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Carbon Nanotube-Directed 7 GPa Heterocyclic Aramid Fiber

and Its Application in Artificial Muscles

Dan Yan, Jiajun Luo, Shijun Wang, Xiaocang Han, Xudong Lei, Kun Jiao, Xiangian Wu,
Liu Qian, Xinshi Zhang, Xiaoxu Zhao, Jiangtao Di, Zhong Zhang, Zhenfei Gao,*

and Jin Zhang*

Poly(p-phenylene-benzimidazole-terephthalamide) (PBIA) fibers with excellent
mechanical properties are widely used in fields that require impact-resistant
materials such as ballistic protection and aerospace. The introduction of
heterocycles in polymer chains increases their flexibility and makes it easier to
optimize the fiber structure. However, the inadequate orientation of polymer
chains is one of the main reasons for the large difference between the
measured and theoretical mechanical properties of PBIA fibers. Herein,
carbon nanotubes (CNTs) are selected as an orientation seed. Their structural
features allow CNTs to orient during the spinning process, which can induce
an orderly arrangement of polymers and improve the orientation of the fiber
microstructure. To ensure the complete 1D topology of long CNTs (~10 um),
PBIA is used as an efficient dispersant to overcome dispersion challenges.
The p-CNT/PBIA fibers (10 um single-walled carbon nanotube 0.025 wt%)
exhibit an increase of 22% in tensile strength and 23% in elongation, with a
maximum tensile strength of 7.01 + 0.31 GPa and a reinforcement efficiency
of 893.6. The artificial muscle fabricated using CNT/PBIA fibers exhibits a
34.8% contraction and a 25% lifting of a 2 kg dumbbell, providing a promising
paradigm for high-performance organic fibers as high-load smart actuators.

1. Introduction

para-aromatic  polyamide fibers with
heterocyclic monomers in the polymer
chains.'3] Aramid fibers are among the
world’s top three high-performance fibers
with high strength, high Young’s mod-
ulus, lightweight, and high-temperature
resistance.[*3] Because of these properties
of aramid fibers, they can endure high
dynamic loads and local impact and have
therefore been used in various applications
in fields such as ballistic protection!®’! and
aerospace.®l The flexibility of the polymer
chains increases with the introduction of
heterocyclic monomers, making it easier
to adjust the orientation of polymer chains
during the spinning process. The improved
alignment reduces the defects and stress
concentration points caused by the poor
orientation of the polymer.>!!l Therefore,
the mechanical properties of PBIA fibers
are further improved compared to those of
poly(p-phenylene terephthalamide) (PPTA)
fibers. However, there is a huge difference
between the measured and theoretical me-
chanical properties of PBIA fibers (tensile

Poly(p-phenylene-benzimidazole-terephthalamide) (PBIA)
fibers, a typical kind of heterocyclic aramid fibers (HAFs), are

strength >30.0 GPa and Young’s modulus >182.0 GPa)l!l be-
cause of structural defects (concentration of stresses) caused by
an inadequate orientation of polymer chains. However, so far,
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methods to improve the mechanical properties of PBIA fibers
are restricted to adjusting the spinning process and modifying
monomers.>12714 The introduction of a 1D material, with a mor-
phology similar to that of polymer chains but more easily ori-
ented, may induce an orderly arrangement of polymers. The 1D
material can act as an orientation seed to drive the surrounding
polymers to align along the axial direction of the fiber and im-
prove the crystallization and orientation of fibers, increasing their
mechanical strength.

Carbon nanotubes (CNT5), especially long CNTs with lengths
in the range of micrometers, exhibit a typical 1D topology, ultra-
high intrinsic mechanical properties (tensile strength >100 GPa
and Young’s modulus >1 TPa), and better rigidity than polymer
chains.[*>"17] They are more likely to orient along the axial direc-
tion during a spinning flow.['®-2] Using this orientation advan-
tage to induce a more efficient orientation of polymer chains can
reduce defect points and improve the overall polymer alignment
in fibers.[?I"23] Therefore, CNTs are the perfect material to use as
orientation seeds. This has been verified by our group’s previ-
ous study on improving the mechanical properties of HAFs us-
ing aminated single-walled carbon nanotubes (SWNTs).2*] How-
ever, the application of long CNTs is limited by their tendency to
tangle and difficult dispersion.[-8) An excellent dispersion can
improve the effective interaction area between the polymers and
CNT surface, ensure positive induction, and avoid defect intro-
duction inside fibers.?**!) The general chemical functionaliza-
tion dispersion method is widely used to improve the dispersibil-
ity of CNTs by introducing functional groups at defective sites
on the surface of CNTs.3233] However, it is still difficult to un-
entangle long CNTs and maintain a stable dispersion condition
because the number of modification sites is limited.>**! Fur-
ther increasing the functionalization will seriously impair the
structural and mechanical properties of CNTs. Therefore, fur-
ther functionalization is not suitable for the efficient dispersion
of long CNTs and will damage the 1D structures of CNTs. Us-
ing noncovalent adsorption to uniformly attach polymer chains
to the CNT surface to disperse and stabilize long CNTs is pre-
ferred because it is not limited by the number of functionaliza-
tion sites.36-40]

