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Abstract   Liquid crystal elastomers (LCEs) exhibit exceptional reversible deformation and unique physical properties owing to their order-disor-

der phase transition under external stimuli. Among these deformations, helical structures have attracted attention owing to their distinctive con-

figurations and promising applications in biomimetics and microelectronics. However, the helical deformation behavior of fiber actuators is criti-

cally  influenced  by  their  morphologies  and  alignments;  yet,  the  underlying  mechanisms  are  not  fully  understood.  Through  a  two-step  aza-

Michael addition reaction and direct ink writing (DIW) 4D printing technology, fiber-based LCE actuators with a core-sheath alignment structure

were fabricated and exhibited reversible helical deformation upon heating. By adjusting the printing parameters, the filament number, width,

thickness, and core-sheath structure of the fiber actuators can be precisely controlled, resulting in deformation behaviors, such as contraction,

bending, and helical twisting. Finite element simulations were performed to investigate the deformation behaviors of the fiber actuators, provid-

ing insights into the variations in stress and strain during the shape-changing process, which can be used to explain the shape-morphing mecha-

nism. These findings demonstrate that the precise tuning of printing parameters enables the controllable construction of LCE actuator morpholo-

gy and customization of their functional properties, paving the way for advanced applications in smart fabrics, biomedical engineering, and flexi-

ble electronics.
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INTRODUCTION

Liquid crystal elastomers (LCEs) are known for their excellent re-
versible  deformations  and  unique  physical  properties.[1−3] Un-
der external stimuli, LCEs can undergo rapid and large-scale re-
versible  deformations  due  to  the  order-disorder  phase  transi-
tion  associated  with  the  orientation  of  the  mesogens,  exhibit-
ing  high  controllability  and  responsiveness.  These  distinctive
properties make LCEs promising for a range of advanced appli-
cations  including  soft  robots,[4,5] actuators,[6,7] artificial

muscles,[8−10] and biomedical devices.[11, 12]

4D printing technology, which introduces the dimension of
time  to  enable  3D  printed  structure  transformation  in  re-
sponse to external stimuli,  has garnered significant attention
in  fields  such  as  soft  robotics,  smart  materials,  and  biomedi-
cal  research.[13−15] In  recent  years,  researchers  have  integrat-
ed LCE actuators with 4D printing, simplifying the fabrication
process  and  enabling  precise  control  over  both  mesogen
alignment and macroscopic geometry.[16−18] Among the vari-
ous  4D  printing  techniques,  direct  ink  writing  (DIW)  has  be-
come the most widely used method for the fabrication of LCE
actuators because of its high material compatibility and print-
ing flexibility.[19−22] During the DIW process, the liquid crystal
(LC)  ink  is  extruded  through  a  nozzle  and  deposited  along
predefined  paths  onto  the  printing  platform.  During  extru-
sion,  shear  and  extensional  forces  induced  mesogen  align-
ment along the printing path.  Thus,  the mesogen alignment
can be precisely adjusted by controlling the printing path, of-
fering predetermined and pre-programmed shape morphing
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of the responsive materials.  As a result,  various unique align-
ment  structures  can  be  constructed,  exhibiting  a  variety  of
deformations  such  as  bending,[23, 24] curling,[25] or
twisting.[26−28] 3D helical  structures can be found in climbing
plants that use helical tendrils to elevate themselves for sun-
light acquisition (Fig. 1a). Tendril coiling arises from asymmet-

ric  contractions  of  the  fiber  ribbon,  where  the  ventral  side
contracts  longitudinally  compared  to  the  dorsal  side,  result-
ing  in  the  intrinsic  curvature.[29] These  unique  mechanical
properties and versatility  make such structures highly attrac-
tive for a wide range of applications in biomimetics and tech-
nology,  such  as  microelectronics[30−32] and  microactuators[33]
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Fig. 1    (a) The image of a cucumber plant tendril with helix structure. (b) Schematic illustration of the printing process of the LCE fibers.
(c)  Two-step  crosslinking  reaction  of  the  LC  ink.  (d)  Illustration  of  the  asymmetric  core-sheath  structure  of  fiber  actuator.  (e)  Fourier
transform infrared (FTIR) spectra monitoring the acrylate conversion during the reaction. (f) Changes of complex viscosity of the ink with
time at 50 °C. (g) The DSC heating curves of the printed LCE fiber.
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and artificial muscles.[34]

