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emerged as a next-generation technology 
that may find significant applications in 
applications where bendability, stretch-
ability, wearability, portability, and light-
ness are needed.[1–3] Advanced fibers with 
integrated functionalities (i.e., conduc-
tivity) are of great interest for achieving 
wearable high-performance textile fabrics. 
Robustness, a rare yet important property 
allowing a system to maintain a stable 
structure and function against uncer-
tainty perturbations, is highly required 
for wearable textile electronics.[4,5] In 
practical use, textile electronics are gener-
ally conformably attached or worn on the 
human body. Human motion is accom-
panied by irregular skin deformations 
that inevitably stretch or bend the tex-
tile electronics. Thus, robust textile elec-
tronics must function unalterably when 
disturbed by variable strain or stress.[6–8] 
To this end, functional fibers with intrin-
sically high robustness and multifunc-
tionality may provide advanced fabric 
materials for achieving textile electronics 
with strain-unperturbed performance. 
However, achieving high-performance 
multifunctional fibers with high structural 

robustness and high damage resistance against strain remains 
a grand challenge.[3,9,10]

From the viewpoint of material science, the robustness 
and multifunctionality of synthetic fibers are usually mutually 

Textile electronics are needed that can achieve strain-unaltered performance 
when they undergo irregular and repeated strain deformation. Such strain-
unaltered textile electronics require advanced fibers that simultaneously have 
high functionalities and extreme robustness as fabric materials. Current syn-
thetic nanocomposite fibers based on inorganic matrix have remarkable func-
tionalities but often suffer from low robustness and poor tolerance against crack 
formation. Here, we present a design for a high-performance multifunctional 
nanocomposite fiber that is mechanically and electrically robust, which was real-
ized by crosslinking titanium carbide (MXene) nanosheets with a slide-ring 
polyrotaxane to form an internal mechanically-interlocked network. This inor-
ganic matrix nanocomposite fiber featured distinct strain-hardening mechanical 
behavior and exceptional load-bearing capability (toughness approaching  
60 MJ m−3 and ductility over 27%). It retained 100% of its ductility after cyclic 
strain loading. Moreover, the high electrical conductivity (>1.1 × 105 S m−1) and 
electrochemical performance (>360 F cm−3) of the nanocomposite fiber can be 
well retained after subjecting the fiber to extensive (>25% strain) and long-term 
repeated (10 000 cycles) dimensional changes. Such superior robustness allowed 
for the fabrication of the nanocomposite fibers into various robust wearable 
devices, such as textile-based electromechanical sensors with strain-unalterable 
sensing performance and fiber-shaped supercapacitors with invariant electro-
chemical performance for 10 000 strain loading cycles.
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﻿

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.202209527.

1. Introduction

Textile electronics made from fiber materials, ranging from 
traditional fiber materials to advanced functional fibers, have 
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exclusive. Previous studies have demonstrated mechanical 
robustness or high-performance functionalities, but synthetic 
fibers that combine these features remain elusive.[9–11] For 
fiber materials to be robust, current advanced fibers are typi-
cally made of tough polymer or polymeric composite with com-
pliant structures that must be resistant to damage and resilient 
to large deformations.[12,13] However, such robust fibers usually 
have low or limited functionalities (i.e., low conductivity) due 
to the relatively low functionalities of the conventional polymer 
matrix, restricting their applications in textile electronics.[14,15] 
In contrast, synthetic nanocomposite fibers using functional 
inorganic or nanomaterials as the continuous phase, such as 
graphene and carbon nanotubes (CNTs), have demonstrated 
excellent functionalities.[16,17] Nevertheless, these fibrous struc-
tures with extensive internal interfaces or boundaries are usu-
ally irreversible, are naturally brittle, or have limited ductility; 
thus, they suffer from poor structural robustness and low toler-
ance against defect formation and propagation.[16–18] They are 
vulnerable to damage and cannot endure adverse conditions, 
such as large strain deformation or long-term cyclic strain load-
ings.[18,19] Thus, current advanced fiber materials typically pos-
sess either high device performance or high mechanical resil-
ience, but it is hard to achieve both.

Here, we report a strategy for introducing a mechanically 
interlocked structure into a fibrous structure with functional 
nanomaterials as the continuous phase to achieve a high-
performance multifunctional nanocomposite fiber with excep-
tional robustness against strain disturbance. The design of our 
robust and functional nanocomposite fiber included two main 
considerations. First, the main building blocks of the functional 
fibers should have intrinsically high mechanical properties and 
remarkable functionalities. It should also have a high aspect 
ratio to enable the formation of strong and high-performance 
fibers with large internal interfacial contacts for interface 
modifications. To achieve this, we utilized 2D titanium car-
bide Ti3C2Tx (MXene) nanosheets as the matrix material due to 
their exceptional mechanical, electrical, structural, and chem-
ical properties.[20–22] However, MXene matrix fibers typically 
have low ductility, low toughness, and poor robustness.[23,24] 
To overcome these issues, a mechanically interlocked polymer 
was introduced as the binder in the MXene fiber. A slide-ring 
polyrotaxane composed of a linear polymer guest (poly(ethylene 
glycol) (PEG)) threaded into multiple cyclic molecule hosts 
(α-cyclodextrin (α-CD)) is a typical mechanically interlocked 
polymer.[25–27] When the movable host molecules of the poly-
rotaxane were partially crosslinked with the matrix material, 
mechanically interlocked networks were formed.[25] The con-
centration of applied stress throughout the entire structure 
was minimized by adjusting the mechanically interlocked net-
work (also named a “pulley” effect) when stretching the mate-
rials.[28] This endowed the structure with excellent mechanical 
adaptability and robustness against strain.[25] Thus, a slide-ring 
polyrotaxane was chosen as the intercalation material for our 
nanocomposite fiber due to its ability to form a mechanically-
interlocked network.[25–27]

