
Volum
e 1

2
, Issue 2

  February 2
0

2
5

VOLUME 12 • ISSUE 2 • FEBRUARY 2025

Three-Body Interaction:
An Intermediate-Mass Black Hole Ejects a Runaway Star

NSRSCP_12_2_Cover.indd   1NSRSCP_12_2_Cover.indd   1 15/01/25   4:08 PM15/01/25   4:08 PM

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/issue/12/2 by Jiangnan U

niversity user on 24 February 2025



RESEARCH ARTICLE 

National Science Review 

12: nwae422, 2025 
https://doi.org/10.1093/nsr/nwae422

Advance access publication 22 November 2024 

MATERIALS SCIENCE 

A soft, ultra-tough and multifunctional artificial muscle for 
volumetric muscle loss treatment 
Peng-Fei Qiu1 , † , Lei Qiang2 , † , Weiqing Kong3 , Fang-Zhou Wang1 , Hong-Qin Wang1 , 
Ke-Xin Hou1 , Yihao Liu4 , Cheng-Hui Li1 , ∗ and Pengfei Zheng2 , ∗

1 State Key Laboratory 
of Coordination 
Chemistry, School of 
Chemistry and 
Chemical Engineering, 
Collaborative 
Innovation Center of 
Advanced 
Microstructures, 
Nanjing University, 
Nanjing 210023, 
China; 2 Department of 
Orthopaedic Surgery, 
Children’s Hospital of 
Nanjing Medical 
University, Nanjing 
210004, China; 
3 Department of 
Orthopedic Surgery, 
Xuzhou Central 
Hospital, Xuzhou 
Clinical School of 
Xuzhou Medical 
University, Xuzhou 
221009, China and 
4 Shanghai Key 
Laboratory of 
Orthopedic Implant, 
Department of 
Orthopedic Surgery, 
Shanghai Ninth 
People’s Hospital, 
Shanghai Jiao Tong 
University School of 
Medicine, Shanghai 
200011, China 

∗Corresponding 
authors. E-mails: 
chli@nju.edu.cn; 
zhengpengfei@njmu.
edu.cn
† Equally contributed 
to this work. 

Received 10 
September 2024; 
Revised 17 October 
2024; Accepted 20 
November 2024 

ABSTRACT 

The escalating prevalence of skeletal muscle disorders highlights the critical need for innovative treatments 
for severe injuries such as volumetric muscle loss. Traditional treatments, such as autologous transplants, are 
constrained by limited availability and current scaffolds often fail to meet complex clinical needs. This study 
introduces a new approach to volumetric muscle loss treatment by using a shape-memory polymer (SMP) 
based on block copolymers of perfluoropolyether and polycaprolactone diol. This SMP mimics the 
biomechanical properties of natural muscle, exhibiting a low elastic modulus (2–6 MPa), high tensile 
strength (72.67 ± 3.19 MPa), exceptional toughness (742.02 ± 23.98 MJ m−3 ) and superior 
biocompatibility, thereby enhancing skeletal muscle tissue integration and regeneration within 4 weeks. 
Moreover, the polymer’s shape-memory behavior and ability to lift > 50 0 0 times its weight showcase 
significant potential in both severe muscle disorder treatment and prosthetic applications, surpassing 
existing scaffold technologies. This advancement marks a pivotal step in the development of artificial 
muscles for clinical use. 

Keywords: volumetric muscle loss, scaffolds, shape-memory polymer, skeletal muscle, stimuli 
responsiveness 
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to exhibit high biocompatibility, robust mechanical 
properties, enhanced tissue regenerative capabilities 
and the ability to imitate limb movement. 

So far, various scaffold materials, including natu- 
ral polymers such as collagen and alginate [9 ,14 ,15 ] 
and synthetic polymers such as hydrogels [16 –18 ] 
and elastomers [19 –21 ], have been developed. 
However, most of them failed to meet complex 
clinical demands for biological activity. Moreover, 
they typically lack the necessary dynamic respon- 
siveness to mimic the complex movements and force 
outputs that are characteristic of natural muscles, 
and thus are limited in application as prostheses for 
amputees. An ideal scaffold material for VML treat- 
ment should possess mechanical and biochemical 
properties that are akin to those of muscle tissue 
(Fig. 1 A), including biocompatibility, appropriate 
elasticity, toughness and mechanical strength to 
support normal muscle activities at the early stage 
(muscle contraction and strength recovery). It 
should aid in daily function recovery to stimulate 
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NTRODUCTION 

olumetric muscle loss (VML) is a massive loss of
keletal muscle due to traumatic events, surgical ab-
ation, congenital defects, tumor removal or dener-
ation [1 ]. As the volume of muscle loss exceeds the
elf-regenerate ability of skeletal muscle, VML causes
evere functional disability or impairments and thus
educe patients’ quality of life [1 ]. Currently, autolo-
ous muscle tissue transplantation is the gold stan-
ard for treating VML in clinics. However, due to
he limited muscle volume of the donor site and
ow muscle regeneration efficiency after transplan-
ation, the functional recovery of the VML muscle
emains far from being satisfactory [2 –4 ]. Recent
dvances in tissue engineering have led researchers
o develop biomimetic scaffolds for skeletal mus-
le regeneration [1 ,5 ,6 ] or prostheses for amputees
7 ,8 ]. Key among these are innovations in soft ma-
erials with mechanical adaptability to biological tis-
ues (Fig. 1 A), such as biomaterial scaffolds [9 ,10 ]

nd artificial muscles [11 –13 ], which are designed 

byOxfordUniversity Press on behalf of China Science Publishing &Media Ltd. This is anOpen Access article distributed under the terms of the Creative
ttps://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original 

https://doi.org/10.1093/nsr/nwae422
mailto:chli@nju.edu.cn
mailto:zhengpengfei@njmu.edu.cn
https://creativecommons.org/licenses/by/4.0/


Natl Sci Rev, 2025, Vol. 12, nwae422

Blood Brain Muscle TendonsPFPE1-PCL3 Bone

Fluid 0.5-10 kPa 0.1-0.3 MPa ~5 MPa 0.2-1.5 GPa 0.1-20 GPa

HO O
1.75 1.756.1 3.8O O O

O
OH

F F F F F F

F F F F
(          ) (        )(           ) (            )

H H
O

O

On n
O O

O
O(                            ) (                                 )