Precise  control  of  helical  transformations  is  crucial  for  the
development of reliable and efficient devices.[35] The Bauhinia
seed pod undergoes a flat-to-helical transition when exposed
to  changes  in  humidity.  Armon et  al.[36] studied  this  helical
transition  using  strips  cut  from  composite  elastic  materials
that  mimic the structure of  the pod valve tissue.  They found
that the variety of helical shapes is controlled by two dimen-
sionless  parameters:  the direction θ between the strip’s  long
axis and the directions of the intrinsic curvature (i.e., the fiber
directions),  and  a  dimensional  parameter  containing  the
width,  thickness,  and  intrinsic  curvature  of  the  strip.  Sawa
et al.[37] performed experiments on strips composed of twist-
nematic elastomer films. The results showed that films with a
small width-to-thickness ratio were easier to stretch and form
helicoids, whereas those with a large width-to-thickness ratio
were  easier  to  bend  and  form  spiral  ribbons.  The  pitch  and
handedness  of  the  formed  ribbons  were  determined  based
on  temperature  and  width-to-thickness  ratio.  Lu et  al.[38] in-
vestigated the twisting motion of chiral liquid crystalline elas-
tomer strips and revealed that fiber-like strips with a high as-
pect ratio (length/width) are more likely to form a spring-like
structure.  In  addition,  the  thickness  of  the  strip  has  a  signifi-
cant  effect  on  twisting  deformation.  As  the  thickness  in-
creased,  both  the  helical  pitch  and  diameter  increased,  sug-
gesting greater resistance to twisting deformation.

In our previous work, we utilized DIW 4D printing to fabri-
cate LCE artificial tendrils with asymmetric core-sheath struc-
tures.  Owing  to  their  asymmetric  contraction  behavior,  the
fibers exhibited reversible helical deformation under thermal
stimulation,  and  the  deformation  mechanism  was  clarified
through  finite  element  simulations.[39] However,  the  aspect
ratio  and  orientation  characteristics  of  fiber  actuators  play  a
crucial role in the helical deformation behavior, which has not
yet  been fully  understood.  In  this  study,  based on our  previ-
ous research,  we controlled the printing parameters to fabri-
cate LCE fiber actuators with distinct morphologies and orien-
tations, and explored the effects of different aspect ratios and
orientation structures on the helical deformation behavior of
fiber actuators.

EXPERIMENTAL

Materials
The LC monomer 1,4-bis-[4-(6-acryloyloxyhexyloxy) benzoyloxy]-
2-methylbenzene (RM82, 98%) was purchased from Beijing Bayi
Space  Time  LCD  Technology  Co.,  Ltd.  1,5-Diaminopentane
(98%) served as chain extender,  and crosslinker was purchased
from Adamas. All the reagents and solvents were used without
further purification.

Preparation of the LCE Fibers
The LCE fibers  were obtained via a  two-step reaction between
the  diacrylate  monomers  and  diamines via aza-Michael  addi-
tion.  In  the  initial  phase,  a  prepolymer  containing  mesogenic
units  was  synthesized.  A  mixture  of  RM82  (0.168  g),  1,5-di-
aminopentane (0.023 g),  and dimhylformamide (DMF,  0.020 g)
was  loaded  into  a  glass  vial.  The  mixture  was  heated  and  ho-
mogenized using a heat gun and mixer (Thinky Corporation, AR-
100)  to  form  an  LC  ink  suitable  for  printing.  Subsequently,  the

ink  was  transferred  into  the  syringe  of  a  commercial  3D  bio-
printer  (Regenovo,  Bio-Printer-WS),  with  printer  settings  finely
tuned to an extrusion temperature of 50 °C and a substrate tem-
perature of  15 °C.  Under nitrogen atmosphere,  the ink was ex-
truded  through  nozzles  of  varying  diameters.  The  nozzles  de-
posited the LC ink layer by layer along a predetermined trajec-
tory to fabricate a three-dimensional structure. The printed sam-
ples were subjected to 24-h post-treatment in a vacuum oven at
85  °C  to  facilitate  the  secondary  crosslinking  reaction  for  fixa-
tion of the oriented structure and evaporation of the solvent.