Herein, PBIA was used to assist the damage-free dispersion
of CNTs because the benzene ring structure of PBIA has strong
interactions with the surface of CNTs. This dispersion strategy
has the following advantages. 1) It affords remarkable disper-
sion of CNTs with lengths >10 um in organic solvents. 2) It af-
fords the defect-free surface modification of PBIA on CNT5s (p-
CNT) and does not damage the intrinsic properties of CNTs. 3)
It provides sufficient time and space for the polymer to adjust
its orientation during the dispersion process and adsorb onto the
surface of CNTs in the lowest energy. The adsorbing layer opti-
mizes the interface between CNTs and polymers and enhances
the load transfer efficiency and enhancement efficiency (EE).[*!]
Finally, 4) it is extremely compatible with the spinning system,
and no impurities are introduced. Using this dispersion method,
PBIA was in situ polymerized with micrometer-long SWNTs to
obtain p-SWNT-enhanced PBIA (p-SWNT/PBIA) fibers via wet
spinning (Figure 1a). The addition of 10 pm long SWNTs with
a weight ratio of 0.025% (0.025 wt%) increases the strength and
elongation of the p-SWNT/PBIA fiber by 22% and 23%, respec-
tively, and the dynamic mechanical properties also significantly
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improve (Figure 1c) after optimization of the polymerization and
spinning processes. The strength EE is used to describe the de-
gree of increase in the strength of the fiber because of CN'Ts and
is calculated as follows:

(og — 0p)/op X 100%

EE = ~ (1)

where o}, is the enhanced strength, o is the primary strength,
and ® is the mass ratio of CNTs in fibers. The EE of p-
SWNT/PBIA (0.025 wt%) up to 893.6 was obtained, much higher
than that reported in the literature (Figure 1d). The addition of
SWNTs in the fibers reduces the porosity and further improves
the crystallization and orientation of the fibers. Full-atom simu-
lations and coarse-grained (CG) simulations were performed to
study the enhancement mechanism. An electrothermally driven
artificial muscle actuator was prepared using the high-strength
and high-toughness p-SWNT/PBIA fibers. The four-ply structure
of the artificial muscle exhibits a 34.8% contraction and the com-
bined yarns of 18 artificial muscles can lift a heavy load of up to
2 kg. This artificial muscle with significant strength advantages
is a candidate for high-output artificial muscle applications.

2. Results and Discussion

2.1. Strategy for the Efficient and Damage-Free Dispersion of
SWNTs

SWNTs exhibit excellent mechanical properties and 1D struc-
tures, showing advantages in the field of polymer fiber
reinforcement.[2%5738] However, SWNTs are prone to entangle-
ment and difficult to disperse in various solvents. Their uni-
form dispersion in the PBIA system is necessary to achieve ef-
fective stress transfer and enhance the mechanical properties
of fibers.[*!] Herein, SWNTs were modified via the noncovalent
functionalization of PBIA (p-SWNT5) to improve their disper-
sion and stability in dimethylacetamide (DMAC)/lithium chlo-
ride (LiCl) solvents after considering their dispersion effect and
compatibility with the system (Figure 2a).

First, the SWNTs were pretreated to ensure the solvent was
immersed between the SWNTs to open a channel for the entry
of PBIA. Subsequently, under the effect of ultrasonic cavitation,
PBIA entered, unentangled, and then was uniformly adsorbed on
the surface of SWNT5, preventing their reaggregation and form-
ing a stable SWNT dispersion. When the same operation was
performed by directly adding SWNTs into the solvent system,
SWNTs were not dispersed. The dispersity of SWNTS is signif-
icantly improved by the addition of PBIA (Figure 2b). The mor-
phology of SWNTs in the dispersion was observed using cryo-
genic transmission electron microscopy (Cryo-TEM; Figure 2c).
Figure 2d shows the morphology of polymers adsorbed on the
surface of SWNTs. The adsorption of PBIA was studied via
energy-dispersive X-ray spectroscopy (Figure S6, Supporting In-
formation). Because the interaction pattern of PBIA on the sur-
face of SWNTs is difficult to characterize, the interaction between
PBIA and SWNT was further explored using full-atom simula-
tion calculations.

As shown in Figure 2e, the full-atom models of PBIA and
SWNTs were used for molecular dynamics (MD) simulations to
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Figure 1. Continuously preparation of p-SWNT-reinforced PBIA fibers. a) Schematic of the wet-spinning process and enhancement mechanisms of
p-SWNT/PBIA fiber. b) Stress—strain curves of different fibers [p-SWNT-s/PBIA means fibers with 0.025 wt% short (=1 um) SWNTs, p-SWNT-I/PBIA
means fibers with 0.025 wt% long (=10 um) SWNTs]. c) Comparison of the mechanical performance of p-SWNT/PBIA and PBIA. d) Comparison of EE

and tensile strength of different CNT-reinforced organic fibers.[*2->6l

study the adsorption mode of PBIA on the SWNT surface. The
details of the full-atom MD simulations are given in the Sup-
porting Information. Different dispersion mass ratios of PBIA
to SWNT (m,,:m.) were studied to determine their dispersity in a
DMAC/LICI solution. At a low dispersion ratio, the average dis-
tance between two SWNTs is small and the bundling of SWNTs in
the dispersion is observed (Figure 2e). Increasing the dispersion
ratio improves the dispersion of SWNTs in the solution. However,
excessive content of PBIA adsorbed on SWNT5 leads to chain
clustering. The optimal dispersion ratio of PBIA to SWNT where
the best dispersion of SWNT5 in solution is achieved is ~2:1, ac-
cording to experimental and simulation results.

