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SUMMARY

Ultra-high dynamic strength and toughness are crucial for fibrous materials in impact-protective applica

tions. However, the trade-off between strength and toughness is a persistent challenge in materials science. 

Herein, by regulating the orientation of long carbon nanotubes within fibers, we fabricated carbon nanotube/ 

heterocyclic aramid composite fibers with a dynamic strength of 10.3 GPa and a dynamic toughness of 

706.1 MJ m− 3. The ultra-high dynamic performance is attributed to the inhibited slippage and thus remark

able breakage of polymer chains during the high-strain-rate loading process; these behaviors are due to the 

improved alignment of polymer chains, reduced porosity, and thus enhanced interfacial interactions and load 

transfer efficiency therein induced by aligned long carbon nanotubes and multi-stage drafting. This work pro

vides a fresh understanding and a feasible route for utilizing the intrinsic mechanical performance of polymer 

chains at the macroscale.

PROGRESS AND POTENTIAL Ultra-high dynamic strength and toughness are crucial for fibrous materials in 

impact-protective applications. However, the trade-off between strength and toughness is a persistent chal

lenge in materials science. Achieving simultaneous breakthroughs in both properties demands innovative 

fabrication strategies. Polymer chains tend to slip during loading, which undermines the effective utilization 

of their high intrinsic mechanical properties, thereby limiting the strength and toughness of polymer fibers. To 

address this issue, we developed an effective strategy that regulates the orientation of carbon nanotubes 

within fibers to inhibit chain slippage. Carbon nanotubes and aramid chains were molecularly engineered 

to achieve compatibility, while multi-stage drafting was designed for the alignment of both carbon nanotubes 

and aramid chains to optimize the hierarchical structures of fibers. Such optimization of hierarchical struc

tures improves the interfacial interactions and enhances load transfer efficiency, inducing inhibited slippage 

and thus remarkable breakage of aramid chains under high-speed impacts. Based on this strategy, we fabri

cated aramid fibers with a dynamic strength up to 10 GPa and dynamic toughness up to 700 MJ m− 3. Fabrics 

woven from these fibers also exhibit superior anti-ballistic impact performance, shedding light on practical 

applications of these fibers. These findings provide fresh insights into the design of high-performance fibrous 

materials. 
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INTRODUCTION

Dynamic strength and toughness, which are conventionally 

defined as the mechanical properties measured at strain rates 

exceeding 102 s− 1, are crucial for fibrous materials in impact- 

protective applications, including bulletproofing armors, vehicles, 

and aircraft.1–4 Due to the high intrinsic mechanical properties and 

flexibility of polymer chains, synthetic high-performance polymer 

fibers, such as aramid fibers and ultra-high-molecular-weight 

polyethylene (UHMWPE) fibers, play an important role in modern 

industries.5–7 However, polymer chains within these fibers tend to 

slip during loading due to low alignment, high porosity, and weak 

interfacial interactions.8–10 These behaviors undermine the 

effective utilization of the high intrinsic mechanical properties of 

individual polymer chains, thereby limiting the strength and 

toughness of these fibers. Furthermore, the trade-off between 

strength and toughness is a persistent challenge in material 

science.11,12 To solve these issues, various approaches have 

been developed, including modification of polymer chains,13,14

addition of reinforcements,15,16 and optimization of assembly 

structures.17,18 Despite a few achievements made in the perfor

mance improvement, the dynamic strength (<8 GPa) and dynamic 

toughness (<300 MJ m− 3) of the obtained polymer fibers still 

remain far below their ideal values, indicating that there is plenty 

of room for improving their strength and toughness.3,19,20

Carbon nanotubes (CNTs), with an intrinsic strength exceeding 

100 GPa and a one-dimensional linear structure,21–23 have been 

considered ideal reinforcements.24–31 Previous studies found 

that the addition of CNTs can facilitate efficient load transfer,32,33

inhibit crack propagation,34 and act as templates to promote the 

alignment of surrounding polymer chains,35 thereby enhancing 

the mechanical properties of polymer fibers.36–38 Theoretically, 

long CNTs hold great potential to improve the mechanical 

properties of polymer fibers compared to short CNTs.20,39

However, as the length of CNTs increases, they tend to bend 

and even entangle.8,40 This issue hinders the uniform disper

sion and alignment of long CNTs within polymer matrices.41

Therefore, achieving uniform dispersion and alignment of long 

CNTs within polymer fibers for performance breakthrough re

mains a major challenge.

