist harmoniously, and green chemistry focuses on minimizing
the generation of hazardous substances causing environmental pollu-
tion during the chemistry processes. Therefore, these concepts should
be emphasized continuously to reduce environmental pollution that
threatens the survival ofmankind. Various efforts have beenmade to re-
place petroleum-based polymers with biopolymers [10–15].

It is noteworthy that biopolymers are defined ashaving all or some of
their monomers derived from nature or biomass. Some biopolymers are
not biodegradable. Otherwise, biodegradable polymers are also called
biopolymers, regardless of their source. For example, although poly(bu-
tylene succinate) [16] can be synthesized from petroleum-based mono-
mers, it is considered a biopolymer owing to its biodegradability. In
summary, all biodegradable polymers can be called biopolymers,
regardless of their sources, but not all biopolymers are biodegradable.

Sustainable poly(arylene ether sulfone) (PAES) as an amorphous SEP
has been developed using an isosorbide (ISB) monomer derived from
biomass feedstocks [17,18]. It is noteworthy that ISB-PAES is a non-
biodegradable biopolymer. ISB has been demonstrated to be safe and
has been used in pharmaceutical and cosmetic applications [19,20]. It
has also been used in additives, particularly for flame retardants [21],
and dimethyl isosorbide, one of the simplest derivatives of isosorbide,
is used as a bio-based green solvent [22]. ISB-PAES exhibits excellentme-
chanical performance (tensile strength of 78 MPa), high thermal phase
change (glass transition temperature (Tg) of 212 °C), low coefficient of
thermal expansion (CTE; 23.8 ppm K−1 at 30–80 °C), and good
biocompatibility.

Amorphous SEPs composed of high Tg polymers can be used at tem-
peratures above 150 °C; hence, these plastic products have been used in
energy-related devices [23–25], machine parts [26], composite mate-
rials [27–29], andmembranes [30,31] owing to their excellent mechan-
ical properties, thermal stability, electrical insulating properties,
chemical and oxidative resistance, and low CTEs. However, few studies
on the fabrication of solid fibers from amorphous SEPs have been re-
ported [32].

A wig composed of artificial hair is a promising application of solid
amorphous SEP fibers. Polyacrylonitrile (PAN), poly(vinyl chloride)
(PVC), and poly(ethylene terephthalate) (PET) are generally used in ar-
tificial filaments. They undergo relatively low thermal phase change,
with Tgs of 106, 76, and 80 °C for PAN, PVC, and PET fibers, respectively
[33,34]. These materials cannot be used with hair irons as they operate
at a high temperature (< 200 °C). Indeed, synthetic fibers for wig fila-
ments have previously been reported to exhibit unsatisfactory thermal
performance [35,36].

Moreover, PAN, PVC, and PET fibers are relatively difficult to dye at
moderate temperatures because they lack chemical activity for typical
dyes and possess compact structures [37–39]. Therefore, dye carriers
[35,39], special treatment [40], co-monomers [41], or additives [42,43]
containing dyeing sites are generally required for dyeing at tempera-
tures around their Tgs. Furthermore, hazardous materials, such as gas-
eous hydrogen chloride and hydrogen cyanide, are emitted from PAN
and PVC at around 120 °C [44] and 200 °C [45], respectively. In sum-
mary, characteristics such as amorphousness, high thermal stability, ap-
propriate hydrophilicity, good mechanical properties, and a lack of skin
toxicity are necessary for wig filament applications.

Micro-sized fibers have been fabricated using bio-based ISB-PAES
and petroleum-based BPA-PAES, which are referred to as “ISU” and
“PSU,” respectively, using a dry-jet wet spinning process, and the
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properties of these fibers were examined and compared. To determine
whether ISU can be used in wig filaments, the thermomechanical prop-
erties and water-based coloration of these fibers have been examined.
The diameters and strengths of ISU fibers were found to be similar to
those of human hair [46–48]. In addition, the strength and thermal di-
mensional stability of ISU were superior to those of PSU; it did not
break during hair iron testing (200 °C) and exhibited good coloration
at 25 °C.