In this work, we report a high-performance multifunctional 
nanocomposite fiber from MXene nanosheets and a slide-ring 
polyrotaxane with exceptional robustness against strain distur-
bance. The MXene nanosheet matrix was crosslinked by the 

polyrotaxane to produce a mechanically interlocked structure 
inside the multilayered fibrous structure (Figure 1a),[26,27] which 
endowed our nanocomposite fiber with three superiorities. 
They included 1) outstanding multifunctionality, involving high 
electrical conductivity (over 1.1×105 S m−1), high volumetric 
capacitance (over 360 F cm−3), and high electromechanical 
performance; 2) exceptional load-bearing capability, featuring 
a strength of over 500  MPa, record-breaking ductility of over 
27%, and high toughness of about 60 MJ m−3; 3) distinct strain-
hardening mechanical behavior enabling superior resistance to 
structural defect formation in the fiber even under large strain. 
As a result, the nanocomposite fibers maintained 100% of their 
mechanical ductility and electrical conductivity against large-
strain deformation and long-term repeated (>10  000 cycles) 
strain loadings. Thus, they exhibited a high level of mechan-
ical and electrical robustness not yet demonstrated before in 
inorganic-matrixed fiber materials. We used the nanocomposite 
fibers to fabricate wearable functional devices, including textile-
based electromechanical sensors and fiber-shaped supercapaci-
tors with desirable strain-unalterable functionalities, showing 
great promise for intelligent applications in emerging wearable 
technologies.

2. Results and Discussion

2.1. Material Design and Simulation

Employing a scalable and versatile wet-spinning assembly 
technology,[23,24] four types of MXene-based functional fibers 
were fabricated for comparison: pure MXene fiber, crosslinked 
MXene (cM) fiber, MXene/polyrotaxane (MP) fiber, and 
crosslinked MXene/polyrotaxane (cMP) nanocomposite fiber. 
Ti3C2Tx MXene nanosheets (Figure S1, Supporting Information) 
were first mixed with slide-ring polyrotaxane with a glutamine 
transaminase stopper (Figure S2, Supporting Information) 
to form a viscous and thixotropic (Figure S3, Supporting 
Information) liquid crystal colloidal dispersion (Figure S4,  
Supporting Information). This dispersion tended to form long-
range ordered nanosheet packing during the wet-spinning pro-
cess.[23,24,29,30] MP fibers with different contents (5, 10, 15, 20, 
25  wt%) of the polyrotaxane were fabricated by wet spinning 
in a coagulation bath, followed by hot stretching. The nano-
composite fibers compounded with 20 wt% of polyrotaxane 
achieved the best combination of strength, extensibility, and 
toughness, and thus were chosen to represent MP fiber for the 
following comparisons. The as-prepared MP fibers were soaked 
in crosslinking bath containing N,N′-carbonyldiimidazole 
(CDI), and Mg2+ to crosslink some of the α-CD components 
of polyrotaxane with MXene via the formation of ester bonds 
and ionic bonds to obtain cMP fibers with a mechanically inter-
locked structure (Figure 1b and Figure S5, Supporting Informa-
tion). Four types of cMP fibers with different crosslinking states 
(designated as cMP-1 to cMP-4) were prepared, and cMP-3 
fibers with optimal comprehensive performance were selected 
as representative cMP fibers for the following experiments. 
The exact polyrotaxane contents in cMP nanocomposite fibers 
were determined by thermogravimetric analysis (Figure S6, 
Supporting Information). The cM fibers without a polyrotaxane 
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were prepared using the same crosslinking conditions as the 
cMP-3 fibers (Figure S7, Supporting Information).

To evaluate how the mechanically interlocked structure 
influenced the structural robustness of cMP fibers against 
strain, a molecular dynamics (MD) model was used to simu-
late the tensile process of the nanocomposite fibers along the 
axial direction (Figure 1c; Note 3, Figures S8 and S9, Video S1,  
Supporting Information). It is interesting to note that the 
simulated stress–strain curve for cMP fiber exhibited distinc-
tive non-linear mechanical behavior: a strain-softening phase 
(r-shape) before the yield point and a strain-hardening phase 
(J-shape) after the yield point (Figure S9b, Supporting Informa-
tion). When stretching the nanocomposite fiber to below 10% 
strain, some hydrogen bonds between MXene nanosheets were 
first cleaved, accompanied by the rearrangement of polyro-
taxane chains (Figure 1c and region I in Figure S9b, Supporting 
Information).[28] In this region, the sliding of α-CD rings in 
the polyrotaxane reduced the applied stress to some degree.[28] 
Upon further stretching the simulated fiber to about 30% strain 
(Figure 1c and region II and III in Figure S9b, Supporting Infor-
mation), the “pulley effect” from the mechanically interlocked 
structure played the dominant role in releasing stress (Figure S9,  
Supporting Information).[28] The applied stress was first 
released by the further stretching of PEG chains and the ring 
sliding of the α-CD rings (Figure 1c and region II in Figure S9b,  
Supporting Information). This resulted in oscillating stress–
strain behavior in which the average stress increased slightly 

within a large tensile strain (region II in Figure S9b, Sup-
porting Information). The straightened polyrotaxane chains 
worked as molecular-scale bridges among MXene nanosheets 
via crosslinking points between α-CD rings and MXene. This 
triggered the mechanically interlocked network to transfer the 
applied stress to MXene nanosheets and thus promoted sig-
nificant slippage and subsequent better alignment of MXene 
nanosheets along the stretching direction (Figure 1c and region 
III in Figure S9b, Supporting Information). These synergistic 
effects rapidly increased the tensile stress under further tension 
(region III in Figure S9b, Supporting Information), and main-
tained the structural integrity of the cMP fiber over tensile large 
strain without breaking. This simulation result clearly demon-
strates that the mechanically interlocked structure played an 
important role in preserving the structural integrity of cMP 
fiber over a wide strain range.