We developed a strategy that regulates the orientation of 

long CNTs within fibers to fabricate ultra-strong ether-group het

erocyclic aramid fibers (HAFs) with a small addition of treated 

long single-walled CNTs (tl-SWNTs), named tl-SWNT-o-HAFs 

(Figure 1A). First, we did molecular engineering of building 

blocks, i.e., SWNTs and heterocyclic aramid chains. SWNTs 

were modified for uniform dispersion, and heterocyclic aramid 

chains were engineered to improve the chain flexibility by intro

ducing a flexible asymmetric diamine (4,4′-diaminodiphenyl 

ether [ODA]). Second, multi-stage drafting was applied to fabri

cate the wet-spun fibers using spinning dope from the in situ 

polymerization of the SWNTs and heterocyclic aramid mono

mers. The draft ratio in the first-stage drafting in coagulation 

bath is significantly increased due to the improved chain flexi

bility. Such an increased draft ratio promotes the alignment of 

tl-SWNTs (Figure 1B). During the second-stage hot drafting, 

the tl-SWNTs act as templates to promote the alignment of the 

surrounding ether-group heterocyclic aramid chains and reduce 

the porosity. Such optimization of hierarchical structures 

improves the interfacial interactions and enhances load transfer 

efficiency, inducing inhibited slippage and thus remarkable 

breakage of heterocyclic aramid chains under high-speed 

impacts. Consequently, the resultant fibers possess a dynamic 

strength of 10.3 ± 0.6 GPa and a dynamic toughness of 

706.1 ± 46.4 MJ m− 3 (Figures 1C and 1D). Fabrics woven 

from mass-produced tl-SWNT-o-HAFs also exhibit superior 

anti-ballistic impact performance (Figures 1E and S1), shedding 

light on practical applications of these fibers.

RESULTS

Fabrication and structure

We used a two-step method to engineer pristine long single- 

walled CNTs (l-SWNTs; Figure S2). In the first step, mild 

oxidation was used to modify and separate l-SWNT bundles 

into individual tl-SWNTs. This process has negligible effects on 

the average length of SWNTs (from 9.4 to 9.1 μm; Figure S3; 

Table S1). Raman spectroscopy shows the high ratio of the 

G and D peaks for tl-SWNTs (IG/ID = 34.6 ± 4.0, reflecting intact 

structure and defects in SWNTs, respectively), indicating 

that the weak oxidation induces slight structural damage 

(Figure S4).42 In the second step, heterocyclic aramid chains 

were used to disperse tl-SWNTs in N,N-dimethylacetamide 

(DMAc; Figure S5). Transmission electron microscopy (TEM) 

and energy-dispersive spectroscopy images show the adsorp

tion of heterocyclic aramid chains onto tl-SWNTs (Figures S6

and S7). Compared to l-SWNT dispersion, the significantly lower 

D90 value of tl-SWNT dispersion (from 0.71 to 0.41 μm) demon

strates the improved dispersion achieved through this two-step 

strategy (Figure S8; Note S1).

Next, we engineered heterocyclic aramid chains to improve 

their flexibility. Traditional heterocyclic aramid chains, 

polymerized from ternary monomers (p-phenylenediamine 

[PPD], 2-(4-aminophenyl)-1H-benzimidazol-5-amine [PABZ], 

and terephthaloyl chloride), exhibit relatively high rigidity,14,43

limiting the draft ratio of fibers in the coagulation bath (≤2.4; 

Figures S9–S11). Such limitations hinder the alignment of 

tl-SWNTs within the fibers (Figure S12). To address this issue, 

flexible and asymmetric monomers (ODA) were introduced 

into traditional heterocyclic aramid chains. Our atomistic 

simulations show that the persistence lengths of heterocyclic 

aramid chains and ether-group heterocyclic aramid chains 

are 5.5 and 4.8 nm, respectively, supporting the improved 

flexibility of the engineered chains (Figure S13).

Subsequently, multi-stage drafting including the first-stage 

drafting in coagulation bath and the second-stage hot drafting 

was applied to fabricate the wet-spun fibers using spinning 

dope from the in situ polymerization of the SWNTs and het

erocyclic aramid monomers (Figures S14–S18). Notably, the 

maximum enhancement efficiency of tl-SWNT on o-HAFs is 

observed at a PPD:ODA:PABZ molar ratio of 3:2:5, where 

tl-SWNT-o-HAFs exhibit peak values in both specific strength 

and specific toughness. Therefore, we selected the PPD:ODA: 

PABZ molar ratio of 3:2:5 for fiber preparation (Tables S3–S5). 