Stretch

Recovery

Heat stimuliProgrammed

Modulus and elasticity match

Strain-induced crystallization

Cluster

PCL diol

Microcrystalline Amorphous chain

A

PFPE-OH

B

C

Injured
muscle

Volumetric muscle
loss (VML) Regeneration

Force stimuli

Promoting myogenic differentiation
and angiogenesis

Mimicking biomechanical
properties of muscles

Myosin

Actin

Tissue
regeneration

Implanted

nnducdu eedd ccryyssttaallizz

Figure 1. Multifunctional artificial muscles with tissue-like modulus achieved through biomimetic design. (A) Summary plot of the range of elastic 
moduli for PFPE1 –PCL3 and representative biological tissues. (B) Schematic structure of the designed multifunctional artificial muscle. (C) Multifunctional 
artificial muscles can treat volumetric muscle loss, promote myogenic differentiation and angiogenesis (left) and mimic natural muscle function (right). 
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uscle growth (Fig. 1 C), preventing muscle atrophy
nd joint dysfunction caused by traditional surgical
uturing and plaster fixation, especially for large
ammals in clinical applications. To direct skeletal
uscle growth, the biomimetic scaffolds should also
acilitate cell alignment, promote skeletal muscle
ormation and stimulate vascularization and in-
ervation (Fig. 1 C). Moreover, to achieve precise
otion control and functional recovery, artificial
uscles must optimally balance strain, stress, energy
ensity and mechanical strength to mimic sophisti-
ated biological movements and power prosthetics
or amputees [11 ,12 ]. Therefore, developing a mul-
ifunctional material capable of both promoting
ML skeletal muscle regeneration and acting as a
rosthetic limb actuator holds significant clinical
otential. 
Page 2 of 14
However, achieving these capabilities often in- 
volves a combination of mutually exclusive proper- 
ties into a single material, leading to huge challenges 
in material design. To ensure successful implantation 
and facilitate the effective attachment and growth of 
muscle cells, an elastic modulus that is comparable to 
that of natural muscle is required to guarantee both 
mechanical compatibility and excellent biocompati- 
bility [22 –25 ]. On the other hand, however, in order 
to provide high actuation force and energy/power 
density and improve the resilience toward me- 
chanical damage, the actuator materials need to be 
sufficiently tough. The dual requirements of me- 
chanical robustness and low elastic modulus often 
conflict, as soft materials always suffer from poor 
mechanical strength due to the low cross-linking 
density or low cross-linking bond energy [26 ,27 ]. 
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oreover, achieving dynamic responsiveness for
recise motion control requires the incorporation
f stimuli-responsive units [8 ,25 ,28 ]. However,
he presence of stimuli-responsive units (such as
hape-memory and liquid-crystal elastomers) wi l l
ause unsatisfactory environmental stability and
ycling performance [24 ,29 –32 ]. In cases of bioac-
ivity, chemical modification is always necessary, as
ost natural polymers do not have sufficient prop-
rties. However, chemical modification generally
ntroduces toxic moieties, which is unfavorable for
iocompatibility. Addressing these contradictions
equires innovative material design and engineering
o balance the dual demands of formability and
unctional performance in artificial muscles. 
Biological materials exhibit great superiority in

ailoring the extreme mechanical properties to si-
ultaneously fulfill different functions. As an ex-
mple, muscle tissues combine the properties of
igh mechanical strength, high stretchability, excel-
ent tear resistance and resilience while sti l l being
oft [33 –36 ]. The mechanism behind such amaz-
ng phenomena is their ability to modulate the hi-
rarchical structures and molecular interactions. In
his study, by taking inspiration from the structure
nd function of muscles, we have successfully de-
eloped a multifunctional artificial muscle by using
 shape-memory polymer (SMP) made from block
opolymers of perfluoropolyether (PFPE–OH) and
olycaprolactone (PCL) diol (Fig. 1 B). Our syn-
hesized polymer mirrors natural muscle tissue with
 low elastic modulus (2–6 MPa), ultra-high ten-
ile strength (40–70 MPa), exceptional strain-at-
reak (210 0%–230 0%) and ultra-high toughness
450–750 MJ m−3 ). Moreover, the optimal elas-
omer showcases superior actuation performance
nd mechanical-training-reinforcement characteris-
ics that similar to those of natural muscles (Fig. 1 C).
n actuator made from this SMP, with ultra-high en-
rgy density, can lift an object that is > 50 0 0 times
ts own weight with reversible actuation. This new
rtificial muscle can be implanted in vivo as a scaf-
old material for treating VML diseases and can also
unction as artificial muscle to drive prosthetics. The
ultifunctionality and high efficiency of this artifi-
ial muscle highlight its importance in regenerative
edicine and biomedical materials. 

ESULTS AND DISCUSSION 

esign, synthesis and general 
haracterizations 
he muscle fibers in skeletal muscles are highly or-
anized in a parallel arrangement, which contributes
o their efficient force transmission. The connective
Page 3 of 14
tissues surrounding these muscle fibers, which are 
rich in collagen, exhibit a disordered and wavy mor-
phology, ensuring superior softness and flexibility. 
Under stress and deformation, they realign and 
reconstruct intermolecular interactions, providing 
remarkable tear resistance and mechanical strength 
[35 ,37 ]. By adjusting the spatial location through 
the relative slide between actin and myosin, the 
skeletal muscles can achieve reversible actuation and 
enable us to move or lift heavy objects. More impor-
tantly, skeletal muscles can remodel and strengthen 
themselves by mechanical training to satisfy the 
mechanical requirement due to the destruction and 
reconstruction of the muscle fibrils. These phe- 
nomena indicate that the formation of hierarchical 
structures is an effective method for enhancing the 
mechanical properties of polymer materials and 
providing specific functions [38 –41 ]. By precisely 
adjusting the interactions between the polymer 
segments, it is possible to achieve excellent com- 
prehensive properties that are comparable to those 
of natural materials, including high mechanical 
strength, softness and multifunctionality. As block 
polymers have been shown to exhibit interesting 
self-assembly and microphase-separation struc- 
tures, while the formation of self-assembled and 
microphase-separated structures has been proven to 
be an effective method for enhancing the mechan- 
ical properties of polymer materials [42 ], here we 
choose block polymers for our design. 

PCL is widely recognized as a biocompatible 
SMP with numerous commercial applications. How- 
ever, its high crystallinity results in substantial stiff- 
ness [43 ], making PCL less suitable for use in
body-compliant devices or tissue engineering, where 
high adaptability and conformability are crucial. 
Additionally, the inherent one-way shape-memory 
property of PCL limits its utility in the devel- 
opment of artificial muscles. PFPE was selected 
as the soft block as it has very low Tg (below
−100°C) and has excellent tribological properties 
due to the intrinsically small intermolecular fric- 
tion [44 ]. It also demonstrates significant poten- 
tial and advantages in the biomedical field due 
to excellent biocompatibility, mechanical compati- 
bility, chemical stability, stretchability, low modu- 
lus and long-term stability [45 –49 ]. On the other
hand, the CF2 has a large van der Waals volume 
[50 ], while the presence of polar C–F or CF2 units
can bring inter/intramolecular dipole–dipole inter- 
actions within the neighboring dipoles (C–F, CF2 , 
C–O–C, C = O, etc.), which facilitates the formation 
of disordered and amorphous structures (Fig. 1 B and 
Fig. S1). Weenvisage that the relatively larger molec- 
ular volume, weakened PCL inter/intra-chain stack- 
ing and reduced inter-chain friction may enhance the 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
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eversible sliding between polymer chains, prevent-
ng PCL segments from forming stable and large
rystals, thus improving elasticity. Moreover, due
o the inter/intramolecular dipole–dipole interac-
ions between PFPE and PCL, the resulting polymer
ay self-organize into a highly disordered state with
elf-assembled and microphase-separated structures.
socyanate groups were used to react with the hy-
roxy group and prepare the block polymer, as
olyurethane has been proven to be effective for con-
tructing polymers with regularly interspaced soft
nd hard segments ( Fig. S1). 
We controlled the feed ratio of PFPE–OH, PCL–
H and hexamethylene diisocyanate (HDI) and ob-
ained a series of elastomers, noted as PFPEx –PCLy 
 x and y denote the molar ratios of PFPE and PCL in
he elastomers, respectively), via a two-step reaction
rocedure ( Fig. S2). Gel permeation chromatog-
aphy ( Table S1) and Fourier-transform infrared
FTIR) spectroscopy ( Fig. S3) confirmed the suc-
essf ul sy nthesis of the elastomers. The temperature-
ependent FTIR spectra of PFPEx –PCLy reveal that,
s the temperature rises, the strong dipole–dipole
nteractions between the PFPE and PCL chains
i l l dissociate ( Fig. S4). Thermogravimetric analy-
is (TGA) indicates a decomposition temperature of
300°C ( Fig. S5) and confirms the absence of sol-
ent residues. According to the differential scanning
alorimeter (DSC) and X-ray diffraction (XRD) re-
ults (Fig. 2 A and B, Fig. S6 and Table S2), the intro-
uction of PFPE prohibits PCL from forming stable
nd massive crystals and replaces them with micro-
rystals (low-content PFPE) and clusters (Fig. 1 B).
he inhibition of crystallization was further proved
n the transmission electron microscopy (TEM) im-
ges (Fig. 2 C(i)–(iv) and Fig. S7). The energy dis-
ersive spectrometer elements analysis ( Fig. S8)
howed the uniform distribution of the F element,
hich contributed to the inhibition of crystalliza-
ion. 
Scanning electron microscopy (SEM) imaging