2.2. Structure Characterization

Meter-long cMP fibers (Figure 2a) with an average diameter 
of 50 µm and wrinkled surface (Figure S10, Supporting Infor-
mation) were produced via our scalable fabrication process. To 
confirm the formation of mechanically interlocked structure 
with covalent and ionic crosslinking points between MXene 
and polyrotaxane in the cMP fiber, the nanocomposite fiber was 
characterized by X-ray diffraction (XRD, Figure S11, Supporting 
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Figure 1.  Schematic illustration and MD simulation of cMP fiber. a) Schematic illustration of the function of the mechanically interlocked structure that 
allows PEG main-chain stretching, α-CD ring slipping along the PEG main chain in polyrotaxane, and MXene nanosheet sliding over each other along 
the axial direction under tensile strain. b) The crosslinking points of covalent bonds and coordination bonds formed between MXene nanosheets and 
α-CD rings in the mechanically interlocked structure. c) MD simulation of the structurally robust mechanism of the cMP fibers under different strain 
states enabled by the mechanically interlocked structure.
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Information), Fourier-transform infrared (FT-IR) spectros-
copy (Figure  2c), and X-ray photoelectron spectroscopy (XPS, 
Figure  2d,e). The XRD patterns showed that the d-spacing 
increased from 1.27  nm for pure MXene fibers to 1.75  nm 
for cMP fibers (Figure S11a, Supporting Information), sug-
gesting the intercalation of polyrotaxane into the MXene inter-
layers.[22] The d-spacing of cMP fiber decreased to 1.56 nm after 
stretching to 15% strain, indicating that the packed structure 
became denser after stretching (Figure S11b, Supporting Infor-
mation). Two new peaks at 1745 cm−1 and 803 cm−1 ascribed 
to ester stretching and a TiOC bond appeared in the FT-IR 
spectra of the cMP fibers (Figure 2c).[20,28] Moreover, a new peak 
at a binding energy of 456.6 eV due to TiOC bond appeared 
in the XPS spectrum of the cMP fibers (Figure  2d).[20] These 
indicate the successful crosslinking of the hydroxyl groups of 
the α-CD unit of the polyrotaxane with the TiOH groups of 
MXene via CDI  (Figure S5, Supporting Information).[26] Com-
pared to pure MXene fiber, the C 1s peak corresponding to the 
CTiTx groups in cMP fibers slightly shifted from 281.79 to 
281.55  eV (Figure  2e), probably due to the formation of ionic 
bonds between Mg2+ and TiOH groups in MXene (Figure S5, 
Supporting Information).[31,32]

The cross-sectional scanning electron microscopy (SEM) 
images of the brittle fracture surface of pure MXene and cM 
fibers showed numerous microvoids in their layered fibrous 
structures (Figure S12, Supporting Information). After interca-
lating polyrotaxane, there were many fewer and smaller micro-
voids in the MP fiber than in MXene and cM fibers (Figure S12, 
Supporting Information). Because of the synergistic densifica-
tion effect caused by polyrotaxane insertion and crosslinking, 
microvoids were hardly visible in the cross-section of cMP 
fibers (Figure  2b). This densely packed multilayered structure 
guaranteed that the cMP fibers preserved a high conductivity 
up to 1106.5 ± 68.7 S cm−1 despite the presence of insulating 
polyrotaxane (Figure S13, Supporting Information).[21,33] This 
electrical property is lower than previously reported pure 
MXene fibers, is comparable to previously reported MXene-

based composite fibers, and surpasses most graphene and CNT 
fibers (Table S2, Supporting Information).[19,34]

2.3. Exceptional Mechanical Properties

The impact of the mechanically interlocked structure was 
revealed by evaluating the mechanical properties of MXene, cM, 
MP, and cMP fibers and comparing their tensile stress–strain 
curves in Figure 3a. The MXene, cM, and MP fibers all exhib-
ited plastic deformation and r-shaped curves in their stress-
strain plots. This indicates typical strain-softening behavior that 
has been widely observed in conventional MXene, graphene, 
and CNT-based functional fibers due to inelastic deformation 
during inner interfacial slipping.[20,23] Both the MXene and 
cM fibers without a polyrotaxane displayed a limited tensile 
strength and ductility (Figure S14, Supporting Information). It 
is anticipated that the rupture of both types of fibers was caused 
by localized interfacial failure between MXene nanosheets.[19] 
In comparison, the ultimate elongation of MP fibers increased 
to 18.1 ± 0.6%, leading to a concurrent enhancement in the 
toughness to 21.9 ± 1.8 MJ m−3 (Figure S15, Supporting Infor-
mation). This toughening behavior primarily resulted from the 
easy stretching of the polyrotaxane chains, which led to slip-
page of the MXene nanosheets to release stress.[35] However, 
compared with MXene fibers, the tensile strength of MP fibers 
only slightly increased to 188.7 ± 1.9 MPa. This was because the 
interfacial interactions between adjacent MXene nanosheets in 
MP fibers were dominated by weak hydrogen bonds. The pulley 
effect was negligible due to the lack of a mechanically inter-
locked network in the MP fibers.[28]