During the first-stage drafting in coagulation bath, the flexible 

ether-group heterocyclic aramid chains enable the fibers to 
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withstand a draft ratio of up to 3.0, exhibiting a 25% increase 

relative to traditional HAFs (Table S2). Upon multi-stage drafting, 

TEM images show that tl-SWNTs within tl-SWNT-o-HAFs change 

from bent to straight configurations as the draft ratio of the first- 

stage drafting in coagulation bath increases, indicating that 

the improved draft ratio is crucial for the alignment of tl-SWNTs 

(Figures 1B, 2A, and S19). Wide-angle X-ray scattering (WAXS) 

analyses and mechanical tests show that the orientation degree 

and mechanical properties of ether-group HAFs (o-HAFs; ‘‘o’’ in

dicates the oxygen-containing ether group), o-HAFs composited 

with treated and short SWNTs (ts-SWNT-o-HAFs), and tl- 

SWNT-o-HAFs increase with draft ratios (Figures 2B and S20– 

S24; Note S2; Table S3). Among these fibers, the orientation de

gree and mechanical properties of tl-SWNT-o-HAFs improve 
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Figure 1. Preparation, structure, mechanical properties, and application of composite fibers 

(A) Schematic diagram of the preparation of composite fibers. 

(B) TEM image of aligned tl-SWNT within tl-SWNT-o-HAFs at a draft ratio of 2.8 in coagulation bath. 

(C) Comparison of the mechanical properties of fibers at different strain rates. 

(D) Radar chart for comparing the mechanical properties of different fibers. 

(E) Digital photograph of fabric woven from mass-produced tl-SWNT-o-HAFs.
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most rapidly and gradually reach the maximum values at a draft 

ratio of 2.8 in the coagulation bath (with specific strength 

increasing from 30.2 ± 1.8 to 39.0 ± 1.0 cN dtex− 1 and specific 

toughness from 61.4 ± 4.6 to 88.0 ± 2.3 J g− 1). These results 

indicate the effectiveness of multi-stage drafting on structural 

optimization and performance improvement of our fibers.

Interestingly, we found that the temperature during the second- 

stage hot drafting plays a crucial role in structural optimization 

and performance improvement. When the hot-drafting tempera

ture is below 300◦C, the orientation degree and performance of 

tl-SWNT-o-HAFs and o-HAFs are close (Figures 2C and S25– 

S28; Note S3; Tables S6 and S7). These results indicate that the 

addition of tl-SWNTs has a slight effect on the structure and 

performance of o-HAFs in this condition. In contrast, when the 

hot-drafting temperature is above 300◦C, the orientation degree 

and performance of tl-SWNT-o-HAFs are remarkably improved 

compared to o-HAFs. In situ hot-drafting experiment reveals 

that the orientation degree of tl-SWNT-o-HAFs increases more 

rapidly than that of o-HAFs above 300◦C (Figures 2D and S29; 

Videos S1 and S2). This might be because the temperature 

(300◦C) is higher than the glass transition temperature (Tg) of 

tl-SWNT-o-HAFs (250◦C–290◦C; Figure 2E; Note S4). When the 

hot-drafting temperature is higher than the Tg of tl-SWNT-o- 

HAFs, the ether-group heterocyclic aramid chains become 

fluid.35,44 Such a high fluidity would enable the aligned tl-SWNTs 

as templates to effectively promote polymer chain alignment 

around SWNTs, as well as reduce the porosity (from 0.007% ± 

0.0022% to 0.0023% ± 0.001%; Figure 2F; Videos S3 and S4).
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Figure 2. Structural characterization of composite fibers 

(A) TEM images of the arrangement for tl-SWNTs within tl-SWNT-o-HAFs with different draft ratios in coagulation bath. 

(B) Comparison of the orientation degree for fibers with different draft ratios. 

(C) Comparison of the orientation degree for o-HAFs and tl-SWNT-o-HAFs with different hot-drafting temperatures. The WAXS patterns on the left depict the 

as-spun fibers, while those on the right show the fibers with a hot-drafting temperature of 400◦C. 

(D) Comparison of the orientation degree for o-HAFs and tl-SWNT-o-HAFs during in situ hot drafting. 

(E) Comparison of the glass transition temperature (Tg) for o-HAFs and tl-SWNT-o-HAFs with different hot-drafting temperatures. 

(F) Three-dimensional void microstructures of o-HAFs (upper left) and tl-SWNT-o-HAFs (lower left); comparison of the porosities of o-HAFs and tl-SWNT-o-HAFs 

(right).
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Finally, we compared the structures and mechanical properties 

of tl-SWNT-o-HAFs with those of other fibers (Figures S30–S35; 

Note S5; Tables S8–S11). The results show that tl-SWNT-o- 

HAFs (containing 0.075 wt % tl-SWNTs) exhibit the highest 

performance (Figures S36–S38). This enhancement stems from 

molecular engineering of building blocks combined with multi- 

stage drafting, where aligned tl-SWNTs effectively improve the 

orientation degree and reduce the porosity of composite fibers. 