Characterization
The LC ink was analyzed using a Fourier transform infrared spec-
trometer (Nicolet iS50, Thermo Fisher Scientific) to monitor the
acrylate  conversion.  The  test  samples  included  both  the  LC
oligomer inks and fully cured thin films. The rheological proper-
ties  of  the  ink  were  characterized  using  a  strain-controlled
rheometer  (ARES  G2,  TA  Instruments)  to  assess  viscosity  varia-
tion over time. By employing a parallel plate configuration with
a  diameter  of  25  mm  and  a  gap  of  0.2  mm,  The  test  was  con-
ducted at a constant frequency of 50 Hz and a stress level of 5%.
The test plates were equilibrated at 50 °C before ink was intro-
duced for standardized analysis.  The phase transition tempera-
tures  of  the  LCE  were  determined  using  differential  scanning
calorimetry (DSC, Q2000, TA Instruments). The analysis was con-
ducted over a temperature range of 0–150 °C under a nitrogen
atmosphere, with a flow rate of 50 mL·min−1 and a heating rate
of  5  °C·min−1.  Dynamic  mechanical  analysis  (DMA)  was  per-
formed on a  DMA Q800 apparatus  (TA Instruments)  in  tension
film  mode.  Rectangular  geometry  samples  [ca. 0.3  mm  (T)  ×  2
mm (W) × 10 mm (L) and a gauge length of ~8 mm] were mea-
sured from −10 °C to 150 °C at a heating rate of 3 °C·min−1, un-
der a strain of 0.2% and frequency of 1 Hz. The mesophase tex-
ture and orientation of the printed LCE fibers were examined us-
ing a polarizing optical microscope (POM) equipped with cross-
polarizers (LV100-POL, Nikon).

Finite Element Simulation
The detail  of  finite  element modeling details  The 3D FE model
ABAQUS/Dynamic,  Temperature-displacement,  and  Explicit
quasi-static  analyses  were  used  to  reveal  the  deformation
mechanism  and  energy  dissipation  of  the  LCE  artificial  tendril
during  heating.  The  model  was  meshed  using  a  C3D8RT  ele-
ment (an 8-node thermally coupled brick, trilinear displacement
and  temperature,  reduced  integration,  hourglass  control).  The
mesh size is approximately 0.02 mm and the total number of el-
ements  of  each  model  is  approximately  6×104.  The  prescribed
conditions include the following: the entire fiber is subjected to
gravity,  one  end  of  the  fiber  is  completely  fixed,  and  a  certain
initial  temperature.  General  contact  interactions  are  defined to
simulate  possible  self-contact.  The temperature  change of  ma-
terials is realized by specifying different environmental temper-
atures  (sink  temperature:  20–140  °C)  and  heat  transfer  coeffi-
cient [film coefficient: 0.25 W (mm2 ∙°C)]. The parameters of the
finite  element  analysis  (FEA)  model  and  coefficient  of  thermal
expansion (α) in the x, y, and z directions are listed in Tables S1
and  S2  (in  the  electronic  supplementary  information,  ESI).  To
simplify  the  model,  the  thermal  conductivity,  Poisson's  ratio,
density, and specific heat capacity were set as the isotropic and
temperature-independent parameters. The dimensional param-
eters of the models, including the length, width, and thickness,
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are listed in Tables S3, S4, S5, S6, S7, and S8 in the ESI.

RESULTS AND DISCUSSION

This  study  investigated  the  influence  of  dimensional  parame-
ters on the asymmetric deformation of LCE fibers. The LCE fibers
were fabricated using a two-step aza-Michael addition reaction,
with  RM82  as  the  LC  monomer,  1,5-diaminopentane  as  the
chain  extender  and  crosslinker,  and  DMF  as  the  solvent,  using
the DIW 4D printing technique (Fig. 1b). The reaction occurs as
primary  hydrogen  atoms  participate  in  the  addition  reaction,
whereas secondary hydrogen atoms engage in the reaction on-
ly after the primary hydrogen atoms are fully consumed, there-
by  forming  a  crosslinked  network  structure  (Fig.  1c). Fig.  1(d)
shows the asymmetric core-sheath structure of the fiber actua-
tor.  The  changes  in  the  chemical  structure  during  the  printing
process  were  investigated  using  temperature-dependent  (in
situ) FTIR spectroscopy. As shown in Fig. 1(e), the peak intensity
of the double bond at 810 cm−1 decreased within 30 min, indi-
cating a chain extension reaction of the LC ink during the print-
ing process. After treatment at 80 °C for 24 h, the disappearance
of  the  double  bond peak  suggests  the  complete  curing of  the
LCE fibers.