2. Experimental

2.1. Dope preparation

The preparation of materials and characterizations are described in
the Supplementary Information. To remove moisture in ISB-PAES and
BPA-PAES, each polymer powder was placed in a closed chamber at
100 °C for 9 h under nitrogen (purity: 99.999%) at a flow rate of 2 mL
min−1. After removing the nitrogen, the temperature was increased to
120 °C. Subsequently a 40wt% solutionwas prepared by adding dimethyl
sulfoxide (DMSO) without exposing the solution to air. The solution was
stirred at 300 rpm for 3 h and degassed at 10 Torr and 100 °C for 1 h.

2.2. Fiber fabrication and heat drawing processes

Dope solutions were spun as microfibers (ISU and PSU) by dry-jet
wet spinning under the experimental conditions described below. The
dope was preheated to 70 °C and poured into a metal syringe heated
to 70 °C. The solution was ejected through a nozzle using a gear
pump. The spinning systemwas equippedwith an eight-hole spinneret
with 150-μm-diameter holes. The linear velocity of the polymer jet from
the nozzle was set to 6 mmin−1 and the air gap (the distance between
the nozzle and the coagulation bath) was set to 1.5 cm. The coagulation
bath was filled with deionized (DI) water and maintained at 10 °C. Fi-
bers formed in the coagulation bath were passed through a guide roller
at 9 mmin−1 andwerewound up on a bobbin installed in a winder at 9
m min−1. The spinning draw ratio was 1.5. To remove residual DMSO
within the fibers, the fiber-wound bobbins were stored in DI water for
5 d before being subjected to the heat drawing process. The bobbin
was installed in an unwinder and the fibers passed through a guide
roller, as well as three separate heat rollers, an additional guide roller,
and a winder. The temperatures of the heat rollers were set to 100,
150, and 180 °C. The heat draw ratios were two and three, so the total
draw ratios (TDRs, spinning draw ratio × heat draw ratio) were 3.0
and 4.5. Each TDR is indicated by a number next to the sample code
(e.g., ISU-1.5, ISU-3.0, ISU-4.5, and PSU-1.5, PSU-3.0, PSU-4.5).

3. Results and discussion

3.1. Spinning, mechanical properties, and morphologies of amorphous fiber

The chemical structures of ISU and PSU, the spinning process, and
their potential applications as wig filaments are schematically illus-
trated in Fig. 1. ISB-PAES and BPA-PAES dissolved in DMSO were spun
intomicrofibers bydry-jetwet spinning. The prepared dopewas poured
into a syringe connected to a gear pump. The polymer jets ejected from
the nozzle passed through an air gap and solidified in a coagulation
bath, and the formed fibers were wound using a winder. To the best of
our knowledge, this is the first time that bio-based amorphous SEP fi-
bers have been fabricated.Moreover, themechanical and thermal prop-
erties of ISU are sufficient for comparison with those of previously
reported fibers fabricated from crystalline SEPs, such as poly(phenylene
sulfide) [49] and poly(ether ketone) [50,51].

Representative stress–strain (S\\S) curves and relationships be-
tween fiber diameter, strength, Young's modulus, and TDR are shown
in Fig. 2. Properties of typical humanhair are also shown for comparison
with those of fabricated fibers [45]. As shown in the S\\S curves



Fig. 1. (a) Process for the fabrication of bio−/petroleum-based amorphous fibers. (b) Representative heat stability and coloring characteristics for wig applications.
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(Fig. 2a), the ISU fiber is more ductile, with a higher failure strain than
the PSU fiber at a low TDR of 1.5, whereas it was stronger and stiffer
at a high TDR of 4.5. The ductility-to-stiffness variations in the mechan-
ical properties of the ISU fiber reveal that its performance is easily tai-
lored by the post-fiber drawing processes. The PSU fiber diameter was
much larger than that of ISU at each TDR (Fig. 2b and Table S1). The av-
erage diameters of the ISUs and PSUs were determined to be 72, 48, 40
μm, and 103, 57, 50 μm, at TDRs of 1.5, 3.0, and 4.5, respectively. A single
strand of ISU-4.5 exhibited a strength of 247 MPa, which is 2.3 times
higher than that of PSU-4.5 (106 MPa) (Fig. 2c). Young's modulus of
the ISU was higher than that of the PSU (Fig. 2d) at each TDR. From
the perspective of artificial hair applications, the diameter, tensile
strength, and modulus of ISU-4.5 are well matched to those of human
hair [47,52,53].