Hence, we focus on the tl-SWNT-o-HAFs (containing 0.075 wt % 

tl-SWNTs) in the following discussion unless otherwise noted.

Performance and applications

The aligned tl-SWNTs and their optimized structure led to signif

icant improvements in the quasi-static mechanical properties 

of both monofilament fibers and multifilament yarns. Compared 

to HAFs, tl-SWNT-o-HAF monofilament fibers exhibit a tensile 

strength of 7.3 ± 0.1 GPa, a specific strength of 49.3 ± 2.5 cN 

dtex− 1, a toughness of 218.0 ± 6.9 MJ m− 3, and a specific tough

ness of 146.9 ± 6.2 J g− 1, which increase by 30.4%, 31.5%, 

83.3%, and 84.3%, respectively (Figures 3A, S39, and S40; 

Tables S12 and S13). Notably, tl-SWNT-o-HAFs achieve the 
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Figure 3. Performance and applications of composite fibers 

(A) Quasi-static stress-strain curves of different monofilament fibers. 

(B) Comparison of the strength and toughness for our fibers and other high-performance fibers. 

(C) Stress-strain curves of different fibers at a strain rate of about 1,600 s− 1. 

(D) Comparison of the toughness of fibers at different strain rates. 

(E) Comparison of the strength of our fibers and other polymer fibers at different strain rates. 

(F) Schematic diagram of laser-induced micro-ballistic impact tests on a monofilament fiber. PDMS, vi, and vr represent polydimethylsiloxane, impact velocity, 

and residual velocity, respectively. 

(G) Comparison of the specific penetration energy (Epf*) of different fibers. 

(H) Comparison of SEA and the specific penetration energy (Ep*) of different fabrics.
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highest toughness among all macroscopic fibers with strength 

exceeding 2 GPa, indicating the great potential for impact- 

protective applications (Figure 3B; Table S14). Compared to 

high-performance fibers reinforced by graphene and CNTs, tl- 

SWNT-o-HAFs exhibit the highest strength and toughness 

with a small addition of tl-SWNTs (Figure S41; Table S15). Multi

filament yarns of tl-SWNT-o-HAFs also exhibit excellent specific 

strength, specific toughness, and elongation at break, compared 

to our prepared fibers and commercial high-performance fibers, 

such as aramid fibers, carbon fibers, poly(p-phenylene-2,6-ben

zobisoxazole) fibers, and UHMWPE fibers (Figures S42–S44; 

Table S16).

The dynamic behavior of fibers was evaluated by a mini-split 

Hopkinson tension bar (Figures S45 and S46).3 The results 

demonstrate that tl-SWNT-o-HAFs exhibit the highest dynamic 

strength and dynamic toughness among our prepared fibers 

(Figures 3C–3E and S47). Compared to quasi-static mechanical 

properties, tl-SWNT-o-HAFs exhibit a dynamic strength of 8.7 ± 

0.8 GPa and 10.3 ± 0.6 GPa at strain rates of about 1,100 and 

1,600 s− 1, which increase by 19.2% and 41.1%, respectively. 

Similarly, dynamic toughness of 485.4 ± 69.8 MJ m− 3 and 

706.1 ± 46.4 MJ m− 3 is achieved, corresponding to increases 

of 122.7% and 223.9%, respectively. This indicates an improve

ment in strengthening efficiency as the strain rate increases. The 

dynamic strength and dynamic toughness of tl-SWNT-o-HAFs at 

a strain rate of 1,600 s− 1 are 1.6 and 2.7 times that of HAFs, 

respectively. The dynamic toughness surpasses all reported 

macroscopic fibers (Tables S17 and S18). Fracture morphology 

analysis shows that tl-SWNT-o-HAFs exhibit the most pro

nounced synergistic fracture and the mildest kink bond 

(Figures S48 and S49; Note S6). This indicates that tl-SWNT-o- 

HAFs possess strong interfacial interactions and high load 

transfer efficiency, which can inhibit the slippage of ether-group 

heterocyclic aramid chains during the tension. Notably, tl- 

SWNT-o-HAFs experience a ductile-to-brittle transition in the 

fracture mode under high-strain-rate loadings, which is benefi

cial to fiber performance under high-speed impact conditions 

(Note S7). Similarly, enhanced dynamic performance is also 

observed in multifilament yarns (Figure S50; Table S19). Under 

high-strain-rate loadings, the multifilament yarns tend to break 

simultaneously, suggesting a uniform deformation throughout 

the yarns (Figure S51). These behaviors ultimately contribute to 

enhanced mechanical properties, highlighting the great potential 

for high-speed impact-protective applications when woven into 

fabrics.