During this process, the rheological properties changed ac-
cordingly.  To  investigate  the  rheological  behavior  of  the  LC
ink  during  printing,  strain-controlled  rheological  testing  was
conducted at 50 °C. As the aza-Michael addition reaction pro-
ceeded,  LC  oligomers  were  formed  and  the  gap  between G′
and G″ radually decreased, as shown in Fig. S2 (in ESI).  When
G′ exceeds G″, it indicates that the ink has transitioned from a
flow state to a gel state that can no longer be extruded. Dur-
ing this process, the complex viscosity also increases gradual-
ly,  as  shown  in Fig.  1(f).  The  kinetic  difference  between  the
primary  and  secondary  hydrogen  atoms  creates  an  advanta-
geous window for the printing process. During the extrusion
process, the shear force generated by the nozzle and the ten-
sion  force  in  motion  induced  regular  alignment  of  the  LC
mesogens along the print direction. Throughout the printing
process,  the  viscosity  of  the  ink  increased  gradually  as  a  re-
sult  of  the  ongoing  chain  elongation  and  crosslinking  reac-
tions.  Therefore,  the  nitrogen  pressure  was  dynamically  ad-
justed  to  ensure  the  continuity  and  integrity  of  the  printing
process.  The printed fibers  exhibited a glass  transition at  ap-
proximately 10 °C (Tg) and an ordered nematic phase to a dis-
ordered  isotropic  phase  transition  at  approximately  92  °C
(TNI), as shown in the DSC test in Fig. 1(g).

The  typical  response  mechanism  of  an  LCE  actuator  in-
volves  a  thermoresponsive  shape  change.  As  the  tempera-
ture exceeds TNI, the mesogen transitions from an ordered-to-
disordered  state,  leading  to  macroscopic  deformation  of  the
LCE material. When the temperature decreases below TNI, the
mesogens return to their original ordered state, allowing the
material  to  recover  its  initial  shape.  In  this  work,  LCE  actua-
tors  with  a  high  aspect  ratio  (from  single- to  multi-fiber)  un-
derwent  helical  deformation  upon  heating  owing  to  the
asymmetric  contraction  of  the  core-sheath  structure.  This
unique  deformation  behavior  is  related  to  the  macroscopic
dimensions of the LCE actuators (width and thickness) as well
as the alignment of  the core-sheath structure.  To investigate
the  effects  of  various  dimensional  parameters  on  the  defor-

mation of the LCE actuators (single- and multi-fibers), a series
of  rationally  designed  experiments  were  conducted.
Throughout  these  experiments,  critical  printing  parameters,
including  the  printing  speed,  printing  time,  and  nozzle-to-
substrate  distance,  were  controlled.  A  diverse  array  of  fibers
characterized by varying widths, thicknesses, and core-sheath
structures  was  fabricated.  Subsequently,  the  thermally  in-
duced  deformations  of  these  actuators  were  recorded  with
videos, and the mechanism of helical deformation was inves-
tigated  using  theoretical  models  and  finite  element  simula-
tions.