To elucidate the factors responsible for the excellent mechanical
properties of ISU compared to PSU, their cross sections were examined
by field-emission scanning electron microscopy (SEM), as shown in
Fig. 3. All fibers had circular cross sections without distorted or de-
formed contours, which implies that coagulation proceeded simulta-
neously in all radial directions [54]. Nonetheless, there are large
differences in the cross-sectional morphologies of the ISU and PSU fi-
bers, in contrast to their surfaces. All fibers exhibit smooth surfaces de-
void of pores and cracks (Fig. S2). The ISUs have compacted structures
with little difference between their shells and cores,while the PSUfibers
have clear boundaries between their compacted shells and porous
cores. This is evident in the magnified SEM images (Fig. S3). The high
porosities as well as the clear structural discrepancies between the
shell and core components of the PSU fibers engender them with infe-
rior mechanical properties. The evident PSU core-shell structure is the
result of rapid solidification of the spinning dope during the coagulation
process. The rapid evolution of the stiff shell structure of the PSU se-
verely impedes the diffusion of the solvent (DMSO) and the coagulant
(water) out and in the PSU. Consequently, residual solvent remains,
3

leading to high porosity for PSU. This porous structure leads to inferior
mechanical properties and larger fiber diameters compared to those of
the ISUs. Meanwhile, the low porosities and relatively homogeneous
structures of the ISUs demonstrate that they undergo gradual and stable
fiber formation during coagulation.

3.2.Water tolerance of the dopes and themicrostructures of the amorphous
fibers

The extent to which the coagulant affects the dope solution is a
major concern. As mentioned above, the cross-sectional fiber morphol-
ogy is predominantly determined by the phase change behavior of the
spinning dope during coagulation. The compacted structure of ISU re-
veals gradual solidification, whereas the core-shell structure of PSU is
the result of rapid solidification. In this regard, it was postulated that
ISB-PAES solutions are more tolerant to the coagulant (water) than
BPA-PAES solutions; hence, their water tolerances were rheologically
evaluated (Fig. S4). The storage/loss moduli (G'/ G“) for the 40 wt%
ISB- and BPA-PAES dope solutions and 1 wt%-water added solutions
were compared. These water-containing solutions are referred to as
“ISB-PAES/W" and “BPA-PAES/W.” The plots of G' and G" versus angular
frequency (ω) reveal that the ISB-PAES dopes are affected little by the
addition of 1 wt% water, indicating negligible phase change. On Mean-
while, the BPA-PAES dopes exhibit distinct changes in rheology, with
substantial increases in G' observed in the low-frequency range. In addi-
tion, the incorporation of water results in the reduction of the initial
slopes of the G' curves, from 1.19 to 0.74, indicative of a deterioration
in solution homogeneity (an ideal homogeneous solution exhibits an
initial slope of 2 in its G' curve) [55].

To clearly visualize the water tolerance of the 15 wt% ISB-PAES and
BPA-PAES solutions, a simple experiment that mimics the coagulation
process (Fig. 4 and Movie S1) was performed. Precipitation occurred
in both solutions as the first drop of water was added (10 μL, 0.14 wt%



Fig. 2. Comparison of (a) stress-strain curves, (b) diameters, (c) strength, and (d) moduli of ISUs and PSUs as a function of total draw ratio. Data for human hair are indicated in purple.
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per total solution), with the BPA-PAES solution exhibiting more precip-
itation than the ISB-PAES solution. The precipitate in the BPA-PAES solu-
tion formed a film-like shape on the surface when a second water drop
was added to the solution (30 s interval), after which additional water
drops were unable to penetrate into the BPA-PAES solution, resulting
in continuous film thickening. After the last water drop (1.27 wt% per
final solution) was added, the precipitate in the ISB-PAES was re-
dissolved in 4 min, while the film on the surface of the BPA-PAES solu-
tion became thicker (Figs. 4b and c). Similarly, fast coagulation of the
BPA-PAES shell in the dry-jet wet spinning process prevents additional
coagulant from entering the PSU; consequently, the core becomes less
coagulated and a porous structure develops in the PSU because of the
presence of residual solvent.