To directly evaluate the impact performance, laser-induced 

micro-ballistic impact tests were conducted (Figures 3F, S52, 

and S53). The micro-bullet (99.8 ± 3.9 μm in diameter) accurately 

impacts the monofilament fibers (about 16 μm in diameter) at an 

average speed of about 457 m s− 1. The specific penetration 
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Figure 4. Strengthening mechanism of composite fibers 

(A) SEM images of cracks under different strains (ε). 

(B) Stress relaxation curves of different fibers at 1.5% strain. 

(C) Simulation snapshots of tl-SWNT-o-HAF under different loading velocities. 

(D) Stress-strain curves of fibers under different loading velocities. 

(E) Percentage of broken aramid chains for different fibers during tension.
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energy (SPE) for a monofilament fiber is Epf* = ΔEk/m0 = ΔEk/λd = 

m(vi
2-vr

2)/2λd, where ΔEk is kinetic energy loss of the micro-bul

let, m0 is mass of target in the micro-bullet projected area, λ is 

linear density of fibers, and m, d, vi, and vr represent the mass, 

diameter, impact velocity, and residual velocity of the micro-bul

let, respectively.45 Among these fibers, tl-SWNT-o-HAFs exhibit 

the highest Epf*, reaching 1.66 MJ kg− 1 (Figure 3G; Table S20), 

which is attributed to the enhanced interfacial interactions and 

load transfer efficiency (Figure S54). The SPE of tl-SWNT-o- 

HAFs is actually underestimated due to the limited energy delo

calization for the short-gauge monofilament (∼650 μm),46–48

indicating the excellent energy absorption capacity under high- 

speed transverse impact (Note S8).

To demonstrate the practical application of composite fibers 

in impact protection, we wove the mass-produced tl-SWNT-o- 

HAFs into fabrics and conducted ballistic impact tests using 

1.1 g standard fragments (Figures 1E and S55–S57). The SPE 

of fabrics is calculated as Ep* = ΔEk/m0 = m(vi
2-vr

2)/2AdAs,
45

where Ad and As represent the areal density of fabrics and 

projected area of the fragment on fabrics, respectively. The 

traditional specific energy absorption (SEA = ΔEk/Ad) of the 

fabric is also calculated to evaluate its ballistic impact perfor

mance. Compared to our other fabrics and commercial fabrics, 

tl-SWNT-o-HAF fabrics exhibit the highest SPE and SEA, 

demonstrating the excellent impact resistance of tl-SWNT-o- 

HAF at the macroscale (Figures 3H, S58, and S59; Table S21). 

This highlights their considerable potential as an ideal protective 

material in modern industries.

Strengthening mechanism

To understand the ultra-high dynamic performance of our fibers, 

we conducted multiscale analyses based on experimental 

evidence. The following analyses would show that the inhibited 

slippage and thus remarkable breakage of polymer chains are 

crucial for ultra-high dynamic performance, which is attributed 

to the improved alignment of polymer chains, reduced porosity, 

and thus enhanced interfacial interactions as well as load trans

fer efficiency within the fibers induced by tl-SWNT templates and 

multi-stage drafting. Regarding the alignment of polymer chains, 

WAXS experiments have demonstrated the increased alignment 

of polymer chains within tl-SWNT-o-HAFs as the draft ratio in

creases (Figures 2A and 2B). This is because the interfacial en

ergy between the ether-group heterocyclic aramid chains and 

SWNTs (57.5 meV per atom) is higher than that between the 

ether-group heterocyclic aramid chains (21.6 meV per atom) 

and such a high interfacial energy would enable SWNTs as 

templates to promote polymer chain alignment around SWNTs 

during the multi-stage drafting.8 Regarding the porosity of our fi

bers, focused ion beam (FIB) and scanning electron microscopy 

(SEM) tomography (FIB-SEMT) experiments have shown that the 

porosity of tl-SWNT-o-HAFs is remarkably reduced compared to 

o-HAFs (Figure 2F). Consequently, the improved alignment and 

reduced porosity increase the interfacial interactions and load 

transfer efficiency. Furthermore, laterally pre-cracked fibers 

were axially stretched to track the mode I crack evolutions 

(Figures 4A, S60, and S61; Videos S5, S6, S7, and S8). The re

sults show that the crack of tl-SWNT-o-HAFs exhibits minimal 

growth compared to o-HAFs and ts-SWNT-o-HAFs. Meanwhile, 

tl-SWNT-o-HAFs show the highest resistance to stress relaxa

tion (Figure 4B). These results further support the improved 

interfacial interactions and load transfer efficiency within the tl- 

SWNT-o-HAFs.