To investigate the effect of the printing width on the defor-
mation  of  LCE  actuators,  we  employed  DIW  4D  printing  to
fabricate samples of varying widths (from single- to multi-fila-
ments)  using  a  0.34  mm  (24G)  nozzle  at  a  constant  printing
speed of 5 mm/min. The printed samples consisted of differ-
ent numbers of filaments (1, 5, 10, and 20), and each filament
exhibited  a  core-sheath  structure,  as  shown  in Figs.  2(a)  and
2(b). Fig. 2(c) presents POM images and cross-sectional views
of  the  samples  containing  (i)  1,  (iii)  5,  and  (iv)  10  filaments.
Owing to the birefringence of the LC phase, a 45° rotation of
the actuators  results  in  a  transition between bright and dark
fields, indicating that the printed actuators form a well-orient-
ed structure along the printing direction.  All  the samples ex-
hibited  a  similar  thickness  and  semi-elliptical  cross-sectional
shape.  Residual  stress  exists  within  the  extruded  filaments,
leading to an increase in the curvature of the as-printed sam-
ples as the number of filaments increases. When the samples
were  placed  near  a  vertically  standing  hot  plate  at  approxi-
mately 160 °C, the sample with a single filament transitioned
from  its  initial  vertical  state  to  a  uniform  and  tight  coil  state
(Fig 2d i). The sample containing five filaments also formed a
helical  shape;  however,  only  a  single  helical  turn  was  ob-
served (Fig.  2d ii).  For  the samples  with 10 and 20 filaments,
significant bending deformation was observed in the as-print-
ed actuators (Fig. 2d iii and iv). These samples first bend in the
opposite direction and finally form a helix or coil  upon heat-
ing,  and  rapidly  return  to  their  original  shapes  upon  cooling
(Video  S1  in  ESI).  This  result  indicates  that  as  the  printing
width increases, that is, as the aspect ratio decreases, the heli-
cal  deformation  of  the  actuators  gradually  transitions  into  a
coiling  or  even  bending  deformation.  It  should  be  empha-
sized  that,  during  printing  and  chemical  crosslinking,  the
molecular chains in the sheath and core layers undergo vary-
ing degrees of shearing, orientation, and relaxation. The inter-
nal  stresses  fixed  by  chemical  crosslinking  in  different  fiber
actuators  lead  to  different  initial  shapes.  While  the  initial
shape may affect the early stage deformation (such as curva-
ture  or  shape-morphing  rate),  the  final  deformation  state  is
determined  by  the  3D  orientation  structure  of  the  actuators
and  the  different  contraction  forces  and  strains  induced  by
the sheath-core structure (as demonstrated by finite element
simulations).

Through  finite  element  simulation,  we  studied  the  defor-
mation process of the fibers with temperature and stress dis-
tributions in the deformed structures. The heat transfer coeffi-
cient α value  and  specific  dimensional  parameters  of  the
printed samples can be found in Tables S2 and S3 in ESI. The
FEA models  varied in  width and were composed of  different
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Fig.  2    Schematic  illustration of  (a)  the core-shell  structure and (b)  constituent filaments of  the printed samples,  where (i)  contains 1
filament, (ii) contains 5 filaments, (iii) contains 10 filaments, (iv) contains 20 filaments. (c) POM images and cross-sectional structures of
the printed samples, where (i) and (ii) contain 1 filament, (iii) and (iv) contain 5 filaments, (v) and (vi) contain 10 filaments. Scale bar: 500
μm.  (d)  Reversible  deformation  of  the  printed  samples  upon  heating,  along  with  the  corresponding  finite  element  simulation  results,
where (i), (ii), (iii), and (iv) contain 1, 5, 10, and 20 filaments, respectively. Scale bar: 5 mm. The color bar of FEA model indicates the stress
distribution in deformed structures, from 0.00 MPa to 0.12 MPa. The variations in stress (blue), strain (red), and temperature (purple) at
specific points in FEA models during the deformation process, where (e), (f), (g), and (h) contain 1, 5, 10, and 20 filaments, respectively.
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numbers of filaments, with each filament having an identical
core-sheath structure and the same α value. As the tempera-
ture increased, the deformation of the model became consis-
tent with the experimental results. The FEA models in Fig. 2(d)
show the stress distribution in deformed helical  structures.  It
can  be  observed  that  the  inner  regions  of  the  helical  struc-
tures,  that  is,  the  sheath  areas,  experienced  higher  stress,
whereas  the  outer  regions  showed  lower  stress  owing  to
smaller  deformation  displacements. Figs.  2(e) and 2(f) illus-
trate  the variations in  the stress  (blue),  strain  (red),  and tem-
perature  (purple)  at  specific  points  in  these  FEA  models
throughout  the  deformation  process.  At  the  initial  stage  of
deformation,  the  stress  in  the  FEA  models  first  increased
rapidly and then experienced a sharp drop with a stress peak
at approximately 30 °C.  In the subsequent stage of  deforma-
tion,  the  stress  decreases  slowly  according  to  a  fluctuating
curve  and  eventually  maintains  a  constant  value.  The  stress
change with the steps of the FEA models was consistent with
the  loss  modulus  change  with  the  temperature  of  the  LCEs
(Fig. S1 in ESI),  which was set as the temperature-dependent
parameter  in  the  FEA  simulation.  Therefore,  the  stress  peaks
in  the  FEA  simulation  results  were  presumably  associated
with the glass transition of the LCEs. For the FEA model con-
sisting  of  a  single  filament,  the  final  stress  in  the  deformed
structure is 0.03 MPa, with a strain of 0.19%. When the model
consists of five filaments, uneven bending occurs, and the fi-
nal stress in the deformed structure is 0.05 MPa, with a strain
of 0.15%. For models consisting of 10 and 20 filaments, simi-
lar  uniform  bending  deformations  are  observed,  with  the  fi-
nal stress reaching 0.04 MPa and the strain reaching 0.19% for
the deformed structures.