After crosslinking the MXene nanosheets with polyro-
taxane to form a mechanically interlocked structure, the cMP 
fiber exhibited a distinctive nonlinear stress response to stress 
that involved softening before a critical strain and substan-
tial hardening until failure at large strain (Figure  2a). This is 
consistent with the simulated result (Figure S9b, Supporting 
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Figure 2.  Characterization of cMP fiber. a) Photograph of the as-prepared meter-long cMP fiber wound on a drum. b) SEM images of the brittle frac-
tured cross-sections of cMP fibers. c) Comparisons of FT-IR spectra for pure MXene and cMP fibers. d,e) XPS spectrum of cMP and MP fibers in the 
Ti 2p region (d) and the C 1s region (e).
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Information). Strain-hardening behavior has also been found 
in supertough elastomers crosslinked by slide-ring materials,[28] 
natural spider silks,[36,37] and animal hairs,[38] but it has never 
been observed in nanocomposite fibers with inorganic or nano-
materials as the continuous phase. Different from the typical 
nonlinear softening that leads to unrecoverable plastic defor-
mation after the yield point, nonlinear hardening can ensure a 
high elasticity and thus high structure recovery during repeated 
stretching cycles.[39,40] Moreover, the strain-hardening behavior 
(less stress accumulation upon increasing the strain) led to 
fewer fractures and more crack propagation resistance in the 
fiber structure. This prevented damage from excessive strain 
and contributed to structural robustness.[39,40] Benefiting from 
the strain-hardening behavior, the cMP fibers exhibit a high 
load-bearing capacity characterized by multiple mechanical 
properties (Figure S16, Supporting Information), including a 
tensile strength of 502.3 ± 13.6  MPa, ductility of 27.3 ± 1.3%, 
and toughness of 59.7 ± 3.6 MJ m−3, which were 3.9, 6.7, and 
15.7 times higher than those of pure MXene fibers, respectively 
(Figure S17, Supporting Information). The ductility of the cMP 
fibers set a record compared with reported functional nano-
composite fibers.[23,24,34] Moreover, the obtained toughness of 

the cMP fibers was far superior to those of previously reported 
synthetic nanocomposite fibers, including MXene,[20,23,24] gra-
phene,[19,41] and CNT-based fibers[42] (Table S2, Supporting 
Information).

2D small-angle/wide-angle X-ray scattering (SAXS/WAXS) 
measurements (Figure  3b,c, Figure S18, Supporting Informa-
tion) and polarized Raman spectroscopy (Figure S19, Sup-
porting Information) were performed to elucidate the structure 
change in cMP fibers during the tensile process. The Herman 
orientation factor (f), calculated from the azimuthal scan along 
the (002) peak measured in WAXS patterns,[30,43] increased from 
0.52 in the unstretched state to 0.55 under 15% strain for cMP 
fibers (Figure  3b,c). This is indicative of a better orientation 
of MXenes along the fiber axial direction under stretching.[43] 
Polarized Raman spectroscopy also confirmed that the align-
ment degree of MXenes in the cMP fiber increased in the 
stretched state, as the intensity ratio of the G band for light 
polarized in the direction of the fiber axis to that for trans-
verse polarization increased from 0.45 for cMP fibers in the 
original state to 1.02 under 15% strain (Figure S19, Supporting 
Information).[44,45] Consistent with the MD simulation results 
(Figure  1c), the mechanically interlocked structure promoted 
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Figure 3.  Mechanical properties of cMP fiber. a) Typical stress–strain curves of MXene, cM, MP, and cMP fibers. Only the curve of the cMP nanocom-
posite fibers showed strain-hardening behavior. b,c) 2D WAXS scattering patterns and azimuthal scanning profiles at the (002) peak for cMP fibers in 
the unstretched state (b) and under 15% tensile strain (c). d,e) SEM lateral views of the fracture surface of MXene fibers (d) and cMP fibers (e) after 
tensile tests. f) Photograph of a cMP fiber 5 cm long lifting a load more than 28 000 times greater than its own weight and spinning at 200 rpm. g) SEM 
image of a tightly knotted cMP fiber. h) Photograph showing cMP fibers weaved into textiles with commercial Nylon fibers using a knitting machine. 
i) Photograph of a cMP fiber-based flexible textile.
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the alignment of MXene nanosheets instead of crack or defect 
formation in the fiber during stretching. The lateral views of 
the fracture surface for MXene and cMP fibers are also shown 
in the SEM images (Figure  3d,e). In contrast to the flat and 
smooth fracture morphology of the MXene fiber (Figure  3d), 
a large extent of the pullout of MXene nanosheets with curled 
edges can be clearly observed in the fracture surface of cMP 
fiber (Figure 3e). This verifies that adjacent MXene nanosheets 
can slide over one another to a great degree in the cMP fiber 
to dissipate significant amounts of energy,[20] preventing struc-
tural defect formation and propagation.

The excellent load-bearing capability enabled a 5  cm-long 
cMP fiber to lift a load more than 28 000 times greater than its 
own weight and spin at 200  rpm without breaking (Figure  3f 
and Video S2, Supporting Information). The excellent ductility 
allowed the cMP fiber to be tightly knotted without breaking or 
cracking (Figure 3g). Moreover, the cMP fibers could be knitted 
into wearable textile electronics with commercial Nylon fibers 
using a knitting machine in a scalable way (Figure  3h,i, and 
Figure S20, Supporting Information). The fabrication process 
of textile electronics based on cMP fibers is detailed in Note 1,  

Supporting Information. The soft polymer fibers can pro-
vide the physiological comfort required by the wearer, while 
the cMP fibers can work as functional devices. Moreover, the 
washing durability of the textile based on cMP fibers was eval-
uated. After coating with a PDMS shell layer, the cMP fibers, 
which were knitted into a wearable textile with commercial 
Nylon fibers, were subjected to multiple washing–drying cycles. 
The electrical conductivity of the cMP fibers remained highly 
stable after 50 washing–drying cycles (Figure S21, Supporting 
Information).

2.4. Mechanical and Electrical Robustness

Next, to explore the mechanical and electrical robustness of 
cMP fiber, we measured the mechanical properties and elec-
trical conductivity of the nanocomposite fibers after subjecting 
them to extensive and long-term cyclic dimensional changes. As 
shown in Figure 4a–c, the cMP fibers were first stretched to a 
specific strain, and a cyclic 1% strain loading was applied to the 
stretched nanocomposite fibers. The cMP fibers after a cyclic 

Adv. Mater. 2023, 35, 2209527

Figure 4.  Mechanical and electrical robustness of cMP fiber. a–c) The stress–strain curves for cMP fibers measured after 1000 cycles of strain loading 
between 5–6% (a), 10–11% (b), and 15–16% (c), respectively. d) Conductivity and resistance change as a function of tensile strain for cMP fibers.  
e) Conductance retention percentages for pure MXene and cMP fibers over 30 days of storage at 20 °C and RH of 85%. f) Conductance retention per-
centages of cMP fibers after repeated 2–3%, 10–11%, 15–16%, and 20–21% strain for 10 000 stretch-release cycles, respectively. g–i) Relative resistance 
changes of the cMP fibers over 10 000 stretch-release cycles between 10–11% (g), 15–16% (h), and 20–21% (i) strain, respectively.