Next, we explored the performance of the fibers using coarse- 

grained molecular dynamics simulations based on the experi

mental evidence. The simulations show that the slippage of 

aramid chains is remarkably inhibited for tl-SWNT-o-HAFs under 

the high loading velocity compared to that under the low loading 

velocity (Figures 4C, S62, and S63; Table S22). The tensile 

strength increases from 5.3 to 10.1 GPa for tl-SWNT-o-HAFs 

under low and high loading velocities (Figure 4D), which are 

generally consistent with the experimental measurements. To 

understand the macroscopic performance of fibers, we analyzed 

the microscopic behaviors of individual aramid chains within 

the fibers (Figure 4E). Under the low loading velocity, only 2% 

and 3% of aramid chains break for o-HAFs and tl-SWNT-o- 

HAFs, respectively. In contrast, under the high loading velocity, 

37% and 46% of aramid chains break for o-HAFs and tl- 

SWNT-o-HAFs up to the peak stress, respectively. These 

simulations indicate the ductile-to-brittle transition in the fracture 

mode with the increase of loading velocity, which agrees with the 

ductile-to-brittle fracture morphologies as observed in high- 

speed experimental tests (Figures S50 and S54). More impor

tantly, the breakage of these chains within tl-SWNT-o-HAFs 

occurs at the high loading level, indicating the relatively uniform 

deformation of such fibers. To summarize, the ultra-high dy

namic performance of our fibers is attributed to the inhibited 

slippage and thus remarkable breakage of polymer chains, 

which originate from the improved alignment of polymer chains, 

reduced porosity, and thus enhanced interfacial interactions and 

load transfer efficiency.

DISCUSSION

The trade-off between strength and toughness is a persistent 

challenge in material science. Simultaneous breakthroughs of 

strength and toughness require innovative fabrication strategies. 

Our concept for fabricating high-strength and high-toughness 

aramid fibers is to utilize the high intrinsic mechanical perfor

mance of polymer chains by inhibiting their slippage at the micro

scale. In this work, we develop an effective strategy that regulates 

the orientation of l-SWNTs within fibers to inhibit chain slippage. 

l-SWNTs and aramid chains were molecularly engineered to 

achieve compatibility, while multi-stage drafting was designed 

for the alignment of both long SWNTs and aramid chains to 

enhance interfacial interactions and load transfer efficiency. 

Based on this strategy, we fabricated aramid fibers with a 

dynamic strength up to 10 GPa and dynamic toughness up to 

700 MJ m− 3. To the best of our knowledge, the dynamic tough

ness of our fibers surpasses those of all other commercial and 

non-commercial fibers tested under the same conditions. Fabrics 

woven from these mass-produced fibers also exhibit superior 

anti-ballistic impact performance, shedding light on the practical 

applications of these fibers.

Combining experimental evidence and atomistic simulations, 

the ultra-high performance is attributed to the inhibited slippage 

and thus remarkable breakage of polymer chains at high loading 
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levels. These mechanism insights significantly differ from the 

conventional failure mode dominated by chain slippage, offering 

a special perspective on the failure mechanisms of polymer 

fibers with ultra-high strength and ultra-high toughness. To 

summarize, our study not only presents an effective strategy 

for the fabrication of aramid fibers with ultra-high dynamic 

strength as well as the highest recorded dynamic toughness 

but also provides fresh mechanism insights.

METHODS

Materials

DMAc (≥99%) with water content less than 50 ppm, lithium chlo

ride (LiCl, >99%), nitric acid (HNO3, 65%–68%), terephthaloyl 

chloride ([TPC] >99%), PPD (>99%), ODA (>99%), and PABZ 

(≥99.5%) were purchased from Beijing InnoChem Science and 

Technology Co., Ltd. SWNTs (>95%) were purchased from 

Jiangsu XFNANO Materials Tech Co., Ltd. All reagents were 

used as received without further purification.