The thermal deformation of the printed samples may have
been  influenced  by  the  filament  diameter.  Therefore,  in  this
study, we employed four different nozzle sizes: 1.2 mm (16G),
0.84  mm (18G),  0.34  mm (24G),  and 0.21  mm (27G),  to  fabri-
cate single-fibers of varying widths, as shown in Figs. 3(a) and
3(b). As shown in Fig. 3(c), increasing the nozzle diameter re-
sulted in a wider fiber. Similar to the samples with different fil-
ament counts, the internal stress within the material increases
with  width,  causing  the  as-printed  actuators  to  lose  their
straight configuration at room temperature. In contrast to the
as-printed samples with multiple filaments exhibiting a bend-
ing  configuration,  the  as-printed  single-filament  samples
were more inclined to form a helical structure as the width in-
creased (Video S2 in ESI).  As shown in Fig.  3(c),  as the aspect
ratio  decreased,  the  fiber  gradually  transitioned  from  helical
to bending deformation. The FEA-simulated structures exhib-
ited a trend similar to that of the experimental structures. The
α values  and  specific  dimensional  parameters  of  the  FEA
models  are  provided  in  Tables  S2  and  S4  (in  ESI).  All  models
had  the  same α value,  with  the  only  difference  being  the
width  of  the  models. Fig.  3(d)  illustrates  the  temporal  varia-
tion of  stress  (blue),  strain (red),  and temperature (purple)  at
specific  points  for  models  with  widths  of  250  and  1000  µm,
whereas the FEA-simulated stress and strain data for a model
with  a  width  of  500  µm  is  shown  in Fig.  2(e).  Models  with
widths of 250 and 500 µm exhibited helical deformation with
similar  final  stress  (0.03  MPa)  and  strain  (0.19%).  While,  the
model with a width of 1000 µm formed a more looser wound

helix, resulting in a reduced strain of 0.17% and an increased
stress of 0.05 MPa.

In addition to the actuator width, thickness is a crucial fac-
tor  that  influences  deformation  behavior.  Using  a  0.34  mm
nozzle, we printed fibers with a length of 2 cm and thickness-
es of 80, 100, and 200 µm at a constant speed of 5 mm·min−1,
as  shown  in Fig.  4(a).  As  illustrated  in Fig.  4(b),  thinner  sam-
ples  were  more  susceptible  to  residual  stress,  resulting  in  (i)
an  80  µm-thick  as-printed  fiber  exhibiting  a  helical  shape  at
room temperature. As the thickness increases, (ii) the 100 µm-
thick  fiber  adopts  a  slightly  bent  configuration,  whereas  (iii)
the  200  µm-thick  fibers  present  a  single-coil  shape.  Upon
heating,  the  80  µm-thick  fiber  undergoes  a  handedness-re-
version from a right-handed helix to a left-handed helix,  and
the  100  µm-thick  fiber  reversibly  transitions  into  a  helical
structure,  whereas  the  200  µm-thick  fiber  undergoes  a  coil-
ing-reversion  from  clockwise  coiling  to  anticlockwise  coiling
(Video S3 in ESI).