The excellent water tolerance of ISB-PAES compared to BPA-PAES
can be theoretically predicted using solubility parameters based on
Hoftyzer–Van Krevelen group contribution theory [56,57]. The solubil-
ity parameters (δ) of ISB-PAES and BPA-PAES repeating units were cal-
culated to be 24.96 and 23.75, respectively (Table S2), which are far
below that of water (48); hence, both materials are insoluble in water.
Further, δ and δH (δ for the hydrogen bonding contribution) of the ISB
moiety (δ 25.15 and δh: 12.62) were higher than those of the BPA moi-
ety (δ: 22.24 and δh: 4.38) (Table S3), which implies that the ISB moie-
ties incorporated in the ISB-PAES chains can be more easily hydrated
than the BPA moieties in the BPA-PAES chains. It is noteworthy that
the bending angle of ISB is well matched to that of water [58]. In addi-
tion, the enhanced polarity of ISU, which results from the presence of
two oxygen atoms in each alicyclic ring, improves the solubility of ISB-
4

PAES in DMSO during dope preparation. Hence, the better chemical af-
finity of the partially polar ISB-PAES for the solvent and its contrasting
coagulant behavior compared to that of the non-polar BPA-PAES
resulted in higher spinnability and remarkable fiber properties.

The fibers were microstructurally analyzed by two-dimensional
wide-angle X-ray scattering (2D-WAXS), as shown in Figs. 5 and S5. A
bundle consisting of eight filaments was used in this experiment, with
the fiber axes arranged in the horizontal direction. Sharp diffraction
spots corresponding to a crystalline structure were not observed at a
TDR of 1.5, with only halos appearing in the 2D-WAXS images of both
fibers, consistent with amorphous structures. The halos narrowed and
formed arcs with increasing TDR, indicative of increasing fiber axis ori-
entation. Considering that the ISU arcs were flatter than the PSU arcs at
TDRs of 3.0 and 4.5, the ISUs are better oriented along the fiber axis than
the PSUs. Moreover, meridionally (lateral fiber section) extracted plots
from the 2D-WAXS images show a significant reduction in intensity
for ISUwith increasing TDR compared to PSU (Figs. S5e and f). To quan-
tify orientation, the Herman's orientation factors of the fibers (Fig. 5c)
were calculated from azimuthal plots (Figs. S5g and h) extracted from
the 2D-WAXS images at 2θ = 11–16° and Φ = 0–90°, where θ and Φ
are the Bragg angle and azimuthal angle, respectively, using eqs. (S1)
and (S2). The Herman's orientation factors of both fibers increased
with increasing TDR (ISUs: 0.39 ➔ 0.42 ➔ 0.44; PSUs: 0.37 ➔ 0.38 ➔

0.41), and the ISUs were more oriented than the corresponding PSUs
at all TDR values. Generally, quick coagulation causes the formation of
poorly oriented fibers due to residual solvent that acts as a defect that
hinders orientation in the fiber axis direction [59–61].



Fig. 3. Cross-sectional SEM images of fibers as a function of the total draw ratio (a: ISU-1.5, b: ISU-3.0, c: ISU-4.5, d: PSU-1.5, e: PSU-3.0, f: PSU-4.5; scale bar: 20 μm).
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3.3. Trapped solvent and thermal stabilities of amorphous fibers