Modification of SWNTs

The pristine l-SWNTs were initially purified by annealing in a 

muffle furnace at 400◦C for 4 h to eliminate impurities. Next, 

the purified l-SWNTs (0.5 g) were dispersed in concentrated 

HNO3 (65% w/w, 250 mL) by sonication for 1 h. Subsequently, 

the l-SWNTs-HNO3 mixture was refluxed at 140◦C for 2 h with 

vigorous stirring to prepare tl-SWNTs. The resulting solution 

was then washed 4–5 times with deionized water through 

centrifugation at 10,000 × g for 15 min to remove the residual 

HNO3 and impurities. The tl-SWNTs were subsequently 

dispersed in deionized water and further purified using dialysis 

to eliminate the remaining HNO3. The above solution was then 

subjected to sonication for 30 min in an ice-water bath using 

an ultrasonic cell disruption system (Scientz, JY99-IIDN) with 

60% of the maximum power (1,500 W) to minimize agglomera

tion of tl-SWNTs. Finally, the solution was processed using a 

freeze dryer to obtain tl-SWNT powder. A similar procedure 

was employed to prepare the ts-SWNT powder from short 

SWNTs (s-SWNTs).

Preparation of SWNT dispersion

The tl-SWNT dispersion was prepared using a method assisted 

by heterocyclic aramid chains.20 Specifically, tl-SWNT powder 

(0.25 g) was added to a DMAc solution containing 3.5 wt % LiCl 

(200 mL) and sonicated with 60% of the maximum power (1,500 

W) for 30 min in an ice-water bath using an ultrasonic cell disrup

tion system. Subsequently, the heterocyclic aramid spinning 

dope (12.5 g, the mass of heterocyclic aramid chains is 0.5 g) 

was added to the above solution. Sonication was continued 

for 30 min and repeated 3 times with 30-min intervals between 

each session. The ts-SWNT, l-SWNT, and s-SWNT dispersions 

were prepared under the same procedures by dispersing ts- 

SWNT, l-SWNT, and s-SWNT powders, respectively.

In situ synthesis of tl-SWNT/ether-group heterocyclic 

aramid spinning dope

The tl-SWNT/ether-group heterocyclic aramid spinning dope 

was prepared by a low-temperature polycondensation process 

(Figure S14). First, the polymerization monomers (nPPD:nODA: 

nPABZ = 3:2:5) were mixed into a DMAc solution containing 3.5 

wt % LiCl and stirred for 30 min. Subsequently, an optimized 

amount of the tl-SWNT dispersion was added to the solution 

and stirred for 10 min. The weight percentage of tl-SWNTs was 

calculated based on the ratio of the tl-SWNT mass to the mass 

of the ether-group heterocyclic aramid after polymerization. 

After cooling the mixture to below 10◦C, TPC was added, and 

the reaction proceeded under stirring for 2 h. After the reaction, 

a black viscous spinning dope with a dynamic viscosity ranging 

from 40,000 to 60,000 mPa⋅s was obtained (Figure S15). The 

content of tl-SWNT/ether-group heterocyclic aramid chains is 

4 wt %. For comparison, the pure ether-group heterocyclic 

aramid spinning dope was obtained following a similar prepara

tion procedure without adding the tl-SWNT dispersion. The pure 

heterocyclic aramid spinning dope was obtained following a 

similar preparation procedure without adding the tl-SWNT 

dispersion and ODA (nPPD:nPABZ = 3:7). The ts-SWNT/ether- 

group heterocyclic aramid, l-SWNT/ether-group heterocyclic 

aramid, and s-SWNT/ether-group heterocyclic aramid spinning 

dopes were prepared under the same procedures by adding 

ts-SWNT, l-SWNT, and s-SWNT dispersion, respectively.

Fabrication of tl-SWNT-o-HAFs

The tl-SWNT-o-HAFs were prepared through multi-stage draft

ing (Figures S14 and S16). The obtained tl-SWNT/ether-group 

heterocyclic aramid spinning dope was poured into a degassing 

tank equipped with a metering pump and a nitrogen inlet. After a 

vacuum-defoaming treatment for 2 h, the spinning dope was 

transferred to a spinning pot on the spinning line. After extrusion 

by a spinning pump under high-pressure nitrogen, the spinning 

dope was transported to a spinneret plate and injected into 

multi-stage coagulation baths. The primary coagulation bath 

had a water to DMAc ratio of 1:1 at 25◦C, while the secondary 

coagulation bath had a ratio of 4:1 at 40◦C. The draft ratio in 

our discussion refers to the draft ratio in the secondary coagula

tion bath, which can reach a maximum of 3.0. The as-spun 

tl-SWNT-o-HAFs were obtained after washing with flowing de

ionized water and drying at 120◦C. Then, the tl-SWNT-o-HAFs 

were obtained after the hot drafting in the N2 atmosphere at 

400◦C and collected using an automatic winding device 

(Figure S18). The spinning speed was about 4.0 m min− 1. The 

o-HAFs, ts-SWNT-o-HAFs, l-SWNT-o-HAFs, and s-SWNT-o- 

HAFs were prepared under the same procedures by adding 

corresponding spinning dope. The as-spun o-HAFs were 

prepared under the same procedures as as-spun tl-SWNT-o- 

HAFs by adding the corresponding spinning dope. The HAFs 

were prepared under similar procedures by adding the corre

sponding spinning dope and adjusting the draft ratio in the 

coagulation bath with a maximum of 2.4.