2.2. Structural Characterization of p-SWNT/PBIA Fibers

The p-SWNT/PBIA fibers with different SWNT contents were
obtained via low-temperature polymerization and wet spinning.
Figure 3a shows the scanning electron microscopy (SEM) image
of the p-SWNT/PBIA fibers with an SWNT content of 0.025 wt%.
The surface of p-SWNT/PBIA fibers is smooth, and the appar-
ent color of the fiber significantly changes after the addition of
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SWNTs (Figure S11, Supporting Information). With an increase
in the SWNT content, the color of the p-SWNT/PBIA fiber grad-
ually changes from golden-yellow to black. The SWNTs inside
the p-SWNT/PBIA fiber are axially aligned along the fiber, as
shown in Figure 3b, and the axially cut ultrathin section of the
p-SWNT/PBIA fiber has a thickness of 40-50 nm. Focused ion
beam (FIB)-SEM was used to measure the porosity of different
fibers. There are three main steps to measuring the porosity: 1)
continuous laminar imaging, 2) 3D reconstructing using 3D re-
construction software, and 3) counting the number of pores in
fibers and calculating the porosity using the software. FIB-SEM
data were collected using Crossbeam 550 (Zeiss), with the FIB op-
erating at 300 pA. The detectable range of the pore size is >10 nm.
The porosity of the p-SWNT/PBIA fibers is lower than that of
pure PBIA fibers (Figure 3c). PBIA fibers undergo double dif-
fusion and multistage stretching in the coagulation bath during
the wet spinning process, and the polymer chains gradually ori-
ent along the axial direction of the fiber (Figure S11, Supporting
Information). Voids are created between the unoriented polymer
chains and surrounding other polymer chains, leading to the for-
mation of defect sites within the fiber, which are the origin of
fiber fracture. Improving the polymer orientation can reduce the
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Figure 2. Damage-free dispersion and characterization of p-SWNTs. a) Schematic of the dispersion process of SWNTs via the noncovalent function-
alization of PBIA molecules in DMAC/LICl. b) Optical microscopy images of the SWNT dispersion before (left) and after (right) functionalization by
PBIA molecules. The insets are photographs of the corresponding dispersions. ¢) Cryo-TEM images of the p-SWNT dispersion. d) High Resolution
Transmission Electron Microscope (HRTEM) images of the p-SWNT dispersion. e) Simulation calculations of PBIA molecules adsorbed on the SWNT

surface and the dispersion ratio of PBIA molecules to SWNTs.

number of defect sites within fibers and improve the mechanical
properties of the fiber.’”] Because SWNTs are more easily ori-
ented than polymers during the liquid flow and stretching pro-
cesses, they are used as orientation seeds during wet spinning;
these seeds drive the surrounding polymer chains to rapidly ori-
ent along the axis of the fiber, thereby reducing the formation of
voids and porosity.

PBIA is a semicrystalline polymer with a lower crystallinity
than that of PPTA. The characterization of the crystalline re-
gion of the PBIA fibers is particularly difficult and has not yet
been reported. Herein, the distribution of SWNTs inside the p-
SWNT/PBIA fibers and the lattice of PBIA was studied using ul-
trathin sections and FIB sections of the p-SWNT/PBIA fibers via
spherical-aberration corrected TEM (AC-TEM). The lattice spac-
ing was 4.408 nm (Figure 3d), consistent with the 1D wide-angle
X-ray scattering (1D-WAXS) curves from the 2D-WAXS analysis.
The lattice fringes of the polymers around the SWNTs align with
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the orientation of the SWNTs. The different crystalline regions
in p-SWNT/PBIA fibers are oriented along the axial direction of
the fiber, and the polymers in different amorphous regions are
also oriented along the axial direction (Figure S13, Supporting
Information). An ~1.2 nm region near the SWNT shows a clearly
ordered transition layer.