aptured the morphological changes in the PFPEx –
CLy series elastomers at varying PFPE and PCL
atios ( Fig. S9). PFPE0 –PCL1 exhibited uniform
nd smooth morphologies, indicating a homoge-
eous network distribution. The incorporation of
FPE led to phase separation in PFPE1 –PCL5 ,
ut the resulting structure was non-uniform. The
bsence or non-uniformity of the self-assembled
tructures causes PCL segments to aggregate into
rystalline domains, resulting in a rigid, non-elastic
aterial. With the increased proportion of PFPE,
he phase separation and self-assembled structures
n the material became more pronounced and uni-
orm, as observed in PFPE1 –PCL3 and PFPE1 –
CL2 . When the proportion of PFPE surpassed a
Page 4 of 14
certain threshold, the morphology changed rapidly 
(PFPE1 –PCL1 and PFPE2 –PCL1 ). However, due 
to the non-crystalline nature and high flexibility of 
the PFPE chains, the material exhibited softer prop- 
erties. Small-angle X-ray scattering (SAXS) further 
confirmed the self-assembled structure by evaluat- 
ing the domain size ( d = 2 π/ q , where q is the
SAXS peak position). PFPE0 –PCL1 showed a strong 
peak at q = 0.034 Å−1 , corresponding to large 
crystalline domains formed by PCL chain stack- 
ing ( d = 18.5 nm) ( Fig. S10). With the introduc-
tion of PFPE, the peak at q = 0.034 Å−1 disap- 
peared and new peaks emerged at around q = 0.06 
and 0.13 Å−1 , indicating that PFPE effectively sup- 
pressed PCL crystallization and promoted the for- 
mation of a self-assembled structure. 

Mechanical and training reinforcement 
properties 
As shown in the stress–strain curve in Fig. 2 D 

and Fig. S11, the elastic modulus of PFPEx –PCLy 
decreases gradually with increasing PFPE con- 
tent (Fig. 2 E and Table S3). The elastic modu- 
lus is 139.56 ± 8.68 MPa for PFPE0 –PCL1 and 
5.27 ± 0.05 MPa for PFPE1 –PCL3 , and drops to 
1.57 ± 0.13 MPa for PFPE2 –PCL1 . PFPE1 –PCL3 
exhibits the best mechanical property, with a ten- 
sile strength of 72.67 ± 3.19 MPa and toughness 
of 742.02 ± 23.98 MJ m−3 (Fig. 2 E and Table S3), 
which meets the modulus-matching requirements 
for in vivo implantation. Below, we wi l l focus solely
on the characterization of PFPE1 –PCL3 . Cyclic 
stress–strain curves at various strains were analysed 
by utilizing a graded multi-sample loading approach 
(Fig. 2 F and Fig. S12A). As the strain increased, a 
marked transition to plastic behavior was observed, 
characterized by a rapid expansion in the hysteresis 
loop, particularly at higher strain levels, demonstrat- 
ing its effective energy dissipation and storage capac- 
ity. To further verify this behavior, additional experi- 
ments that employed progressively increasing strains 
were conducted ( Fig. S12B). Results from these ex- 
periments demonstrated that, beyond a 200% strain 
threshold, the plastic behavior of PFPE1 –PCL3 be- 
came increasingly prominent, with significant accu- 
mulations of residual strain observed during cyclic 
testing, indicating its capacity for shape fixation as 
an SMP. We compared the modulus of PFPE1 –
PCL3 with that of artificial skin tissue. As shown 
in Fig. 2 G(i), PFPE1 –PCL3 effectively forms skin- 
like wrinkles and adapts to the bending of the skin 
(Fig. 2 G(ii)). In contrast, classic PCL SMP exhibits 
significant rigidity and fails to match the mechanical 
behavior of human tissue ( Fig. S13). PFPE1 –PCL3 
not only shows softness that is comparable to that 
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f human skin tissue but also demonstrates remark-
ble toughness, with a 0.2-g sample able to lift 50 0 0 0
imes its own weight (Fig. 2 G(iii)). Compared with
urrently reported SMPs, our PFPE1 –PCL3 main-
ains a low modulus while exhibiting tensile strength
Page 5 of 14
and toughness that are far superior to those previ- 
ously reported (Fig. 2 H and I). 

In addition to its soft yet super-tough prop- 
erties, PFPE1 –PCL3 also exhibits muscle-like 
self-reinforcing properties through a repetitive 
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Figure 3. Training reinforcement properties of PFPE1 –PCL3 and mechanism study. (A–C) Cyclic stress–strain curves of PFPE1 –PCL3 under repetitive 
mechanical-training process at different strains showing self-strengthening properties with the increased cycles. (D) Stress–strain curves of the PFPE1 –
PCL3 after mechanical training at different strains for 300 cycles. (E) Strengthened fiber (weight 5 mg, thickness 0.02 mm, width 0.6 mm) can lift a weight 
of 1 kg. (F) SEM pictures of PFPE1 –PCL3 under different strains. (G) 2D SAXS scattering patters of PFPE1 –PCL3 under stretching demonstrating strain- 
induced orientation with increasing strain. 
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echanical-training process. During small stretches
ithin Hooke’s elastic deformation (Fig. 3 A, 50%),
he cyclic curves are similar to traditional elas-
omers that exhibit a tensile stress decline as the
yclic numbers increase due to the rupture of the
ynamic bonds and physical networks [51 –53 ].
owever, when cycled at a slightly larger strain
Fig. 3 B, 100%), the stress is enhanced marginally
s the loading–unloading tensile test is going on.
ore intensive mechanical training (cycling at
0 0%, 40 0% and 50 0% for 30 0 cycles) imparted
he elastomers with stronger mechanical properties.
s depicted in Fig. 3 C and Fig. S14A and B, the
lastomers strengthened dramatically compared
Page 6 of 14
with small stretches. Furthermore, the mechanical 
strength displayed a larger growth as the training 
process increased from 50 to 300 cycles. However, 
increasing the number of cycles to 600 results in 
only marginal improvements, suggesting that 300 
cycles are adequate for the training ( Fig. S14A
and C). 

Tensile tests were employed to assess the me- 
chanical properties of the elastomers after mechan- 
ical training. As detailed in Fig. 3 D, the tensile stress
after mechanical training for 300 cycles increased 
by about 1.5 ∼3-fold in comparison with the origi- 
nal PFPE1 –PCL3 at different training strains. Upon 
training at 500% strain for 300 cycles, the polymer 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
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denoted as PFPE1 –PCL3 –50 0%–30 0 C) exhibited
nprecedented mechanical strength and toughness,
ith an ultimate tensile strength of ∼228 MPa, yet
t could sti l l be stretched by 970%. As shown in
ig. 3 E, PFPE1 –PCL3 –50 0%–30 0 C is capable of
ithstanding 20 0 0 0 0 times its own weight as an
ltra-fine fiber (weight 5 mg, thickness 0.02 mm,
idth 0.6 mm). Additionally, the cyclic loading–
nloading tensile tests at 50% strain show that the
elf-reinforcing PFPE1 –PCL3 possesses low hystere-
is ( Fig. S14D), indicating excellent resilience. More-
ver, the strengthened PFPE1 –PCL3 remains sta-
le at room temperature, with PFPE1 –PCL3 –100%
howing no significant decline in mechanical prop-
rties after 7 days ( Fig. S15). 
To elucidate the mechanism behind the im-