WAXS tests under in situ hot drafting

WAXS tests under in situ hot drafting were performed at a beam

line (BL10U1) of the Shanghai Synchrotron Radiation Facility, uti

lizing an in situ stretching and heating device (Linkam, 200 N). 

The X-ray wavelength was set to 0.1239 nm with a detector-sam

ple distance of 126.7 mm. During the in situ heating experiment, 

the as-spun yarns were fixed in the in situ stretching device using 
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a clamp of 10 mm length, and a constant load of 0.2 N was 

applied to ensure that the yarns remained straight. The temper

ature was increased to 320◦C at a heating rate of 40◦C min− 1.

SEM tests under in situ tension treatment

SEM tests under in situ tension treatment were performed using 

the AMBER X plasma FIB-SEM system (Tescan) and an in situ 

stretching device (Linkam, 200 N). Samples were prepared by 

adhering monofilament fibers to rectangular paper frames using 

epoxy resin glue with a gauge length of 2 mm. Prior to the in situ 

tension experiment, FIB was used to create small cracks with a 

length of approximately 5.0 μm, a width of about 0.7 μm, and a 

depth of around 0.5 μm. During the in situ tension experiment, 

the tensile speed was set to 1 mm min− 1, while the SEM images 

were collected at an accelerating voltage of 10 kV and videos 

were collected using screen recording software.

Dynamic mechanical properties

The dynamic mechanical properties of both monofilament fibers 

and multifilament yarns under high strain rates were measured 

using a developed mini-split Hopkinson tension bar (mini-SHTB; 

Figure S45). The fiber specimen was glued to a sample holder 

with a gauge length of 4.5 mm before being mounted onto the 

mini-SHTB. Prior to testing, the legs of the paper frame were 

carefully cut to release the sample. The sleeve-type projectile 

was launched using an air gun and impacted an energy-absorbing 

bar fixed at the end of the incident bar, generating a tensile stress 

wave. This wave propagated along the incident bar and reached 

the sample, causing the fiber fracture. The fracture force of the 

fiber was measured using a high-frequency quartz piezoelectric 

force sensor (Kistler 9001, 180 kHz). Due to the sufficiently high 

impact impedance of the incident bar, its loading end can be 

considered a free boundary condition compared to the fiber. As 

a result, the strain rate _ε(t), strain ε(t), and stress σ(t) of a single 

fiber at different time can be analyzed,3,8

_ε(t) = 2C0

εI

ls
(Equation 1) 

ε(t) = 2C0

∫ t

0

εI

ls
dt (Equation 2) 

σ(t) =
F

As

(Equation 3) 

where C0, ls, and As are the elastic wave velocity of the incident 

bar, length, and cross-sectional area of the sample, respectively. 

εI and F are strain in the incident bar and force of the sample, 

respectively. In our previous work,3 the strain was corrected 

accordingly:

εCorrected =
Δl − CSF

l0
(Equation 4) 

where CS is the value of system compliance, which is determined 

as the intercept 0.0015 mm N− 1 for the zero gauge length.

The typical engineering stress-strain and strain rate-strain 

curves of monofilament fiber are shown in Figure S46. When 

the fiber stress reaches its peak, it is under constant strain 

rate loading. The dynamic strength is defined as the peak 

force recorded by the force sensor divided by the cross- 

sectional area. The toughness of the fiber is represented 

by the area enclosed by the stress-strain curve and the coor

dinate axis.

Laser-induced micro-ballistic impact tests

The specific penetration energy for monofilament fiber, Epf*, 

was measured by laser-induced micro-ballistic impact tests 

(Figure S52). In the experiment, high-pressure plasma was 

generated through the interaction of a focused pulsed laser 

with a 100-nm-thick gold film, under the constraint of 4-mm- 

thick K9 glass. This caused the 78-μm-thick polydimethylsilox

ane (PDMS) film, in direct contact with the gold film, to expand 

rapidly. During this process, a polystyrene micro-bullet (99.8 ± 

3.9 μm in diameter) was accelerated and placed on the backside 

of the PDMS film, impacting the fiber at an average speed of 

about 457 m s− 1, as measured by a high-speed camera 

(KIRANA UHS Camera) with an imaging rate of 5 × 106 fps, along 

with the SI-LUX640 automatic laser lighting system. Additionally, 

residual velocity was measured to assess the fiber’s impact 

resistance.
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