The misorientation angle of microfibers was characterized via
small-angle X-ray scattering (SAXS). As shown in Figure 3ef,
the misorientation angle decreases with an increase in the con-
tent of SWNTs added and the misorientation angle exhibits a
minimum value when the SWNT content is 0.025 wt%. Fur-
ther addition of the SWNTs increases the misorientation angle.
The p-SWNT/PBIA fibers with longer (%10 um) SWNTs exhibit
a smaller misorientation angle because longer SWNTs are eas-
ier to orient during the flow process and induce a better orienta-
tion and crystallization (Figure S15, Supporting Information).2%!
The dispersion ratio of PBIA and SWNTs also affects the
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Figure 3. Structural characterization of p-SWNT/PBIA fibers. a) SEM images of p-SWNT/PBIA fibers. b) TEM image of the axial cross-section of the
p-SWNT/PBIA fiber. c) Porosity and 3D-reconstructed void microstructure of the PBIA fiber (left) and p-SWNT/PBIA fiber (right) derived from FIB/SEM.
d) Spherical AC-TEM images of an ultrathin section in the p-SWNT/PBIA fiber: i) lattice fringe of the p-SWNT/PBIA fiber, ii) cross-section of SWNTs
inside the fiber, iii) ordered cladding layer on the surface of SWNTs, and iv) SWNTs and surrounding PBIA lattice fringes. €) 2D-SAXS patterns (left) and
2D-WAXS patterns (right) of p-SWNT/PBIA fibers with different p-SWNT contents. f) Comparison of the microfiber misorientation angle of different
fibers derived from 2D-SAXS analysis. g) Comparison of the orientation degree and 1D-WAXS curve FWHMs of different fibers derived from 2D-WAXS
analysis. h) Azimuthal intensity profiles of different fibers derived from the 2D-WAXS analysis. The lines were obtained by Lorentz fitting.

misorientation angle of p-SWNT/PBIA microfibers. With an in-
crease in the PBIA content, the dispersibility of SWNTs gradu-
ally improves and the surface-ordered layer gradually thickens.
As the amount of interaction area between SWNTs and PBIA in-
creases, the induction effect of SWNTs as orientation seeds is fur-
ther enhanced, which also decreases the misorientation angle of
the p-SWNT/PBIA fibers (Figure S15, Supporting Information).
When the PBIA content further increases, the ordered layer of
polymers adsorbed on the SWNT surface becomes saturated, and
excess polymers in the dispersion entangle, which decrease the
dispersibility of SWNTs, thereby gradually increasing the misori-
entation angle.

The crystallinity of the p-SWNT/PBIA fibers was characterized
via WAXS. The 2D images (Figure 3e) were integrated to ob-
tain the azimuthal curves and the full width at half-maximum
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(FWHM) of the p-SWNT/PBIA fibers with different SWNT con-
tents (Figure 3h). The degree of orientation (s) of the crystalline
region can be calculated using Equation (1):

— 180 — FWHM 2)

180
where the FWHM is the full width at half-maximum of the az-
imuthal curves. The 1D curve (Figure S16, Supporting Informa-
tion) was derived by sector integration. The relative size of fiber
crystallinity was positively correlated with the FWHM of the 1D
curve (Figure 3g). The degree of orientation of the p-SWNT/PBIA
fibers increases with an increase in SWNT content, is the maxi-
mum at an SWNT content of 0.025 wt%, and then gradually de-
creases. The FWHM of the 1D curve exhibits the minimum value
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at an SWNT content of 0.025 wt%. The narrower the FWHM,
the higher the crystallinity of the fiber, indicating that the high-
est crystallinity is achieved at a 0.025 wt% SWNT content. When
the same amount of SWNTs is added, the p-SWNT/PBIA fibers
with longer SWNTs exhibit higher orientation factors and better
crystallinity (Figure S17, Supporting Information). The best crys-
talline region’s orientation and crystallinity of the p-SWNT/PBIA
fibers (Figure S19, Supporting Information) is achieved when the
dispersion mass ratio of PBIA and SWNT is 2:1. It indicates that
the dispersibility and the ordered layer on the surface of SWNT
reached an optimal condition.

2.3. Mechanical Properties of p-SWNT/PBIA Fibers

The mechanical tests directly show that SWNTs improve the
mechanical properties of p-SWNT/PBIA fibers. The tensile
strength of p-SWNT/PBIA fibers reached a maximum value of
7.01 + 0.31 GPa at an SWNT addition of 0.025 wt% (10 pm),
which was 22% higher than that of pure PBIA fibers of
5.73 + 0.28 GPa. However, the tensile strength started to de-
crease with further increase of SWNT content, and was lower
than that of pure PBIA fibers when the addition amount ex-
ceeded 0.1 wt%. The elastic modulus of p-SWNT/PBIA fibers
(137.22 + 6.53 GPa at SWNT of 0.025 wt%) increased slightly
compared with that of pure PBIA fibers (125.76 + 8.42 GPa), but
it did not change significantly at different SWNT additions, and
the content of SWNT at 0.5 wt% made the elastic modulus lower
than that of pure PBIA fibers. With the increase of SWNT con-
tent, the elongation at break of the p-SWNT/PBIA fibers showed
a trend of increasing and then decreasing, reaching a maximum
at 0.025 wt% (5.32 + 0.25%), which was 23% higher than that
of pure PBIA fibers (4.33 + 0.24%) (Figure 4a,d). The specific
strength of a fiber can be used to evaluate the lightweight perfor-
mance of a fiber. The specific tensile strength and specific mod-
ulus of PBIA, p-SWNT-s/PBIA and p-SWNT-1/PBIA monofila-
ments are shown in Figure S20 in the Supporting Information.
The specific strength of the p-SWNT-1/PBIA monofilaments is
significantly improved.