ressive mechanical performance and mechanical-
raining-driven self-reinforcing effect of PFPE1 –
CL3 , we characterized the structural evolution
f PFPE1 –PCL3 during stretching under different
trains. As evidenced by using SEM, as shown in
ig. 3 F(i)–(iv) and Fig. S16, before stretching,
he elastomer showed a clustered, phase-separated
nd amorphous structure. Under a small strain
10 0%–30 0%), the elastomer gradually aligned
nto a curvy and slack structure. Increasing the
train (50 0%–70 0%) resulted in parallel and tightly
ligned nanofibri l lar architectures. Similar aligned
anofibri l lar structures were observed by using
olarized optical microscopy, as depicted in Fig. S17.
efore deformation, the in situ small-angle SAXS
isplayed single isotropic scattering patters that
tem from the amorphous and randomly distributed
olymer chains and clusters (Fig. 3 G(i)). Increasing
he strain resulted in rapidly enhanced peak intensity
nd sharp streaks in the SAXS patterns before 300%
Fig. 3 G(ii)), indicating that the initial amorphous
nd clustered polymer chains extended and oriented
long the stretching direction. Further increasing
he strain to 500% and 1200% led to sharper streaks
Fig. 3 G(iii) and (iv)). We then availed XRD to
ualitatively evaluate the variation in the oriented
tructure after training at different strains for 300
ycles ( Fig. S18). The XRD peak intensity gradually
ncreased upon mechanical training from 50% to
00% strain, indicating increased crystallization. 
Based on these results, a conclusion can be

btained. The uniform phase separation and
elf-assembled structure of the prepared block
opolymer PFPE1 –PCL3 resulted in a clustered
nd amorphous structure, imparting mechanical
oftness, elasticity and high stretchability. Upon ap-
lying strain, the clustered polymer chains unfolded,
traightened and reoriented toward the direction
f loading, as manifested by the huge energy dis-
ipation under large deformation (Fig. 2 F). The
Page 7 of 14
PCL blocks were prohibited from forming stable 
inter/intra-chain lamellae by PFPE blocks before 
stretching. However, the PCL blocks easily escaped 
from the clusters and amorphous region to form 

new inter-chain microcrystalline domains along the 
driving direction as the polymer chains extended 
[43 ]. The microcrystalline and ordered nanostruc- 
tures formed during stretching and mechanical 
training, which reinforced the elastomers and en- 
dowed the material with high strength, toughness 
and stretchability without sacrificing resilience. 
Thus, with the controlled hierarchical nanostruc- 
tures, the soft yet ultra-strong elastomers had the 
required combination of super-high strength and 
mechanical-training-reinforced characteristics that 
can properly mimic skeletal muscles. 

Shape-memory property and application 

in artificial muscle actuation 

The crystalline state is fairly stable once formed, so 
the polymer can be fixed upon stretching for > 30
days without returning to its original dimensions 
( Fig. S19A). However, upon melting and cool- 
ing, the polymer turns back into the amorphous 
state. The reversible crystallizing-and-melting 
process leads to the shape-memory behavior 
( Fig. S19A). When successively stretched, the 
energy dissipation capacity, determined from the 
hysteresis area, is significantly lower during the sec- 
ond cycle (3.15 MJ m−3 ) than during the first cycle
(16.28 MJ m−3 ). Nonetheless, this capacity can be 
fully restored with thermal stimulation ( Fig. S19B), 
demonstrating full recovery to the original state 
via shape memory. Dynamic mechanical analysis 
(DMA) quantitatively confirmed a complete shape 
recovery ( Rr = 0.99) when the temperature was 
increased to 80°C (Fig. 4 A). Therefore, our polymer 
might be able to function as an artificial muscle. 

Natural muscles not only demonstrate excellent 
stimuli-responsive properties, but also remarkable 
resistance to external damage [33 ,37 ]. To verify the
suitability of the prepared artificial muscles for skele- 
tal muscle replacement in large mammals suffering 
from VML, we performed tear and puncture resis- 
tance tests to evaluate their durability and structural 
integrity. As evidenced in Fig. 4 B and Fig. S20, the
PFPE1 –PCL3 with a notch (width of 1 mm) exhib- 
ited an excellent tear resistance property. Notably, 
no evident propagation of the crack was observed, 
even at a strain of 1400%. The pre-notched PFPE1 –
PCL3 demonstrated ultimate stress and strain as high 
as 28.17 MPa and 1670%, respectively. This benefit 
arises from the rapidly oriented nanofibrils that are 
aligned perpendicular to the crack, which promotes 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422%22%20/l%20%22supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
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Figure 4. Shape-memory properties and application in artificial muscles. (A) Shape-memory program and recovery curves obtained by using DMA. 
(B) Stress–strain curves of the unnotched and notched samples. (C) Images displaying the puncture tests and the elastomer recovery to initial state 
upon heating. (D) Multiple program and actuation behaviors of PFPE1 –PCL3 tested by using DMA. (E) Photographs of PFPE1 –PCL3 at the initial state, 
stretched to 600% and contracted by heat stimuli. (F) Pre-stretched PFPE1 –PCL3 artificial muscle (1.5 g) actuates a 350-g, 70-cm life-sized upper-limb 
model when heated. (G) Literature comparison of the actuation performance based on energy density and elastic modulus between different kinds of 
actuators. (H) Reversible actuation performance of the pre-stretched PFPE1 –PCL3 at a fixed length under a repetitive heating–cooling process. 
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otch passivation and improves tear resistance. The
racture energy was calculated to be 556.35 kJ m−2 ,
hich is comparable to the highest-toughness elas-
omers reported in the literature [54 ,55 ]. Moreover,
 strip of thin film of PFPE1 –PCL3 (weight of 0.2 g,
hickness of 0.15 mm) with a notch could withstand
 weight of 2.6 kg without cracking, demonstrating
ts ultra-strong mechanical properties ( Fig. S20B). 
Puncture resistance tests were conducted with

 PFPE1 –PCL3 film of 0.4 mm in thickness. As
hown in Fig. 4 C, Fig. S21 and Movie S1, PFPE1 –
CL3 showed a high needle displacement of ∼6 cm
Page 8 of 14
and could withstand a force of ∼28.5 N with 
such a thin film, resulting a puncture energy of 
766.78 mJ. Furthermore, PFPE1 –PCL3 offers a 
unique property that distinguishes it from previ- 
ous puncture-resistant materials—the capability of 
shape memory. As depicted in Fig. 4 C and Movie S2, 
the bul k film sustained a ‘conical shape’ as the needle 
was removed. Upon heating to 80°C, the damaged 
sample fully recovered to its original state within a 
few seconds. Successive cyclic puncture resistance 
tests were performed to estimate the mechanical 
rehabilitation ability after the reshaped sample was 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
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elaxed for 30 min at room temperature. As seen in
ig. S21, PFPE1 –PCL3 could restore its puncture
esistance ability to > 90% after five rounds of the
yclic puncture test. 
Bionic artificial muscle materials that are capable