To further validate the influence of varying the thickness on
the fiber deformation, we designed a structure with a thinner
upper section and thicker lower section on the same fiber by
adjusting  the  distance  between  the  nozzle  and  the  printing
platform. The upper region had a thickness of 80 µm, where-
as  the  lower  region  was  200  µm  thick,  as  shown  in Fig.  4(c).
Based on the above investigation of the effect of thickness on
fiber deformation, we anticipate that upon heating, the thin-
ner upper region will exhibit helical deformation, whereas the
thicker  lower  region  will  undergo  bending  or  coiling  defor-
mation. As shown in Fig. 4(d), the thinner section of the fiber
initially exhibits a loose helical structure, whereas the thicker
section shows slight bending, which is consistent with previ-
ously observed experimental phenomena. Upon heating, the
thinner  section  first  undergoes  helix-loosening  deformation
and then helix-tightening deformation, while the thicker sec-
tion  undergoes  bending  deformation.  After  the  heat  source
was  removed,  the  fiber  returned  to  its  original  shape  (Video
S4 in ESI). The α value and specific dimensional parameters of
the FEA models are listed in Tables S2 and S5 (in ESI). Figs. 4(e)
and  4(f)  present  the  stress  (blue),  strain  (red),  and  tempera-
ture  (purple)  variation  curves  at  specific  points  for  the  FEA
models  with  thicknesses  of  80  and  200  µm.  By  analyzing  to-
gether with the FEA simulation result of the model with thick-
ness of 100 µm (Fig. 2e), the FEA models with different thick-
nesses  exhibited  comparable  strains  (0.2%)  and  balanced
stress (0.03 MPa).

Owing to the constraints of the glass substrate, the printed
fibers undergo an anisotropic deswelling process, which leads
to  the  formation  of  an  anisotropic  core-sheath  structure,
thereby causing helical deformation[39]. To investigate the in-
fluence  of  the  core-sheath  structure  on  the  deformation  be-
havior,  we  prepared  fibers  with  a  strong  asymmetric  core-
sheath structure (glass as the printing substrate), weak asym-
metric core-sheath structure (paper as the printing substrate),
and  symmetrical  core-sheath  structure  (mechanical  stretch-
ing). POM images of these fibers with different cross-section-
al  structures  are  shown  in  Fig.  S3  (in  ESI).  For  the  glass  sub-
strate,  the  solvent  can  only  evaporate  from  the  air-exposed
side of the fiber actuator owing to the anisotropic deswelling
effect,[40, 41] leading to the formation of  a  highly compressed
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and ordered mesogen alignment on the surface of the print-
ed fiber. In contrast, the LCE molecular chains inside the fiber
experience  slower  solvent  evaporation,  providing more  time
for  the  thermal  relaxation  of  the  polymer  chains  to  cause  a
looser  and  less  ordered  mesogen  alignment.  Consequently,
the sheath and core layers exhibited significant differences in
orientation, forming a strongly asymmetric core-sheath struc-
ture.  When  the  substrate  is  paper,  the  solvent  evaporates
from  both  the  air-exposed  side  and  paper-contacted  side,
which reduces the orientation difference between the sheath
and core layers and results in a weak asymmetric core-sheath
structure.

Fig.  5(a)  shows the illustration of the single-fiber actuators
(i) without a core-sheath structure, (ii) with a weak asymmet-
ric  core-sheath  structure  and  (iii)  with  a  strong  asymmetric
core-sheath  structure.  In Fig.  5(b),  (i)  the  mechanically
stretched  fibers  exhibit  reversible  contraction-extension  be-

havior upon heating and cooling; (ii) the fibers with a weaker
core-sheath  structure  form  a  more  relaxed  helical  configura-
tion,  whereas  those  with  a  stronger  core-sheath  structure
generate  a  uniform  and  tightly  coiled  helical  structure  (iii).
Once  the  heat  source  was  removed,  the  fibers  returned  to
their  original  state  (Video S5  in  ESI). Figs.  5(c)  and 5(d)  show
the variations in the stress and strain at specific points in the
FEA  models.  These  models  have  the  same  dimensions,  but
different  values  of α.  The α values  for  the  different  core-
sheath structures are listed in Table S6 (in ESI), whereas the di-
mensional  parameters  are listed in  Table S7 (in  ESI).  The FEA
models  without  a  core-sheath  structure,  that  is,  a  uniform α
value,  exhibit  contraction  deformation,  with  the  strain  in-
creasing  smoothly  and  the  stress  eventually  decreasing  to
near  zero  (Fig.  5c).  In  contrast,  for  the  model  with  a  weak
asymmetric  core-sheath structure,  both the strain and defor-
mation  were  smaller  than  those  of  the  model  with  a  strong
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Fig. 3    (a) Schematic illustration of (a) the core-shell structure and (b) the printed samples with single filament. (c) Reversible deformation of the
printed  samples  upon  heating,  along  with  the  corresponding  finite  element  simulation  results.  Scale  bar:  5  mm.  The  color  bar  of  FEA  model
indicates the stress distribution in deformed structures, from 0.00 MPa to 0.12 MPa. The variations in stress (blue), strain (red), and temperature
(purple) at specific points during the deformation process of FEA models with widths of (d) 250 µm and (e) 1000 µm.
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asymmetric core-sheath structure (Fig. 2e). It should be noted
that  there  are  both  similarities  and  differences  in  the  helical
deformation  mechanism  between  the  natural  plant  tendrils