This degree of a simultaneous increase in strength and elonga-
tion of a high-strength organic fiber is significant and is of great
importance for the application of PBIA fibers in fields such as
aerospace and ballistic protection. This may be because of several
factors. A trace amount of long SWNTs inside the fiber can act
as orientation seeds, effectively orienting the polymers and thus
improving the crystallinity and orientation degree of the fibers.
The effects of the CNT orientation on the mechanical proper-
ties of the p-SWNT/PBIA fiber can be considered by two types
of contributions: the CNT itself and the polymer near the CNTs.
Because the content of the CNTs is very small (0.025 wt%), the
major contribution is due to the latter (i.e., the polymer near the
CNTs), whose orientation degree and crystallinity are greatly in-
fluenced by the CNT5. The tensile strength and Young’s modulus
can be analytically correlated with the misorientation angle.>¢]
As the SWNT content increases, the higher probability of form-
ing defective spots inside the fiber will create an inhibitory effect
on the reinforcement. When the inhibitory effect is greater than
the reinforcing effect, the mechanical properties cannot be im-
proved. The EE of p-SWNT/PBIA increases to 893.6, which shows
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the ultrahigh efficiency of SWNTs in improving the mechanical
properties of fibers and shows that small additions of SWNT5s can
significantly improve the mechanical properties of fibers. It also
reflected the advantage of length and dispersion of SWNTs in this
work.

On the one hand, SWNTs drive the orderly arrangement of
polymer chains to reduce the generation of defective sites inside
the fiber and improve the tensile strength of the fiber. On the
other hand, because of the more orderly arrangement of poly-
mers, the distance between polymer chains decreases, and the
interaction improves, which increases the axial sliding in ten-
sion and consequently increases the elongation at break. The de-
gree of the excluded volume of CNTs can be described using a
dimensional parameter called the excluded volume potential,[!]
V., ~ ndl> < sing >, where n is the number of CNTs per unit
volume, d is the diameter, | is the length, and ¢ is the misorien-
tation angle. At the same orientation and volume fraction, V,, is
scaled with the length (J) in an exponent of 2. The longer CNTs
have a greater exclude volume effect. This effect creates a high
local concentration of polymer chains, which can help them ad-
sorb onto the CNT surface and entangle with CNTs (Figure 2e).
The entanglement of polymer chains with CNTs and the re-
stricted movement of polymer chains near the space occupied
by CNTs can form a reinforced network that provides enhanced
mechanical properties. Therefore, the addition of an appropri-
ate amount of SWNTs improves the strength and elongation of
fibers. For the p-SWNT/PBIA fibers with different SWNT lengths
at the same addition, the mechanical properties of the longer
SWNTs (10 um) are better than those of the relatively shorter
ones (~1 um) (Figure 4b,e), consistent with the previous struc-
tural characterization results which report that longer SWNTs
are more efficient in inducing the orientation of polymers than
shorter SWNTs.[%2] However, the length of the SWNT is nega-
tively correlated with its dispersibility. The longer the SWNTs,
the more difficult to disperse them because they are easier to
entangle. Therefore, it is essential to consider all factors when
selecting the SWNT length. The mechanical properties of the p-
SWNT/PBIA fibers with different polymer and SWNT dispersion
ratios also follow a behavior consistent with the structural charac-
terization, and the best mechanical properties are obtained when
the dispersion ratio of polymer and SWNTs = 2:1 (Figure 4c,f),
attributed to the optimal dispersion and surface-ordered layer of
SWNTs. The mechanical properties of fiber yarns can be used
to evaluate the application potential of fibers. The mechanical
properties of p-SWNT/PBIA fiber yarns (containing 20 fibers)
have the same enhancement performance as that of monofila-
ments (Figure S21, Supporting Information). The test length of
fiber yarns was 170 mm, the stretching speed was 25 mm min~?,
and the strength was expressed in cN dtex~'. The specific ten-
sile strength of p-SWNT/PBIA fiber yarns (SWNT of 10 pm,
0.025 wt%) reaches 37.80 + 0.98 cN dtex !, while the specific ten-
sile strength of the pure PBIA fiber yarn is 31.05 + 1.36 cN dtex~".

PBIA fibers are often used as impact-resistant materials in
structural components subjected to impact forces,[%3] and there-
fore, dynamic strength at different loading strain rates is im-
portant and measured using a mini-split Hopkinson tensile bar
(Figure 4g). The dynamic strength of the p-SWNT/PBIA fibers
is higher than that of the pure PBIA fibers at loading strain
rates of 900 and 1400 s™! (Table S6, Supporting Information).
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The dynamic strength increases with an increase in loading
strain rates for all fibers (Figure 4h). The p-SWNT/PBIA fibers
fabricated using 10 um SWNT have superior dynamic mechani-
cal properties because they have a better microstructure. The p-
SWNT/PBIA fibers are less damaged at fracture than the PBIA
fibers (Figure S24, Supporting Information).