To determine the amounts of water and DMSO trapped inside the fi-
bers, they were subjected to thermogravimetric analysis (TGA) and dif-
ferential thermogravimetry (DTG) in the 25–300 °C range (Fig. S6).
Clearly, the ISUs absorb more water during coagulation than the PSUs.
The amount of water absorbed by each ISU, whichwas calculated by in-
tegrating the DTG peaks at 25–100 °C, was 2.27, 1.52, and 1.45% at TDRs
of 1.5, 3.0, and 4.5, respectively. Less water is absorbed with increasing
TDR because further drawing squeezes out the water within the ISU.
The amount of water absorbed by the PSUs was determined to be al-
most 0%. The differences in the amounts of water absorbed by the two
types of fiber are the result of their different chemical structures. Mean-
while, residual DMSOwas determined from changes in the peaks in the
190–260 °C range (the boiling point of DMSO is 189 °C) in the TGA and
DTG traces. Considering that the TGA and DTG traces of raw BPA-PAES
showed no significantweight reduction at 190–260 °C (Fig. S7), it is rea-
sonable to conclude that the peaks observed at 190–260 °C for the PSUs
are related to DMSO; these peaks were more prominent for the PSUs
than the ISUs, which indicates that the PSUs contain more residual
DMSO. The amounts of DMSO in the ISUs were determined to be 0.28,
0.23, and 0.12% at TDRs of 1.5, 3.0, and 4.5, respectively, while the
PSUs values were 0.65%, 0.58%, and 0.39%, respectively. The PSUs
5

contain more DMSO than the ISUs because the DMSO in the PSU core
cannot flow out of the fiber because of its quickly formed shell.

The temperatures at which theweights of ISU-4.5 and PSU-4.5 were
decomposed by 5% (Td5%) were compared with those of PAN, PVC, and
PET fibers used as wig filaments (Fig. S6g) [62]. The Td5% of ISU-4.5 is
401 °C, which is higher than those of PAN, PVC, and PET fibers but
lower than that of PSU-4.5 (497 °C). The higher bond dissociation en-
ergy of the BPA units increases the stability of the polymer during
heating [63]. However, the thermal stability of ISU is sufficient to merits
its use over conventional wig filaments because PAN and PVC emit haz-
ardous gases at high temperatures [44,45]. Differential scanning calo-
rimetry confirmed that ISU and PSU fibers are amorphous, as shown
by the 2D-WAXS results (Fig. S8). The Tg values of all ISUs were similar,
at ~235 °C, which are higher than those of the PSUs (~185 °C); no signif-
icant differences were observed for the different TDRs. The Tg values of
the prepared fibers are higher than those of PAN [33], PVC [34], and
PET [34] fibers (Fig. S9a). Thus, it is expected that the ISU fibers are
thermally stable against potential damage when treated with a hair
dryer or iron.

The CTE values of the fibers determined by thermomechanical anal-
ysis (TMA) at 30–80 °C indicate that ISU-4.5 has a higher thermal di-
mensional stability than an ISB-PAES film and PSU-4.5, owing to the
fiber orientation and the stronger geometric constraints of the fused



Fig. 4. Observing changes in the appearances of ISB-PAES and BPA-PAES solutions (15 wt
%) upon the addition of water (1.27 wt% per total solution). (a) Initial states before water
addition, (b) states after water addition, and (c) states 4 min after the final addition of
water (see Movie S1).

Fig. 5. 2D-WAXS images of (a) ISU-4.5 and (b) PSU-4.5. (c) Herman's orientation factors as
functions of the total draw ratio.
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aliphatic bicyclic ring in ISB than the planar benzene structure in BPA
(Fig. S10) [17,18]. Consequently, ISU requires more energy for its poly-
mer chains to move than PSU. This explanation is consistent with the
observation that the ISUs exhibit higher initial moduli than the PSUs
(Fig. 2d).

To visualize the difference in the thermal stabilities of ISU-4.5 and
PSU-4.5, they were subjected to thermal stability experiments using a
heat gun set to 200 °C (Fig. S9b and Movie S2). A 2.5-cm-long bundle
of eight filaments was used in each experiment, with 10-g dangling
weight along each fiber axis.While ISU-4.5 endured heat for 600 swith-
out breaking, PSU-4.5 stretched by 14% immediately prior to breakage
after 33 s. This experiment was conducted two more times with the
same ISU-4.5 bundle. Notably, the used ISU-4.5 endured another 600 s
under the same experimental conditions as well as a third 600 s with
a 20-g dangling weight without breaking (Fig. S11 and Movie S3).
3.4. Application as artificial hair