f generating considerable force and motion when
xposed to external stimuli (such as light and heat)
ave aroused considerable interest and are hailed as
 potential solution for treating VML (especially for
mputees). We therefore carried out experiments to
estify the potential of the elastomers for artificial
uscle actuators. DMA was employed to evaluated
he repeatable program–actuate ability of the elas-
omers under multiple heating–cooling processes.
FPE1 –PCL3 demonstrated a minimal hysteresis
 Rr = 0.99) at a large strain of 400% even after five
ycles (Fig. 4 D) and yielding an actuation stress
f 2.8 MPa ( Fig. S22). As seen in Fig. 4 E, a strip
f PFPE1 –PCL3 fixed at 600% could fully recover
o its original state with an ultra-long actuating
istance of 27.5 cm. Several weight-lifting tests were
onducted to assess the work capacity and potential
f PFPE1 –PCL3 to be applied as a soft, robust and
arge-strain actuator. As demonstrated in Fig. S23A
nd Movie S3, a pre-programmed thin PFPE1 –PCL3 
lm (4 mg) could lift 50 0 0 times its own weight by
.9 cm upon heating in a second with a high energy
ensity of 1450 J kg−1 , which is > 37 times the
nergy density of skeletal muscle (39 J kg−1 ) [56 ].
y virtue of the high extensibility, the PFPE1 –PCL3 
lastomers displayed an ultra-long driving distance,
s a film of 40 mg could lift a weight of 20.0 g by
9.0 cm (corresponding to an energy density of 950 J
g−1 ), which is the maximum driving distance re-
orted in the literature ( Figs S23B and S24, Table S5
nd Movie S4). We then demonstrated its potential
n artificial muscles by actuating a robotics arm to lift
eights via a pre-stretched film. A 20-mg elastomer
an contract to lift a weight of 50 g rapidly with an
ctuation angle between the forearm and humerus
f 102° ( Fig. S23C and Movie S5). To demonstrate
he potential of PFPE1 –PCL3 as a prosthetic actu-
tor, a pre-stretched PFPE1 –PCL3 artificial muscle
as used to drive a life-sized upper-limb model.
hen heated, it contracted the arm from 124° to
4° (the angle is defined as the angle between the
pper arm and the forearm), covering the range of
aily grasping movements (Fig. 4 F). In contrast to
raditional high-modulus shape-memory polymers,
FPE1 –PCL3 exhibited simple and high-efficiency
rogrammable routes, benefitting from the me-
hanical softness properties ( Movie S6). Finally, we
haracterized the reversible actuation behaviors via
ontrolling the melting process of the crystalline
omains during the multiple heating–cooling cy-
les. The arm that lifted a 50-g weight displayed
Page 9 of 14
reversible action motions with an angle range of 
> 15° ( Fig. S23D and Movie S7). By using a fixed 
action length, the reversible actuation force was 
determined by carefully controlling the heating–
cooling process. The PFPE1 –PCL3 consistently and 
quickly generated contractile force for > 120 cycles 
without any performance deficiency (Fig. 4 H), 
achieving reliable and reversible actuation that was 
akin to that of mammalian muscles. Combining 
the merits of softness, long driving distance, high 
energy density, fast responsibility and reversible 
actuation, PFPE1 –PCL3 exhibited a huge advantage 
compared w ith prev ious works (Fig. 4 G, Fig. S24
and Table S5). Moreover, benefitting from the linear 
polymer chain structures and physical cross links, 
PFPE1 –PCL3 demonstrated satisfactory recyclabil- 
ity and reprocessability under specific conditions. 
After five cycles, the recycled material could es- 
sentially maintain its mechanical properties and 
shape-memory characteristics ( Fig. S25). 

Application in in vitro and in vivo VML 
model 
To explore the application of biomimetic artificial 
muscle materials in VML models, we validated the 
potential of PFPE1 –PCL3 as a muscle replacement 
material through in vitro and in vivo experiments. 
Firstly, live/dead staining that was performed after 
24 h of co-culture with C2C12 myoblasts (Fig. 5 A
and B) indicated no significant differences from the 
control group, w ith no ev ident dead cells (red).
Furthermore, we assessed the biocompatibility of 
PFPE1 –PCL3 by using the CCK-8 assay. The results 
showed no significant differences compared with the 
control group after co-culturing with C2C12 my- 
oblasts for 1, 3 and 5 days (Fig. 5 C), consistently with
the C2C12 myoblasts results. These findings demon- 
strate that PFPE1 –PCL3 possesses good biocompat- 
ibility and is non-cytotoxic. Next, we investigated 
the effect of PFPE1 –PCL3 and PFPE1 –PCL3 –100% 

(samples after 100% stretching orientation) on the 
differentiation of muscle satellite cells, to determine 
whether it can promote muscle growth and replicate 
the underlying mechanisms. After it was co-cultured 
with C2C12 myoblasts for 7 days, myosin heavy 
chain (MHC) staining was conducted (Fig. 5 D and 
Fig. S26). The results revealed elongated myotubes 
in both the PFPE1 –PCL3 and PFPE1 –PCL3 –100% 

groups. In the PFPE1 –PCL3 –100% group, the my- 
otubes were oriented along the stretching direc- 
tion of the material, indicating that the directional 
alignment of PFPE1 –PCL3 after 100% stretching 
promotes the directional growth and myogenic dif- 
ferentiation of C2C12 cells. 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
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Figure 5. Cell cytotoxicity, proliferation and differentiation of PFPE1 –PCL3 . (A) Live/dead staining of C2C12 cells cultured 
with PFPE1 –PCL3 for 24 h (scale bar = 400 μm) and (B) statistical analysis of the ratio of live cells and dead cells. (C) Cell 
viability of C2C12 cells cultured with PFPE1 –PCL3 for 1, 3 and 5 days detected by using CCK-8 assay. (D) MHC staining (red) 
and cytoskeleton staining by phalloidin (green) of C2C12 cells cultured on different samples for 7 days (scale bar = 150 μm). 
Nuclei were stained blue by using Hoechst. All data are presented as mean ± SD, n = 4. (E) Scheme of electromyography 
test was created using BioRender (biorender.com) and (F) statistical analysis of contractile force of the regenerative muscles 
at Week 1 and 4 of the normal, blank and PFPE1 –PCL3 groups. * P < 0 .05; ** P < 0.01, compared with the blank group. 
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Based on these results, we implanted PFPE1 –
CL3 into a rat VML model ( Fig. S27) to evaluate
ts potential as a substitute for functional muscle
oss. As shown in Movie S8, the superior elasticity
nd softness of PFPE1 –PCL3 enabled the implanted
aterial to facilitate the flexion and extension of the
esidual muscle. Moreover, due to the mechanical
obustness and strain alignment properties of
FPE1 –PCL3 (Fig. 3 F ), the mice could maintain
heir routine activities after scaffold implantation,
ithout the muscle atrophy or joint function im-
airment that are typically caused by traditional
urgical sutures with plaster immobilization. During
he voluntary movements of the mice, the scaffold
tretched and aligned, providing mechanical stim-
lation to the muscle tissue and promoting muscle
ber growth [6 ]. This mechanism may contribute to
he effectiveness of PFPE1 –PCL3 in enhancing mus-
le tissue regeneration. In vivo electrical stimulation
as performed at 1 and 4 weeks post-implantation
o assess muscle function and the muscle con-
raction force was measured (Fig. 5 E and F). The
esults indicated no significant difference in muscle
ontraction force between the PFPE1 –PCL3 group
nd the blank group at 1 week post-implantation.
t 4 weeks post-implantation, the contraction force
f the PFPE1 –PCL3 group was significantly higher
han that of the blank group and approached that
f the normal group, suggesting that PFPE1 –PCL3 
ay promote muscle fiber growth. Compared with
he scaffold materials that are reported in the current
iterature, our material not only significantly en-
ances the muscle growth rate, but also exhibits high
echanical strength and multifunctional properties