In the wet spinning process, the fibers need to be drawn in
the secondary solidification bath. The mechanical properties of
the fibers are significantly affected by the draw ratio (Figure S22,
Supporting Information). The mechanical properties of the fibers
substantially improve as the draw ratio increases, which is at-
tributable to the gradual increase in fiber orientation. However,
when it exceeds the fiber tolerance, the fiber structure is neg-
atively affected, and defective sites start developing, leading to
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a decrease in fiber properties. The optimum mechanical prop-
erties of the p-SWNT/PBIA fibers are obtained at a draft ratio
of 2.3.

2.4. Simulation of p-SWNT/PBIA Fiber Reinforcement
Mechanism

The adsorption of PBIA molecules on SWNTs not only improves
the dispersity of SWNTs but also increases the interfacial load
transfer by enhancing the local structural order of PBIA chains
near SWNTs. As shown in Figure 5a, the local order parameter,[®]
P, is calculated for PBIA chains near SWNT (up) and p-

SWNT (down), and the details for its calculation are given in
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h) von Mises strain distribution in PBIA chains without SWNTs.

Supporting Information. The P, ranges from 0 to 1, correspond-
ing to the amorphous and crystal local structures. As shown in
Figure 5b, the case with p-SWNT (m,,: m_ = 1.86:1) demonstrates
amore crystal regime near the SWNT than that of the SWNT (m,,:
m, = 0). This result is consistent with the 1.2-nm ordered tran-
sition layer near the SWNT observed via TEM. The more crystal
regimes of PBIA chains indicate better mechanical performance
in terms of strength and Young’s modulus, which improves the
mechanical properties of the p-SWNT/PBIA fibers. The global
structural order of PBIA chains near the p-SWNT at different
dispersion ratios is shown in Figure 5c. A critical dispersion ra-
tio for the global order is am,,:m_ = 2:1, which is identical to the
dispersion of SWNTs in Figure 2e. This shows that the adsorp-
tion of PBIA on the surface of SWNTs is saturated beyond the
critical dispersion ratio. The dispersion and crystallinity will not
significantly improve by further increasing the number of PBIA
molecules on SWNTs.

The use of PBIA molecules adsorption on SWNTs enables us
to disperse the long SWNTs in solutions, where the length of
SWNTs has impacts on the alignment and load transfer efficiency
of PBIA fibers. During the spinning process, longer microfibers
usually have a better axial alighment and a larger overlapping be-
tween neighboring microfibers.[*) To determine the effects of the
length of SWN'T5 on load transfer, a CG model is proposed to de-
scribe the p-SWNT/PBIA fibers under tension. The details of CG
simulations are given in the Supporting Information. The von
Mises strain distribution in the p-SWNT/PBIA fibers with differ-
ent SWNT lengths under uniaxial tension (e, = 20%) is shown
in Figure 5d—g. The PBIA chains between the ends of SWNTs
indicate a larger von Mises strain than those of the chains near
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the SWNTs for both the short and long SWNTs. However, the
short SWNTs have more ends than the long ones at the same
mass fraction, showing that the fibers with short SWNTs possess
more mechanically weak regions. Therefore, using long SWNTs
affords better mechanical properties than short ones.

2.5. High-Output Artificial Muscle Intelligence Actuator Based on
p-SWNT/PBIA Fibers

An artificial muscle is a bionic actuator that imitates the func-
tion of skeletal muscles and is inspired by biological muscles
but with far superior actuation performance and diversified ac-
tuation modes.[%%7] Tt can produce reversible movements in the
form of contraction, rotation, bending, and so forth under ex-
ternal stimulation and has very important applications in sim-
ulated robots, prosthetic limbs, flexible exoskeletons, and wear-
able materials.[®*7% A highly loaded electrothermally driven arti-
ficial muscle was fabricated by cotwisting p-SWNT/PBIA fibers
with CNT ribbons because of the excellent mechanical prop-
erties, weaveability, and thermal expansion of p-SWNT/PBIA
fibers.”’751 The CNT ribbons act as an electrical heat-transfer
device to thermally drive the artificial muscle through an ap-
plied circuit. The fibers expand and the cross-section generates
an untwisting moment, causing the twisted fibers to untwist
as the temperature increases. The temperature of the artificial
muscle (100 fibers) reached 196.7 °C. An upward contraction of
the driven deformation is produced by the polymer untwisting
(Figure 6a). The artificial muscle return to its initial state as the
temperature decreases after the power is turned off. Figure 6b
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Figure 6. Properties of high-output artificial muscles prepared using p-SWNT/PBIA fibers. a) Schematic of the preparation process and response mech-
anism of yarn muscles. b) SEM images of single-ply (up) and four-ply (down) p-SWNT/PBIA yarn muscles. c) Stress and contraction of different yarn
muscles consisting of different numbers of fibers. d) Contraction and output energy density of single-ply and four-ply p-SWNT/PBIA yarn muscles.
e) Cyclic tests of contraction with a real-time path tracing signal (under a 0.12 A current with a 100 g load, powering on for 7 s and powering off for
20 s) on the single-ply p-SWNT/PBIA yarn muscle. The inset shows the first ten cycles, the middle ten cycles, and the last ten cycles of the real-time path
tracing signal. f) Schematic and optical image of forearm motion driven by a single-ply p-SWNT/PBIA yarn muscle. g) Optical image of lifting a 2 kg

load driven by a single-ply p-SWNT/PBIA yarn muscle.