 15214095, 2023, 15, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202209527 by N
ankai U

niversity, W
iley O

nline L
ibrary on [14/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



© 2023 Wiley-VCH GmbH2209527  (7 of 12)

www.advmat.dewww.advancedsciencenews.com

stretch-release test were further subjected to a tensile test. The 
ultimate tensile strength for those cMP fibers remained over 
400 MPa (more than 80% strength retention) after 1000 strain 
loading cycles between 5–6%, 10–11%, and 15–16%, respectively 
(Figure 4a–c). Importantly, after cyclic strain loading, the cMP 
fibers could still be stretched to a failure strain of over 30% 
(Figure  4b,c), corresponding to about 100% retention of duc-
tility. All of the above results indicate the superior mechanical 
robustness of our cMP fiber against strain disturbance.

Moreover, as shown in Figure  4a, only a tiny increase in 
resistance by 1.9% under 25% strain was observed in the 
stretched cMP fiber. The corresponding conductivity of cMP 
fibers under stretching showed a distinctive increase from 
1100 to 1350 S cm−1 at 25% strain (Figure 4d). This increase in 
conductivity corresponded with the increase in the alignment 
degree of MXene nanosheets in cMP fibers along the stretching 
direction (Figure 3b,c, and Figure S19, Supporting Information) 
and the decrease in layer distance (Figure S11b, Supporting 
Information), which can lead to the formation of more conduc-
tive pathways in the fiber (Note 4 and Figure S23, Supporting 
Information).[21,46–48] Electrical resistance changes were further 
monitored when the cMP fibers underwent long-term cyclic 
strain loadings (Figure 4g–i). A slight decrease, rather than an 
increase, in the electrical resistance and an increase in conduc-
tivity were observed in cMP fibers after 10 000 stretch–release 
cycles between 10–11%, 15–16%, and 20–21% strain (Figure 4f), 
respectively, showing unprecedented fatigue resistance and 
electrical robustness. The peak and valley values of the rela-
tive resistance change showed small fluctuations during 10 
stretch-release cycles between 0 and 25% strain (Figure S22, 
Supporting Information). This was because the cMP fiber 
underwent plastic deformation and could not fully recover to 
its original shape after being stretched to a large strain due to 
its inorganic matrix. Although the cMP fiber exhibited plastic 
deformation after being stretched to a large stain, it retained 
its high mechanical ductility and electrical conductivity, even in 
the unrelaxed state (Figure 4c,d) due to its excellent robustness 
and high tolerance against crack formation.

The embedding of the polyrotaxane in the interlayer spac-
ings of MXene nanosheets also helped prevent the penetra-
tion of oxygen and water into the fibers. Resistance changes of 
MXene and cMP fibers were monitored at 20 °C and relative 
humidity (RH) of 85% to evaluate their oxidation resistance. 
The cMP fibers exhibited a conductance retention of over 91% 
after storage for 40 days, which was much higher than that of 
pure MXene fiber (Figure 4e), indicating significantly improved 
oxidation resistance. All the above results reveal the superior 
mechanical, electrical, structural, and environmental robust-
ness of our cMP fibers with mechanically interlocked structure, 
which ensure that the nanocomposite fibers can be incorpo-
rated into textile fabrication.

2.5. Demonstration of Robust Wearable Devices

To assess how the robust and functional cMP fiber performed 
in a real-world scenario, we first applied the nanocomposite 
fiber as a robust electromechanical sensing device in wear-
able electronic to monitor and discriminate tiny force signals 

from the human body under disturbance. In practical use, 
most existing wearable sensors have an inevitable limitation, 
which is the alteration of quantitative sensing performance and 
accuracy when the sensors are under irregular stretching or 
bending. Generally, human motions are accompanied by sub-
stantial skin deformations, which will inevitably stretch or bend 
the wearable sensors (Figure 5a).[7] Thus, strain-unperturbed 
and robust wearable sensors are highly desired. However, in 
a typical resistive-type strain sensor, a high sensitivity requires 
mechanical brittleness, resulting in a structural disconnect 
and crack formation under small strains in the sensing mate-
rial.[32,49,50] In contrast, high mechanical robustness and stable 
sensing require high structural robustness to retain structural 
connections or morphological integrity to suppress crack or 
defect formation in the sensing material. Thus, conventional 
resistive-type strain sensors based on a crack-propagation 
mechanism tend to suffer from limited sensing stability and 
anti-interfere.[8] In comparison, the strain-sensing mechanism 
of the cMP fiber was dominated by the slipping and alignment 
of MXene nanosheets instead of crack or defect formation in 
the fiber during stretching due to the mechanically-interlocked 
network structure of the fiber. It is thus envisioned that the 
cMP fiber can work as a fiber-based strain sensor with high 
mechanical robustness against disturbance.