 Table S6). 
To verify this hypothesis, we extracted the

ibialis anterior (TA) muscles at 1 and 4 weeks
ost-implantation for HE staining (Fig. 6 A and
ig. S28A). The results showed localized inflamma-
ion and muscle loss in the blank group at both 1 and
 weeks post-surgery, with muscle fibrosis observed
t 4 weeks. In the PFPE1 –PCL3 group, the scaffold
as observable and muscle tissue grew along the
caffold. At 4 weeks post-surgery, the regenerated
uscle exhibited good structure and morphology.
dditionally, MHC staining indicated more muscle
bers in the PFPE1 –PCL3 group (Fig. 6 B and C, and
ig. S28B a nd C), furthe r supporting that PFPE1 –
CL3 promotes muscle fiber growth. To evaluate
he pro-angiogenic performance of PFPE1 –PCL3 ,
e conducted CD31 and α-smooth muscle actin
 α-SMA) staining on muscle tissue. At 1 week post-
urgery, the CD31 staining results showed no signifi-
ant difference in the PFPE1 –PCL3 group compared
ith the blank group ( Fig. S28D and E). Although
here was an increase in the CD31 + vessel density
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in the PFPE1 –PCL3 group at 4 weeks post-surgery, 
it was sti l l not significantly different from that of the
blank group, indicating some improvement in vas- 
cularization (Fig. 6 D and E). These results suggest a
partial improvement in angiogenesis. However, un- 
like the CD31 staining results, at 1 week post-surgery, 
the α-SMA + vessel density in the PFPE1 –PCL3 
group was significantly higher than that in the blank 
group ( Fig. S28F and G). Additionally, at 4 weeks 
post-surgery, the trend was similar to that of CD31 + ,
with an increase in expression, but the difference was 
not significant (Fig. 6 F and G). Therefore, PFPE1 –
PCL3 has the potential to promote angiogenesis, 
which also aids in muscle regeneration. 

CONCLUSION 

This study explores the treatment of VML through 
the development of multifunctional artificial mus- 
cles: PFPE1 –PCL3 . The synthesized materials 
exhibit essential mechanical properties including 
low elastic modulus (5.27 ± 0.05 MPa), high tensile 
strength (72.67 ± 3.19 MPa) and exceptional tough- 
ness (742.02 ± 23.98 MJ m−3 ), which are crucial 
for long-term tissue regeneration and prosthetic 
actuation. The superior biocompatibility and soft 
mechanical profile of PFPE1 –PCL3 facilitate its 
integration into the host tissue, which is crucial 
for successful long-term outcomes. Additionally, 
PFPE1 –PCL3 showcases superior actuation perfor- 
mance and mechanical strengthening characteristics. 
These properties ensure that the artificial muscles 
not only promote skeletal muscle-healing processes, 
but also address the major limitations of the current 
scaffold-based approaches. Its robust actuation ca- 
pabilities suggest potential applications in prosthetic 
devices, significantly expanding the clinical use of the 
scaffolds. The artificial muscles that were developed 
in this study not only meet the immediate needs of
patients who are suffering from VML, but also offer 
a promising pathway for developing next-generation 
biomaterials for muscle repair and prosthetic ap- 
plications. This research provides a foundation for 
future technological advances and opens up new 

avenues for improving the quality of life for mi l lions
who are affected by severe muscle loss. 

MATERIALS AND METHODS 

Materials 
Polycaprolactone diol ( Mn = 20 0 0 g mol−1 ) 
was purchased from Aladdin. Fluorolink E10H 

(PFPE–OH, Mn ≈ 1800 g mol−1 ) was bought from 

Alpha Aesar. These reagents were dried under a 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
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Figure 6. Promotion of angiogenesis and muscle repair 4 weeks after PFPE1 –PCL3 implantation in vivo . (A) Representative images of HE staining of 
TA muscle treated in different groups at Week 4 post-injury (scale bar = 500 μm). (B) Representative images of immunofluorescence staining of 
TA remodeled muscle treated in different groups with MHC stained as red at Week 4 post-injury (scale bar = 250 μm). (C) Quantitative analysis of 
immunofluorescence staining of MHC. (D) Representative images of CD31 staining of TA muscle treated in different groups at Week 4 post-injury (scale 
bar = 250 μm). (E) Quantitative analysis of the expression of CD31. (F) Representative images of α-SMA staining of TA muscle treated in different 
groups at Week 4 post-injury (scale bar = 250 μm). (G) Quantitative analysis of the expression of α-SMA. All data are presented as mean ± SD. ns 
P > 0.05; * P < 0.05; ** P < 0.01; *** P < 0.001. n = 4. 
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acuum at 90°C for 12 h and then stored in a dryer
ith a N2 atmosphere. HDI (99%) and dibutyltin
ilaurate (DBTDL, 95%) were purchased from
laddin. N , N -dimethylacetamide (DMAc, 99.8%,
xtra dry, with molecular sieves) and dimethylben-
ene (99.8%, extra dry, with molecular sieves) were
btained from Energy Chemical. 
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Synthesis of polymers and preparation of 
the films 
The typical synthesis routes of the PFPEx –PCLy 
series elastomers are shown in Fig. S2 and the de- 
tailed preparation procedure was as follows. Taking 
PFPE1 –PCL1 as an example, a two-neck bottom 

flask (100 mL) equipped with a Schlenk system 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
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nd magnetic stirrers was heated at 85°C under a
acuum for 30 min and then under N2 to remove
oisture. The mixture of PFPE–OH (1 mmol),
BTDL (0.01 g), HDI (2 mmol) and xylene (3 mL)
as added into the flask via a syringe and heated at
5°C for 1 h, followed by the addition of a solution
f PCL–OH (1 mmol) and DMAc (6 mL). More
MAc ( ∼25 mL) would be needed due to the
apidly increased viscosity. The whole reaction sys-
em was heated at 85°C for 15 h under stirring and a
2 atmosphere. Finally, the resulting highly viscous
olymer solution was poured into a polypropylene
old to remove the solvent at room temperature for
 72 h and then decanted into an oven for drying at
0°C for at least 24 h to obtain the test samples. 

THICAL STATEMENTS 

his study was performed in accordance with the
ecommendations in the Guide for the Care and
se of Laboratory Animals and relevant Chinese
aws and regulations. The protocol was approved by
he Institutional Animal Care and Use Committee
IACUC) of Shanghai Jiao Tong University and the
nimal Protocol number is A2024228. 

UPPLEMENTARY DATA 

upplementary data are available at NSR online. 

CKNOWLEDGEMENTS 

he authors are grateful to Prof. Jia-Jun Fu and Dr. Jiao-Yang Chen
t Nanjing University of Science and Technology for the measure-
ents of temperature-dependent FTIR spectra. 

UNDING 

his work was supported by the National Natural Science Foun-
ation of China (22271139 and 22425106) and the Fundamental
esearch Funds for the Central Universities (020514380294). 

UTHOR CONTRIBUTIONS 

.-F.Q., L.Q., P.F.Z. and C.-H.L. conceived the original idea, de-
igned the research and co-wrote the manuscript. P.-F.Q. and
.Q. conducted the most experiments, analysed the data. F.-Z.W.
articipated in designing the structure of artificial muscles and
uncture tests. H.-Q.W. contributed to the DMA tests and ten-
ile tests. W.Q.K and Y.H.L. contributed to animal experiments.
.-X.H. assisted with data analysis and manuscript writing. All
uthors reviewed the results and contributed to the manuscript
iscussions. 

onflict of interest statement . None declared. 
Page 13 of 14
REFERENCES 

1. Corona BT, Wu X, Ward CL et al. The promotion of a functional
fibrosis in skeletal muscle with volumetric muscle loss injury fol- 
lowing the transplantation of muscle-ECM. Biomaterials 2013; 
34 : 3324–35. 

2. Klinkenberg M, Fischer S, Kremer T et al. Comparison of antero-
lateral thigh, lateral arm, and parascapular free flaps with re-
gard to donor-site morbidity and aesthetic and functional out- 
comes. Plast Reconstr Surg 2013; 131 : 293–302. 