shows the SEM images of the single-ply twisted artificial muscle
and the four-ply twisted artificial muscle, in which the uniform
helical structure can be seen. The contraction of artificial muscles
prepared using p-SWNT/PBIA fibers with different SWNT con-
tents was tested under different loads. The best performance is
achieved with an SWNT content of 0.025 wt% (Figure S31, Sup-
porting Information), which is closely related to the higher in-
ternal structural organization of the fiber. Because the monofil-
aments have the highest strength and work to fracture at this
SWNT content, the artificial muscles obtained by twisting exhibit
the optimum structure and mechanical properties. The single-
ply artificial muscle prepared using 20 fibers exhibits the high-
est output stress of 35.4 MPa and that prepared using 100 fibers
exhibits the highest contraction of 25.4% (Figure 6c). As the
number of fibers increases, the thermal expansion volume of
the artificial muscle increases, and the contraction shows an up-
ward trend. However, when the number of fibers is too large,
it is difficult to evenly twist the entire bundle of fibers, caus-
ing defects in the twisting structure and reducing the contrac-
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tion. As the number of fibers increases, the regularity of the
twisted structure decreases, and the increase in cross-sectional
area is greater than the increase in load, resulting in lower
stress.

The specific work capacity (SWC) of the actuator fibers was
calculated as follows:

swc = e 3
- o)

where m, g, h, and M are the mass of the load, the gravita-
tional acceleration, the height of the lifting load, and the mass
of the actuator fibers, respectively. The contraction and output
energy density of the artificial muscle increase to 34.8% and
3.96 ] g~ when a four-ply twist structure is designed (Figure 6d).
The remarkable energy density is because of the light-weight
and high-strength properties of the SWNT/PBIA fiber and the
optimization of the twisting structure. The artificial muscle ex-
hibits outstanding cyclic stability because of the inherent thermal
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stability, high strength, and work to fracture of p-SWNT/PBIA
fibers. Figure 6e shows the cycling results of the artificial mus-
cle with 100 fibers. Stable contraction and recovery properties are
maintained for more than 15000 s and the contraction is main-
tained at 18% (Figure 6Ge).

To show the actuating performance of the artificial muscle
more clearly, the contraction form of animal muscle was sim-
ulated. Five single yarns were conjoined to connect the two
parts of the arm model at the same scale as an adult human
(Figure 6f). The model emulated a human arms lift, accomplish-
ing an apparent rotation of 35°. Additionally, a dumbbell of 2 kg
was lifted by cojoining 18 single yarns, generating 25% contrac-
tion, which does not decrease after cojoining (Figure 6g). The
potential of p-SWNT/PBIA fiber-based artificial muscles for ap-
plications in the field of high-load intelligent actuation is well
demonstrated.

3. Conclusion

In summary, the noncovalent functionalization of SWNTs us-
ing the z—z interactions of PBIA achieves a uniform and sta-
ble dispersion of micrometer-sized SWNTs. The 1D topology of
SWNTs and their orientation advantage during spinning flow
made SWNTs ideal orientation seeds to induce the orientation
of polymer chains. p-SWNT/PBIA fibers were fabricated via in
situ polymerization of the SWNT dispersion with monomers and
wet spinning. The presence of SWNTs in PBIA fibers effectively
optimizes their internal structure, including crystallinity, orienta-
tion degree, and porosity. The tensile strength of p-SWNT/PBIA
fibers (10 um SWNT 0.025 wt%) increased by 22% with a max-
imum strength of 7.01 + 0.31 GPa and elongation at break in-
creased by 23% compared to that of pure PBIA fibers. Simu-
lation calculations and experimental results show that the im-
provement in mechanical properties was mainly due to three as-
pects. First, the improved dispersibility of SWNTs increases the
amount of the SWNT surface effectively exposed to the polymers.
Second, the preferential orientation of SWNTs induces efficient
orientation of the polymers and improves the crystallinity and
orientation degree of the fiber, reducing the defective sites in
fibers. The efficiency of intermolecular load transfer is improved
to eliminate stress concentration. Finally, the ordered transition
layer on the surface of SWNTs promotes the stress transfer be-
tween the polymer and SWNT, and the intrinsic strength of the
SWNT can be effectively utilized. Artificial muscle fabricated
from p-SWNT/PBIA fibers can achieve a maximum contraction
of 34.8% and produce 25% contraction at a 2 kg load. The high
strength and smart response properties of the p-SWNT/PBIA
fibers are adequately developed to provide innovative strategies
for the application of high-performance organic fibers in smart
actuation.