To explore the robustness of the strain-sensing performance 
against perturbations or stressors, we first measured resistance 
changes as a function of applied cyclic strain for cMP fiber 
under varying mechanical interferences (Note 2, Supporting 
Information). As shown in Figures S24–S27, Supporting Infor-
mation, the cMP fiber exhibited excellent durability and strong 
robustness in terms of strain-sensing performance against var-
ious strain or stress perturbations. Next, the cMP fibers were 
knitted into wearable tactile sensors with commercial Nylon 
fibers (Figure S20, Supporting Information) that were attached 
or placed on a deformable human body to monitor physiolog-
ical information under different stretching deformation states 
of human skin. The textile strain sensor was then worn on the 
wrist of a 25-year-old male volunteer to measure the pulse wave-
forms from the radial artery (Figure 5a,b, Figure S28, Supporting 
Information). The soft nature of Nylon fibers can help the wear-
able tactile sensor tightly contact soft human skin, allowing it 
to monitor tiny pulse signals precisely and stably. Continuous 
and stable waveforms were obtained with high fidelity, and 
all pulse wave characteristics followed the rhythm of a heart-
beat at a normal stationary state (Figure  5b and Figure S29,  
Supporting Information). The textile strain sensor had a high 
anti-interference ability and could function well for real-time 
pulse monitoring, even when the wearable sensor was under 
various stretching and deforming states (Figures S30 and S31, 
Supporting Information). As shown in Figure 5c–f, the systolic 
upstroke time (UT), reflected wave transit time (RWTT), left 
ventricular ejection time (LVET), systolic–diastolic time (PPT), 
pulse wave velocity (PWV), and (stiffness index) SI values were 
calculated from the pulse pressure waveform (Note 5, Sup-
porting Information).[51] These values were compared with 
reported reference values for healthy individuals, and they 
showed strong robustness and consistency whether the volun-
teer’s hand was relaxed or bent. This reflects the sensor’s strong 
resistance against external interference and disturbances, 

Adv. Mater. 2023, 35, 2209527
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which make our textile sensor promising for robust and strain-
unperturbed wearable technology. In addition, this robust tex-
tile sensor can also be employed to precisely detect full-spec-
trum human motions, including the subtle strain of human 
body activities such as pulse, facial expressions, and phonation 
(Figure S32a,b, Supporting Information), and large human 
body movements such as human joint motion (Figure S32c,d, 
Supporting Information).

Next, we evaluated the electrochemical performance of our 
cMP fibers as supercapacitor electrodes in textile electronics 
against strain. To illuminate the kinetics of electron and ion 
transport of the cMP fiber electrode, electrochemical impedance 
spectroscopy (EIS) was first performed at a frequency range of 
1 Hz to 1 M Hz. As shown in Figure 6a, the Nyquist plots for the 
cMP fiber electrode exhibited significant differences between 
the low-frequency and high-frequency regions relative to the 
pure MXene fiber. In the high-frequency region, the diameter 
of the semicircle for the cMP fiber was much smaller than that 
of pure MXene fiber, indicating that the charge transfer resist-
ance was lower and the ionic conductivity was improved after 
embedding the polyrotaxane.[52] Moreover, the cMP fiber elec-
trode showed a nearly vertical line in the low-frequency region, 
indicating a low ionic diffusion resistance. In contrast, the 
slope of the plots of the pure MXene fiber exhibited a nearly 
constant increase in the imaginary and real impedance, which 
indicates slow ion diffusion in its densely packed structure. The 
improved ion transport behavior in the cMP fiber was attrib-
uted to the embedded polyrotaxane within the PEG backbone, 
which provided more electrolyte-permeable active sites and ion 

diffusion channels.[53,54] In addition, negligible changes were 
observed in the Nyquist plots of the stretched cMP fiber elec-
trode when the applied strain was varied from 0 to 25% in the 
tensile direction (Figure 6b).

To investigate the electrochemical performance of the cMP 
fibers, we also evaluated the fiber electrode in 1  m H2SO4 as 
an aqueous electrolyte, and the typical cyclic voltammetry (CV) 
curves measured from 5 to 100  mV s−1 scan rates are shown 
in Figure 6c. The cMP fiber electrode exhibited pseudocapaci-
tive behavior and demonstrated a high volumetric capacitance 
of 362 F cm−3 at a scan rate of 5 mV s−1. The long-term cycling 
stability of the cMP fiber tested at 20 A cm−3 showed that the 
fiber electrode was highly stable with almost 100% capacitance 
retention after 25 000 charging/discharging cycles (Figure 6d). 
In addition to its electrochemical performance, the cMP fiber 
electrode also exhibited stable electrochemical performance 
during stretching. Almost 100% capacitance was retained for 
the cMP fiber electrode over 25% tensile strain (Figure  6e). 
Moreover, the cMP fiber electrode showed invariant capacitance 
(100% retention) against cyclically applied tensile strain (over 
10  000 cycles) between 5–6%, 10–11%, 15–16%, and 20–21%, 
respectively, as displayed in Figure  5f,g. In contrast, the pure 
MXene fiber electrode exhibited <70% capacitance retention 
after being subjected to 1000 stretching cycles between 2 and 
3% strain (Figure S33, Supporting Information). Thus, the cMP 
fiber electrode exhibited robust electrochemical performance 
against strain disturbance.

To further evaluate the potential use of our cMP fiber in a 
full cell, we assembled a symmetric fiber-shaped supercapacitor 