3. Li MTA, Willett NJ, Uhrig BA et al. Functional analysis of limb re-
covery following autograft treatment of volumetric muscle loss 
in the quadriceps femoris. J Biomech 2014; 47 : 2013–21. 

4. Hill E, Boontheekul T, Mooney DJ. Designing scaffolds to en-
hance transplanted myoblast survival and migration. Tissue Eng
2006; 12 : 1295–304. 

5. Jana S, Levengood SKL, Zhang M. Anisotropic materials 
for skeletal-muscle-tissue engineering. Adv Mater 2016; 28 : 
10588–612. 

6. Jin Y, Shahriari D, Jeon EJ et al. Functional skeletal muscle
regeneration with thermally drawn porous fibers and repro- 
grammed muscle progenitors for volumetric muscle injury. Adv
Mater 2021; 33 : 2007946. 

7. Gu G, Zhang N, Xu H et al. A soft neuroprosthetic hand provid-
ing simultaneous myoelectric control and tactile feedback. Nat
Biomed Eng 2023; 7 : 589–98. 

8. Lang T, Yang L, Yang S et al. Emerging innovations in electri-
cally powered artificial muscle fibers. Natl Sci Rev 2024; 11 : 
nwae232. 

9. Qazi TH, Mooney DJ, Pumberger M et al. Biomaterials based
strategies for skeletal muscle tissue engineering: existing tech- 
nologies and future trends. Biomaterials 2015; 53 : 502–21. 

10. Zhang H, Qin C, Shi Z et al. Bioprinting of inorganic-
biomaterial/neural-stem-cell constructs for multiple tissue re- 
generation and functional recovery. Natl Sci Rev 2024; 11 : 
nwae035. 

11. Yang G-Z, Bellingham J, Dupont PE et al. The grand challenges
of science robotics. Sci Robot 2018; 3 : eaar7650. 

12. Kim IH, Choi S, Lee J et al. Human-muscle-inspired single fibre
actuator with reversible percolation. Nat Nanotechnol 2022; 17 : 
1198–205. 

13. Cheng X, Shen Z, Zhang Y. Bioinspired 3D flexible devices and
functional systems. Natl Sci Rev 2024; 11 : nwad314. 

14. Borselli C, Cezar CA, Shvartsman D et al. The role of multifunc-
tional delivery scaffold in the ability of cultured myoblasts to
promote muscle regeneration. Biomaterials 2011; 32 : 8905–14. 

15. Hill E, Boontheekul T, Mooney DJ. Regulating activation of 
transplanted cells controls tissue regeneration. Proc Natl Acad
Sci USA 2006; 103 : 2494–9. 

16. Jin S, Choi H, Seong D et al. Injectable tissue prosthesis for
instantaneous closed-loop rehabilitation. Nature 2023; 623 : 58–
65. 

17. Li Y, Liu S, Zhang J et al. Elastic porous micro-
spheres/extracellular matrix hydrogel injectable composites 
releasing dual bio-factors enable tissue regeneration. Nat
Commun 2024; 15 : 1377. 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae422#supplementary-data
http://dx.doi.org/10.1016/j.biomaterials.2013.01.061
http://dx.doi.org/10.1097/PRS.0b013e31827786bc
http://dx.doi.org/10.1016/j.jbiomech.2013.10.057
http://dx.doi.org/10.1089/ten.2006.12.1295
http://dx.doi.org/10.1002/adma.201600240
http://dx.doi.org/10.1002/adma.202007946
http://dx.doi.org/10.1038/s41551-021-00767-0
http://dx.doi.org/10.1093/nsr/nwae232
http://dx.doi.org/10.1016/j.biomaterials.2015.02.110
http://dx.doi.org/10.1093/nsr/nwae035
http://dx.doi.org/10.1126/scirobotics.aar7650
http://dx.doi.org/10.1038/s41565-022-01220-2
http://dx.doi.org/10.1093/nsr/nwad314
http://dx.doi.org/10.1016/j.biomaterials.2011.08.019
http://dx.doi.org/10.1073/pnas.0506004103
http://dx.doi.org/10.1038/s41586-023-06628-x
http://dx.doi.org/10.1038/s41467-024-45764-4


Natl Sci Rev, 2025, Vol. 12, nwae422

1 st stress relax- 
metric muscle 

1 scaffolds mim- 
ignment, elon- 

2 us nanofibrous 
m Eng J 2024; 

2  elastomer for 
rials 2024; 34 : 

2 lymer films for 

2 ble electronics 
3; 14 : 4488. 

2 nd composites: 
2000713. 

2 edical applica- 

2 mory polyurea 
ng. Adv Mater

2 pe-memory ef- 

2 l muscles by 
. 

2 al muscles ex- 
term durability 

3 ce 2022; 376 : 

3 rogels capable 

3  polymers con- 
. 

3 by mechanical 

3  Mimicking bi- 
ure 2017; 549 : 

3 he mechanical 

3 nted adhesion 
ae106. 

3 e of skin. Nat

3 opolymer mus- 

3 ient material. 

4 elf-healing hy- 
7 : 7606–12. 

4 he mechanical 
i Adv 2023; 9 : 

4 gels by in situ 

4 -caprolactone) 
ron radiation. 

4 tic approaches 
ules 2021; 54 : 

4  in vivo neural 
; 19 : 319–29. 

4 ecyclable per- 
ater adhesion 

4  array enabled 
lar resolution. 

4  organic light- 
2. 

4 electronics for 
3 : 58–68. 

5 ing beyond in- 

5 hrough force- 
nce 2021; 374 : 

5 Adv 2019; 5 : 

5 erials. Science

5 recedented ul- 
esistance, and 
d by interlaced 
. 

5 biodegradable 
 via hierarchi- 
0. 

5 plications, and 
challenges. Adv Mater 2018; 30 : 1704407. 

© hina Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the Creative 
C y/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original 
w

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/12/2/nw

ae422/7907268 by Jiangnan U
niversity user on 24 February 2025
8. Li T, Hou J, Wang L et al. Bioprinted anisotropic scaffolds with fa
ation bioink for engineering 3D skeletal muscle and repairing volu
loss. Acta Biomater 2023; 156 : 21–36. 

9. Wang L, Wu Y, Guo B et al. Nanofiber yarn/hydrogel core–shell 
icking native skeletal muscle tissue for guiding 3D myoblast al
gation, and differentiation. ACS Nano 2015; 9 : 9167–79. 

0. Jin S, Luo Z, Cai Y et al. Exosome-functionalized heterogeneo
scaffolds repair bone defects accompanied by muscle injury. Che
485 : 149681. 

1. Fang Q, Wang D, Lin W et al. Highly stretchable piezoelectric
accelerated repairing of skeletal muscles loss. Adv Funct Mate
2313055. 

2. Yi J, Zou G, Huang J et al. Water-responsive supercontractile po
bioelectronic interfaces. Nature 2023; 624 : 295–302. 

3. Li Y, Li N, Liu W et al. Achieving tissue-level softness on stretcha
through a generalizable soft interlayer design. Nat Commun 202

4. Xia Y, He Y, Zhang F et al. A review of shape memory polymers a
mechanisms, materials, and applications. Adv Mater 2021; 33 : 

5. Kim J and Jia X. Flexible multimaterial fibers in modern biom
tions. Natl Sci Rev 2024; 11 : nwae333. 

6. Chen J, Wang Z, Yao B et al. Ultra-highly stiff and tough shape me
with unprecedented energy density by precise slight cross-linki
2024; 36 : 2401178. 