4. Experimental Section

Damage-Free Dispersion of SWNTs:  For purification of SWNTs, the raw
SWNTs were heated at 400 °C for 4 h. The catalyst nanoparticles were re-
moved by refluxing the as-produced SWNTs in 37% HCl for 4 h. The as-
purified SWNTs were washed with an abundant amount of water and then
vacuum-dried at 200 °C. Purified SWNTs (250 mg) were added to 200 mL
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of DMAC with 3.5 wt% lithium chloride (LiCl) and sonicated (1080 W,
20 kHz) for 30 min. A PBIA (500 mg) polymerization solution was added to
the above solution, and sonication was continued for 30 min and repeated
three times, each time with 30 min intervals to lower the temperature. The
dispersion was stored in a sealed container.

In Situ Synthesis of PBIA with SWNTs Dispersion: The SWNT/PBIA
polymer solution was prepared via a low-temperature polycondensa-
tion. The polymerization monomers p-phenylenediamine (PPD) and
2-(4-aminophenyl)—5-aminobenzimidazole (PABZ) were added to the
DMAC/LICI solution and stirred for 30 min. The SWNT dispersion was
added to the solution and stirred for 10 min. After lowering the solu-
tion temperature to below 10 °C, terephthalyl chloride (TPC) was added
and stirred for 1.5 h. The molar ratio of the three monomers is 2:3:5
(ppp: Npagz: Mrpc). The polymerization solution with a dynamic viscos-
ity of 40 000-60 000 mPas was obtained after the reaction was completed.
The color of the polymerization solution varied for different SWNT con-
tents.

Preparation of p-SWNT/PBIA Fibers via Wet Spinning:  First, air bub-
bles were removed from the polymerization solution. Then, the polymer-
ization solution without air bubbles was extruded from the spinneret un-
der vacuum pressure into a primary coagulation bath of 50% DMAC and
50% distilled water with a flow rate of 3.5 m min~'. The polymeriza-
tion solution was then drawn in a secondary coagulation bath of 20%
DMAC and 80% distilled water with a draw ratio of 2.3. The primary
fibers were obtained after washing and drying, followed by heat treatment
(470°C, 2 min) under nitrogen protection to obtain the final p-SWNT/PBIA
fibers.

Molecular Dynamics Simulations of PBIA with SWNTs in Solution: The
full-atom molecular models of PBIA, SWNT, and DMAC molecules were
generated for MD simulations. The PBIA chain was randomly replicated
with the repeated segments, and the molecular weight was controlled at
~12 000 g mol~" for each chain. The interatomic interactions followed the
optimized potentials for liquid simulations force field.l’¢] Here, a zigzag
(14,0) SWNT was constructed with a length of 12 nm and the interactions
within SWNT were described using the adaptive intermolecular reactive
empirical bond order potential.l”’! The intermolecular interactions were
modeled by the van der Waals interaction using Lennard-Jones 12-6 poten-
tial. The PBIA chains and SWNT were first relaxed at temperature T =400 K
for 2 ns in a simulation box of 12 nm x 12 nm x 12 nm. The SWNT was
initially fixed and periodic in the axial direction. After relaxation, the PBIA-
entangled SWNT was obtained. Two PBIA-entangled SWNTs and DMAC
solvents were placed in the periodic simulation box and further equili-
brated at 300 K for 8 ns. The time step was 1 fs. The Langevin thermostat
and Berendsen barostat were used for temperature and pressure controls
with damping constants of T and 100 ps, respectively.

Coarse-Grained Model of p-SWNT/PBIA Fiber: The atoms on PBIA
chains and SWNTs were grouped into clusters and represented by CG
beads. The length of a PBIA chain was 100 CG beads, corresponding to
a molecular weight of ~12 000 g mol~". Different lengths of SWNTs (4, 8,
20, and 40 nm) were used. 8000 PBIA chains and 40—4 SWNTs were gen-
erated in a simulation box under periodic boundary conditions. The mass
fraction of SWNTs was ~0.5%. The initial configuration was relaxed for
5 ns at a temperature of 600 K and then equilibrated at 300 K for 2 ns. The
pressure was 1atm. The Berendsen thermostat and barostat were used for
temperature and pressure control with damping-time constants of 1 and
100 ps, respectively. The time step was 1 fs. After relaxation, the box was
stretched in the axial direction by up to 20% with a strain rate of 108 s~ Al
full-atom MD and Coarse-Grained Molecular Dynamics (CGMD) simula-
tions were implemented using the large-scale atomic/molecular massively
parallel simulator.[78]

Preparation of an Artificial Muscle from p-SWNT/PBIA Fibers: A 40-cm
CNT ribbon and a certain number of p-SWNT/PBIA fibers were clamped
to the motor at one end and a weight of 20-50 g was suspended at the
other end. A single yarn was twisted at 125 rpm to produce a uniform
spiral structure. 20 fibers and CNT ribbon were cotwisted under a 20 g
load until a helix was created. Four twisted yarns were utilized as the com-
ponent yarns for preparing four-ply yarns. Four of the above yarns were
straightened and twisted under an 80 g load at 125 rpm until a uniform
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spiral structure was formed. Before testing the actuator fiber, the coiled
yarn was driven multiple times with a current of 0.12 A under a load of
10 MPa to fix its shape.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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