Fig. 1b schematically depicts the representative characteristics of ISU
required for wig applications. Although the properties of human hair
differ slightly according to race and age, hair has diameters between
17 and 180 μm [53] and strengths in the 150–270 MPa range [47,48].
Human hair can be treated at fairly high temperatures (up to 200 °C)
with applied external stress (human hand force), such as permanent
waving, hair straightening, and curling. These properties are attributed
to the unique structure of hair, which is composed of α-helix chains
6

(keratin) in crystalline microfibrils [52,64]. This structure prevents
hair from thermally degrading at temperatures up to 250 °C. Artificialfi-
bers used in wigs are fabricated mainly from PAN, PET, and PVC. These
materials cannot withstand the high temperatures (>200 °C) required
for hair treatment. Furthermore, studies regarding artificial fibers for
wig applications, especially relevant to thermal analysis of the fibers,
are very rare [35,36].

The thermally stable ISU-4.5 fibers are 40 μm in diameter and have a
strength of 247MPa (Fig. 2), which arewell-matched to those of human
hair. Hence, practical experiments were conducted using a hair iron to
evaluate the potential of ISU-4.5 as a wig filament. Five bundles of 25-
cm-long filaments were used in the hair iron experiments, with the fi-
bers photographed and movies recorded. The temperature of the hair
iron was set to 200 °C. Before any hair iron experiment, the bundles
were stretched by hand to facilitate their use with the hair iron. Fig. 6a
and Movie S4 show that ISU-4.5 does not break, even after being
swept several times with hair iron. In contrast, PSU-4.5 broke as soon
as it contacted the hair iron (Fig. 6b). The surfaces of the fibers were ex-
amined by SEM following hair iron experiments (Figs. 6d–g). ISU-4.5



Fig. 6. Hair iron experiments using (a) ISU-4.5 and (b) PSU-4.5 (see Movie S4). (c) Straightening curled ISU-4.5 (seeMovie S5). SEM images of (d, e) ISU-4.5 and (f, g) PSU-4.5 before and
after the hair iron experiments.
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showed smooth undamaged surfaces, similar to the original fibers;
however, the SEM images of PSU-4.5 reveal necking in the area
contacted by the hair iron. Moreover, it was confirmed that the surface
was damaged, unlike that of the original PSU-4.5. As demonstrated in
Fig. 6c and Movie S5, ISU-4.5 could be curled and then re-straightened
after being swept with the hair iron.

To assess the abilities of thesematerials to be dyed, both ISU-4.5 and
PSU-4.5 fibers were colored by brushing with black acrylic watercolor
five times at 25 °C (Fig. 7a and Movie S6). Although acrylic watercolor
is water-based, it is intrinsically resistant to water after drying. ISU-4.5
Fig. 7. (a) Coloring experiments using acrylic watercolor. SEM images of (b) ISU-4.5 and
(c) PSU-4.5 after being colored (see Movie S6).
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turned black after only a single brushing such that the original color of
the fiber was not observed. However, PSU-4.5 still showed its original
color even after five brushings. The fibers were then dried for 3 h
under ambient conditions and washed in flowing water. While ISU-4.5
retained its blackness, without any color lost to the water, PSU-4.5 did
not remain colored fully and showed its original white color in several
places. The acrylic watercolor is more easily bound to ISU owing to the
high number of oxygen atoms in its ISB units that can act as dyeing
sites. Hence, the acrylic watercolor covered ISU-4.5 more homoge-
neously than PSU-4.5, as evidenced by the SEM images in Figs. 7b and c.

4. Conclusions

Bio-based fibers (ISUs) have been successfully fabricated using a
dry-jet wet spinning process with ISB-based PAES as a partially
biomass-derived amorphous SEP. The spinnability and physical proper-
ties of the ISUs were compared with those of petroleum derived BPA-
based fibers (PSUs) using the same experimental conditions. The better
tolerance of the ISB-PAES dope solution to water enables a compact
fiber structure to form with remarkable orientational and mechanical
properties compared to PSU. These properties are sufficient for the ap-
plication of ISU to artificial hair. The high Tg enables ISU fibers to be
curled and straightened using a hair iron without breakage. ISU was
more uniformly colored with acrylic watercolor than PSU because of
its partial hydrophilic and amorphous structure. Based on these proper-
ties, sustainable ISU is promising for use as a wig filament.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2020.109284.
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