7. Hornat CC, Yang Y, Urban MW. Quantitative predictions of sha
fects in polymers. Adv Mater 2017; 29 : 1603334. 

8. Hu X, Li J, Li S et al. Morphology modulation of artificia
thermodynamic-twist coupling. Natl Sci Rev 2023; 10 : nwac196

9. Jiang Z, Abbasi BBA, Aloko S et al. Ultra-soft organogel artifici
hibiting high power density, large stroke, fast response and long-
in air. Adv Mater 2023; 35 : 2210419. 

0. Jiang Z and Song P. Strong and fast hydrogel actuators. Scien
245. 

1. Jiang Z, Diggle B, Shackleford ICG et al. Tough, self-healing hyd
of ultrafast shape changing. Adv Mater 2019; 31 : 1904956. 

2. Zhou S-W, Yu C, Chen M et al. Self-healing and shape-shifting
trolled by dynamic bonds. Smart Molecules 2023; 1 : e20220009

3. Lin S, Liu J, Liu X et al. Muscle-like fatigue-resistant hydrogels 
training. Proc Natl Acad Sci USA 2019; 116 : 10244–9. 

4. Vatankhah-Varnosfaderani M, Daniel WFM, Everhart MH et al.
ological stress–strain behaviour with synthetic elastomers. Nat
497–501. 

5. Lv S, Dudek DM, Cao Y et al. Designed biomaterials to mimic t
properties of muscles. Nature 2010; 465 : 69–73. 

6. Linghu C, Liu Y, Yang X et al. Fibrillar adhesives with unprecede
strength, switchability and scalability. Natl Sci Rev 2024; 11 : nw

7. Yang W, Sherman VR, Gludovatz B et al. On the tear resistanc
Commun 2015; 6 : 6649. 

The Author(s) 2024. Published by Oxford University Press on behalf of C
ommons Attribution License ( https://creativecommons.org/licenses/b
ork is properly cited. 
Page 14 o
8. Lang C, Lloyd EC, Matuszewski KE et al. Nanostructured block c
cles. Nat Nanotechnol 2022; 17 : 752–8. 

9. Omenetto FG and Kaplan DL. New opportunities for an anc
Science 2010; 329 : 528–31. 

0. Li X, Cui K, Sun TL et al. Mesoscale bicontinuous networks in s
drogels delay fatigue fracture. Proc Natl Acad Sci USA 2020; 11

1. Li X, Cui K, Zheng Y et al. Role of hierarchy structure on t
adaptation of self-healing hydrogels under cyclic stretching. Sc
eadj6856. 

2. Wang M, Zhang P, Shamsi M et al. Tough and stretchable iono
phase separation. Nat Mater 2022; 21 : 359–65. 

3. Kamal T, Shin TJ, Park S-Y. Uniaxial tensile deformation of poly( ε
studied with SAXS and WAXS techniques using synchrot
Macromolecules 2012; 45 : 8752–9. 

4. Bonneaud C, Howell J, Bongiovanni R et al. Diversity of synthe
to functionalized perfluoropolyalkylether polymers. Macromolec
521–50. 

5. Le Floch P, Zhao S, Liu R et al. 3D spatiotemporally scalable
probes based on fluorinated elastomers. Nat Nanotechnol 2024

6. Nogusa T, Cooper CB, Yu Z et al. Tunable, reusable, and r
fluoropolyether periodic dynamic polymers with high underw
strength. Matter 2023; 6 : 2439–53. 

7. Liu J, Zhang X, Liu Y et al. Intrinsically stretchable electrode
in vivo electrophysiological mapping of atrial fibrillation at cellu
Proc Natl Acad Sci USA 2020; 117 : 14769–78. 

8. Liu J, Wang J, Zhang Z et al. Fully stretchable active-matrix
emitting electrochemical cell array. Nat Commun 2020; 11 : 336

9. Liu Y, Liu J, Chen S et al. Soft and elastic hydrogel-based micro
localized low-voltage neuromodulation. Nat Biomed Eng 2019; 

0. Müller K, Faeh C, Diederich F. Fluorine in pharmaceuticals: look
tuition. Science 2007; 317 : 1881–6. 

1. Wang Z, Zheng X, Ouchi T et al. Toughening hydrogels t
triggered chemical reactions that lengthen polymer strands. Scie
193–6. 

2. Lin S, Liu X, Liu J et al. Anti-fatigue-fracture hydrogels. Sci
eaau8528. 

3. Bosnjak N and Silberstein MN. Pathways to tough yet soft mat
2021; 374 : 150–1. 

4. Rong H, Zhang Z, Zhang Y et al. Self-healing elastomers with unp
trahigh strength, superhigh fracture energy, excellent puncture r
durability based on supramolecule interlocking networks forme
hydrogen bonds. ACS Appl Mater Interfaces 2024; 16 : 2802–13

5. Guo R, Zhang Q, Wu Y et al. Extremely strong and tough 
poly(urethane) elastomers with unprecedented crack tolerance
cal hydrogen-bonding interactions. Adv Mater 2023; 35 : 221213

6. Mirvakili SM and Hunter IW. Artificial muscles: mechanisms, ap
f 14

http://dx.doi.org/10.1016/j.actbio.2022.08.037
http://dx.doi.org/10.1021/acsnano.5b03644
http://dx.doi.org/10.1016/j.cej.2024.149681
http://dx.doi.org/10.1002/adfm.202313055
http://dx.doi.org/10.1038/s41586-023-06732-y
http://dx.doi.org/10.1038/s41467-023-40191-3
http://dx.doi.org/10.1002/adma.202000713
http://dx.doi.org/10.1093/nsr/nwae333
http://dx.doi.org/10.1002/adma.202401178
http://dx.doi.org/10.1002/adma.201603334
http://dx.doi.org/10.1093/nsr/nwac196
http://dx.doi.org/10.1002/adma.202210419
http://dx.doi.org/10.1126/science.abo4603
http://dx.doi.org/10.1002/adma.201904956
http://dx.doi.org/10.1002/smo.20220009
http://dx.doi.org/10.1073/pnas.1903019116
http://dx.doi.org/10.1038/nature23673
http://dx.doi.org/10.1038/nature09024
http://dx.doi.org/10.1093/nsr/nwae106
http://dx.doi.org/10.1038/ncomms7649
http://dx.doi.org/10.1038/s41565-022-01133-0
http://dx.doi.org/10.1126/science.1188936
http://dx.doi.org/10.1073/pnas.2000189117
http://dx.doi.org/10.1126/sciadv.adj6856
http://dx.doi.org/10.1038/s41563-022-01195-4
http://dx.doi.org/10.1021/ma301714f
http://dx.doi.org/10.1021/acs.macromol.0c01599
http://dx.doi.org/10.1038/s41565-023-01545-6
http://dx.doi.org/10.1016/j.matt.2023.04.007
http://dx.doi.org/10.1073/pnas.2000207117
http://dx.doi.org/10.1038/s41467-020-17084-w
http://dx.doi.org/10.1038/s41551-018-0335-6
http://dx.doi.org/10.1126/science.1131943
http://dx.doi.org/10.1126/science.abg2689
http://dx.doi.org/10.1126/sciadv.aau8528
http://dx.doi.org/10.1126/science.abl6358
http://dx.doi.org/10.1021/acsami.3c17284
http://dx.doi.org/10.1002/adma.202212130
http://dx.doi.org/10.1002/adma.201704407
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	RESULTS AND DISCUSSION
	Design, synthesis and general characterizations
	Mechanical and training reinforcement properties
	Shape-memory property and application in artificial muscle actuation
	Application in in vitro and in vivo VML model

	CONCLUSION
	MATERIALS AND METHODS
	Materials
	Synthesis of polymers and preparation of the films

	ETHICAL STATEMENTS
	SUPPLEMENTARY DATA
	ACKNOWLEDGEMENTS
	FUNDING
	AUTHOR CONTRIBUTIONS
	REFERENCES