Adv. Mater. 2023, 35, 2209527

Figure 5.  Demonstration of strain-unperturbed textile sensor. a) Photographs of a wearable cMP-fiber-based textile sensor wrapped onto a hand wrist 
to monitor human arterial pulse during wrist bending. The textile sensor deformed along with skin deformation during wrist bending. b) Typical contour 
plot of the measured arterial pulse waveforms from the cMP textile sensor wrapped around a wrist. c–f) The output waveforms of human arterial pulse 
were measured from cMP textile sensor under various wrist motions. c) A human wrist wearing a cMP textile sensor under different wrist motions: 
relaxed (state 1), bent 15° to the left (state 2), and bent 30° to the left (state 3), and the specific output waveform signals of two pulse cycles in the 
corresponding wrist bending states. d) The UT, RWTT, LVET, PPT, PWV, and SI values obtained from continuous pulse monitoring under different wrist 
bending states from (c). e) A human wrist wearing a cMP textile sensor under different wrist motion states: relaxed (state 1), bent forward (state 2), 
and bent backward (state 3) and the specific output waveform signals of two pulse cycles in the corresponding wrist bending states. f) The UT, RWTT, 
LVET, PPT, PWV, and SI values obtained from continuous pulse monitoring under different wrist motion states from (e). More than five samples were 
measured for each device.
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(denoted as cMP FSC) by using cMP fibers as both the nega-
tive and positive fiber electrodes. Figure S34, Supporting Infor-
mation illustrates the galvanostatic charge/discharge (GCD) 
curves of the cMP FSC at current densities ranging from 5 to 
20 A cm−3. Importantly, negligible changes were observed in 
the GCD curves under various current densities when the cMP 
FSC was subjected to 10 000 stretching cycles between strains of 
5–6%, 10–11%, 15–16%, and 20–21% (Figure 6h and Figure S35,  
Supporting Information). Ragone plots related to volumetric 
energy and power densities of the cMP FSC after being subjected 
to cyclic strain loadings were compared to state-of-the-art fiber-
shaped supercapacitors, as shown in Figure 6i. The cMP FSC 
exhibited high densities in the range of 5.2–7.6 mW cm−3 with 
corresponding power densities in the range of 3.4–0.7 W cm−3.  

These values are superior to those of most reported fiber-
shaped supercapacitors.[34,55–64] Most importantly, these volu-
metric energy and power density values were invariant for the 
cMP FSC, even when the fiber supercapacitor was repeatedly 
stretched for over 10 000 cycles at various strains (Figure 6i and 
Figure S36, Supporting Information), indicating robust electro-
chemical performance.

Finally, a wearable integrated system consisting of the cMP 
fiber sensor and cMP FSC was constructed by knitting a cMP 
fiber and two cMP FSCs (connected in series) with Nylon fibers 
(Figure S37a, Supporting Information). As an integrated textile 
electronic, the cMP FSCs provided efficient power (Figure S37b,  
Supporting Information) to the cMP fiber sensor to monitor 
human blowing (Figure S37c, Supporting Information) and 

Adv. Mater. 2023, 35, 2209527

Figure 6.  Robust electrochemical performance of cMP fiber and cMP fiber-based supercapacitor. a) Electrochemical impedance spectroscopy (EIS) 
data for cMP and pure MXene fiber. b) EIS data for cMP fiber under initial and stretched state at various strains. c) CV curves (from 5 to 100 mV s−1) of 
the cMP fiber electrode. d) Capacitance retention during the cycling of a cMP fiber electrode. Inset shows the first to fifth, 9995th to 10 000th, 19 995th 
to 20 000th, and 24 995th to 25 000th cycles of the cMP fiber electrodes. e) Capacitance retention versus tensile strain for a cMP fiber electrode. Inset 
shows the CV curves at 20 mV s−1 for the cMP fiber electrode in the initial and stretched states at various strains. f) CV curves at 20 mV s−1 for the cMP 
fiber electrode in the initial state and after 10 000 stretching cycles between strains of 5–6%, 10–11%, 15–16%, and 20–21%, respectively. g) Capacitance 
retention of the cMP fiber electrode after 10 000 stretching cycles between strains of 5–6%, 10–11%, 15–16%, and 20–21%, respectively. h) Galvanostatic 
charge/discharge curves (at 15 A cm−3) for the cMP fiber electrode after 10 000 stretching cycles between strains of 5–6%, 10–11%, 15–16%, and 20–21%, 
respectively. i) Volumetric energy density and power density of the cMP FSC in the initial state and after 10 000 stretching cycles between strains of 
5–6%, 10–11%, 15–16%, and 20–21%, respectively, compared with state-of-the-art fiber-based supercapacitors.
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detect the bending and relaxing of the finger joint (Figure S37d, 
Supporting Information). This indicates that our multifunc-
tional cMP fibers could be harnessed simultaneously as a power 
source and functional device for wearable textile electronics.

3. Conclusion

We have achieved MXene matrixed nanocomposite fibers with 
both high multifunctionality and superior robustness by intro-
ducing a mechanically interlocked network inside the fibrous 
structure. This distinctive structure enhanced the interfa-
cial interactions between MXene nanosheets, promoted the 
sliding and alignment of MXene nanosheets during tensile 
strain, and maintained the integrity of the fibrous structure 
over a wide strain range. As a result, the obtained nanocom-
posite fiber obtained strong resistance against structural crack 
formation and propagation, and thus, maintained its multi-
functionality during cyclic strain perturbations or after being 
stretched to a large strain. The nanocomposite fibers were 
assembled into wearable textile electronics, including textile-
based electromechanical sensors and fiber-shaped superca-
pacitors, which exhibited highly desirable strain-unalterable 
functionalities. Considering the mass production capabilities, 
remarkable mechanical properties, greatly improved chemical 
stability, good washing durability, and excellent multifunc-
tionality, the cMP nanocomposite fiber showed great potential 
for a wide range of applications in next-generation wearable 
electronics.

4. Experimental Section
Raw Materials: Titanium aluminum carbide (Ti3AlC2) was purchased 

from 11 Technology Co., Ltd. (China). (2-Hydroxypropyl)-α-cyclodextrin 
(HP-α-CD) was purchased from Tianjin Bohua Chemical Reagent 
Co., Ltd. (Tianjin, China). Amino-terminated PEG (PEG-NH2,  
Mw  = 20  000) was purchased from Shanghai Yuanye Biotechnology 
Co., Ltd. (Shanghai, China). N-α-Carbobenzoxy-l-glutaminyl-glycine 
(Z-Gln-Gly) was purchased from Shanghai Bide Pharmaceutical 
Technology Co., Ltd. (Shanghai, China). Glutamine Transaminases 
(TGases) were purchased from Beijing Soleibo Technology Co., Ltd. 
(Beijing, China). Lithium fluoride (LiF), CDI, dimethyl sulfoxide 
(DMSO), and anhydrous magnesium sulfate (MgSO4) were purchased 
from Beijing Inokay Technology Co., Ltd. (Beijing, China).