and  our  fiber  actuators.  Similarly,  both  natural  plant  tendrils
and  our  fiber  actuators  possess  a  core-sheath  structure,  and
the formation of their helical structures is attributed to asym-
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Fig. 4    (a) The single-fiber actuators with varying thicknesses, including (i) 80 µm, (ii) 100 µm, and (iii) 200 µm. (b) Reversible deformation of the
printed samples upon heating and cooling, along with the corresponding finite element simulation results. Scale bar: 5 mm. The color bar of FEA
model indicates the stress distribution in deformed structures, from 0.00 MPa to 0.12 MPa. (c) Schematic illustration of a single-fiber actuator with
varying  thickness  and  its  deformation  behavior.  (d)  Reversible  deformation  of  the  printed  samples  upon  heating  and  cooling,  where  the  thin
upper region undergoes a helical transformation, and the thick lower region exhibits a bending deformation. Scale bar: 5 mm. The variations in
stress (blue),  strain (red),  and temperature (purple) at specific points during the deformation process of the FEA models with thicknesses of (e)
80 µm and (f) 200 µm.
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metric contraction. In contrast, in plant tendrils,  helical struc-
tures  are  caused  by  the  lignification  of  specialized  structural
gelatinous fiber cells and their asymmetric contractions along
the  length.  In  contrast,  for  fiber  actuators,  helical  deforma-
tions  result  from  the  differences  in  the  orientation  of  meso-
gens in the sheath and core layers, which can lead to differen-
tial  contractions  between  the  sheath  and  core  layers  upon
heating.

CONCLUSIONS

In summary, using a two-step aza-Michael addition reaction, we
successfully fabricated fiber-based actuators with various three-
dimensional  structures  and  asymmetric  core-sheath  configura-
tions via DIW  4D  printing  technology.  High-aspect-ratio  LCE
fiber-based  actuators  with  a  core-sheath  alignment  structure
exhibit helical deformation upon heating driven by asymmetric

contraction. The influence of dimensional parameters and core-
sheath  structures  on  the  helical  deformation  behavior  was  in-
vestigated  using  finite  element  simulations,  and  the  mecha-
nism of  helical  deformations  of  the LCE fiber  actuators  was  re-
vealed  by  a  detailed  analysis  of  the  FEA-simulated  stress  and
strain  variation  during  the  deformation  process.  The  study  re-
vealed  that  the  printing  speed,  nozzle  diameter,  and  printing
path  significantly  influence  the  morphology  and  alignment  of
the fiber actuators. By precisely adjusting these printing param-
eters,  we  can  control  the  fiber  width,  filament  number,  thick-
ness, and core-sheath structure, thus modulating the helical de-
formation behavior. Owing to the residual stress, fiber-based ac-
tuators  exhibit  straight,  helical,  or  coiling  shapes  at  room  tem-
perature.  Upon  heating,  as  the  aspect  ratio  and  thickness  in-
creased,  the deformation gradually  transitioned from helical  to
coiled and/or bent. These findings demonstrate that the precise
tuning of printing parameters allows not only the control of LCE
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Fig.  5    (a)  Schematic  illustration  of  the  single-fiber  actuators  (i)  without  a  core-sheath  structure,  (ii)  with  a  weak  asymmetric  core-sheath
structure and (iii) with a strong asymmetric core-sheath structure. (b) Reversible deformation of the printed samples upon heating and cooling,
along with the corresponding finite element simulation results. Scale bar: 5 mm. The color bar of FEA model indicates the stress distribution in
deformed structures, from 0.00 MPa to 0.12 MPa. The variations in stress (blue), strain (red), and temperature (purple) at specific points during the
deformation process of the FEA models (c) without a core-sheath structure and (d) with a weak asymmetric core-sheath structure.
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fiber morphology but also the customization of their functional
properties, providing a solid theoretical foundation and techni-
cal support for applications in smart materials, biomedical engi-
neering, and flexible electronics.
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