Synthesis of Ti3C2Tx Nanosheets: MXene was obtained by the selective 
etching of Al atomic layers from a Ti3AlC2 MAX phase (400 mesh size) 
and delamination using the minimally-intensive layer delamination 
method. Here, 2  g of LiF was dissolved in 40  mL of 9  m hydrochloric 
acid and stirred for 30 min. Afterward, 2 g Ti3AlC2 powder was immersed 
in the solution and constantly stirred for 12 h at 35 °C. The Al layer in 
the MAX phase was etched for exfoliation of Ti3C2Tx. The obtained acidic 
solution was washed by repeated centrifugation at 3500 rpm for 10 min 
until its pH reached 5−6. The bottom layer of precipitated Ti3C2Tx was 
dispersed in ethanol via ultrasonication for 30 min. Then, ethanol was 
removed by centrifugation at 10 000 rpm for another 30 min. In the next 
step, distilled water was added to the new precipitate and sonicated for 
20 min. Then, the solution was again centrifuged at 3500  rpm. Finally, 
the resulting homogeneous MXene solution was freeze-dried to obtain 
MXene powder.

Synthesis of Polyrotaxane: The polyrotaxane was prepared using 
a one-pot method as shown in Figure S1, Supporting Information. 
HP-α-CD (1  g) was dissolved in 3  mL of phosphate buffer solution 

(PBS, 0.1  mol L−1, pH 8.0). Then, 0.2  g of PEG-NH2 was added and 
stirred for 1  h to obtain a clear solution, which was allowed to stand 
in a refrigerator at 4 °C for 36 h. Then, 0.08 g of Z-Gln-Gly and 10 mg 
of TGase were added to the mixture for end-capping. The reaction was 
stirred at room temperature for 3 d. The above mixture was dialyzed 
(molecular-weight cut-off (MWCO): 8000−14 000) for 48 h to remove free 
Z-Gln-Gly, HP-α-CD, and TGase. Then, the dialyzed solution was freeze-
dried to obtain the rough product. The above product was dissolved in 
tetrahydrofuran and centrifuged at 3500 rpm for 10 min. Centrifugation 
was repeated three times to remove free PEG-NH2 and then dialyzed 
again for 48  h. The dialyzed solution was filtrated through a 0.45  µm 
membrane filter and then freeze-dried to obtain a polyrotaxane with a 
low coverage.

Fabrication of Pure MXene Fiber: MXene nanosheets were dispersed 
in deionized water via sonication to make MXene colloidal suspension 
with a concentration of 150 mg mL−1. MXene spinning solution (1 mL) 
was added to a 3 mL syringe (Becton Dickinson), and a 90° curved blunt 
needle (26 G) was fixed onto the syringe end. The spinning solution was 
extruded through the needle spinneret into the rotating coagulation bath 
(acetic acid, 99.5%) at a velocity of 5 mL h−1. The resulting fibers were 
dried and stretched to different ratios under a 250 W lamp. Finally, all 
fibers were collected on reels and then placed in a glove box for 12  h 
before use.

Preparation of MP Fiber: First, polyrotaxane was dissolved in a small 
amount of deionized water. The polyrotaxane dispersion was then added 
to the MXene dispersion (150  mg mL−1) and vortexed for 3  h at room 
temperature. Finally, the composite spinning solution was sonicated for 
5 min and degassed for further use. The mass fractions of polyrotaxane 
in the composite spinning solution were 5, 10, 15, 20, and 25  wt%, 
respectively. The MXene/polyrotaxane spinning solution (1  mL) was 
added to a 3  mL syringe (Becton Dickinson), and a 90° curved blunt 
needle (26 G) was attached to the end of the syringe. The coagulation 
bath and spinning conditions of MP fibers were the same as those of 
pure MXene fibers. The resulting fibers were dried and stretched to a 
certain ratio under a 250  W lamp. Finally, all fibers were collected on 
reels and then placed in a glove box for 12 h before use.

Preparation of cMP Fibers: First, CDI was dissolved in 10 mL of DMSO 
to create solutions with different weight concentrations by stirring for 
20 min. Then, MgSO4 was added to the CDI/DMSO solutions to prepare 
the crosslinking bath. Four crosslinking baths based on DMSO solutions 
with different contents of CDI and MgSO4 were prepared (Figure S15, 
Supporting Information): Bath-1 with 2.27 wt% CDI, Bath-2 with 2.27 wt%  
CDI and 0.32 wt% of MgSO4, Bath-3 with 2.27 wt% CDI and 0.45 wt% 
of MgSO4, and Bath-4 with 2.27 wt% CDI and 0.59 wt% of MgSO4. The 
MXene/polyrotaxane spinning solution (1  mL) was added to a 3  mL 
syringe (Becton Dickinson), and a 90° curved blunt needle (26 G) was 
attached to the end of the syringe. The coagulation bath and spinning 
conditions of MP fibers were the same as those used for pure MXene 
fibers. The resulting fibers were dried and stretched to a certain ratio 
under a 250 W lamp. The fibers were then pasted in a ceramic mold, and 
the crosslinking bath solution was subsequently poured into the mold. 
After the fibers were crosslinked at 60 °C for 30  min, the crosslinking 
bath solution was poured out of the mold, and the fibers were washed 
with ethanol. Finally, the crosslinked fibers were vacuum-dried at 130 °C  
for 40  min. cMP-1, cMP-2, cMP-3, and cMP-4 represent cMP fibers 
soaked in Bath-1, Bath-2, Bath-3, and Bath-4 for crosslinking, respectively.

Preparation of cM Fibers: The pure MXene fibers were soaked in 
Bath-3 and crosslinked at 60 °C for 30  min, following the crosslinking 
conditions of the cMP-3 fibers. After crosslinking was complete, the 
crosslinking bath solution was poured out of the mold, and the fibers 
were washed with ethanol. Finally, the cM fibers were vacuum-dried at 
130 °C for 40 min.

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