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Lecture Overview

• Topological defects and micromanipulation

• Liquid crystal polymers and elastomers
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Liquid Crystals

• Mesophase: A state of a matter in between liquid and solid

• Combine the long-range order of crystals with the mobility of liquids 
(statistical arrangement of molecules)

• Orientational order, no positional order, anisotropy, still can flow

• Reconfigurable materials that optically report information about the 
environment

– Electric fields (e.g. smart-phone displays)
– Temperature (i.e. thermometers)

– Mechanical shear

– Sensors for chemical and biological stimuli

3



History

• 1890 Otto Lehmann identifies a new and distinct state of matter

• 1904 First commercially available LC (Merck)

• End of 1960s temperature indicators based on cholesteric LCs

• 1968 George Heilmeier builds first LCD prototype

• 1990s LCDs replace conventional display devices
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Terminology

• Formation of the mesophase
– Thermotropic: temperature induced phase formation

• If the temperature is too high, thermal motion will destroy the cooperative 
ordering of the LC phase, pushing the material into conventional isotropic 
liquid phase

• May exhibit a variety of phases as temperature is changed

– Lyotropic: Order depends on the concentration of the material
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Terminology

• Mesogen: Un-crosslinked macromolecules that can organize into 
liquid crystalline phase through
– Stiff molecular conformation

– Intramolecular interactions such as hydrogen bonding

• Structure of the mesophase for rod-like molecules
– Nematic (tread like)

– Smectic (soap-like)

– Cholesteric (chiral nematic)

• Structure of the mesogens 
– Calamitic (rod-like), discotic (flat, disc shaped), banana shape, conic
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referred to as mesogens. Mesogens can be integrated into 
the main chain or the side chain of the polymer net-
work (BOX 1). Liquid crystallinity is based on the inter-
molecular interactions between mesogens (π- stacking, 
dipole–dipole interactions). The intermolecular interac-
tions of mesogens are retained within polymer networks 
and the mesogen‒mesogen interactions can introduce 
local order. Notably, liquid crystallinity is retained in the 
poly mer networks; however, the morphology is localized 
with micrometre- sized domains, unless the network is 
subject to an aligning field.

This Review is organized around four approaches to 
enforce global alignment to LCEs. Here, we define align-
ment as the application of an external force (mechani-
cal, chemical, electromagnetic or rheological) to achieve 
collective orientation of the liquid crystalline segments 
in the polymer network. The orientation of liquid crys-
tals (and LCEs) is directionally specified by an axial 
unit vector, that is, the director n. The relative degree of 

orientation of LCEs is defined by the order para meter S, 
which underpins the amplified stimuli- induced mechan-
ical response and the distinctive nonlinear deformation 
of these materials to load.

Stimuli- induced mechanical response
The order retained in LCEs can be disrupted by exposure 
to stimuli. Embedded in the predictions of de Gennes2, 
the decrease in orientational order with increasing tem-
perature amplifies the relative magnitude of the material 
response, compared with conventional polymeric mate-
rials. The chemistry used to synthesize LCEs substan-
tially influences the magnitude and rate of mechanical 
response; however, the fundamentals of the mechanics 
are largely agnostic to the composition of the material. 
The alignment of mesogens in the network (typically  
in the nematic phase) most commonly results in a pro-
late configuration of polymer chains within LCEs (BOX 1).  
In some cases, usually in LCE compositions prepared 

Box 1 | Liquid crystalline elastomers

Low- molar- mass LCs to LCEs:
Liquid crystals (LCs) of the calamitic type are 
thermotropic. Upon heating, they can transition from 
ordered (smectic, nematic) to disordered (isotropic)  
or ordered to less ordered (smectic to nematic). The 
rod- like mesogens in LCs are oriented along a director (n). 
The addition of reactive functional groups (such as 
acrylates, thiols or epoxides) onto the mesogens  
allows polymerization, resulting in crosslinked polymer 
networks that retain liquid crystallinity with mesogens 
within the main chain, side chain or as side- on pendants 
(see the figure, panel a).

Monodomain and polydomain:
The nematic phase is commonly retained in liquid 
crystalline elastomers (LCEs). The polydomain orientation 
of nematic LCEs is defined by local domains of nematic 
order (described by directors) that are macroscopically 
unaligned. When alignment is enforced, nematic LCEs can 
be described as monodomain. Monodomain LCEs have  
a common director that defines the orientation of the 
mesogens in the polymer network (see the figure,  
panel b).

Prolate, oblate and spherical:
The polymer chain configuration in a monodomain 
nematic LCE can take the form of a prolate or oblate 
ellipsoid. Oblate chain configurations, although rare, are 
typically realized in compositions with high side chain 
mesogen content. The isotropic configuration is spherical.  
The disruption of chain configuration by heat (or light) 
results in a dimensional change in the polymer chain 
configuration that produces the exceptional contraction 
and extension response in LCEs (see the figure, panel c).

Orientation:
Depending on the surface treatment and alignment 
method, mesogens within LCEs are anchored  
parallel (planar) or perpendicular (homeotropic) to  
the alignment surface. The planar or homeotropic 
orientation can perpetuate through the thickness of the 
film. Through- thickness variation can also be realized in 
twisted nematic or splay orientations between surfaces 
with different anchoring orientations (see the figure, 
panel d).
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Mesogens: The subunits of liquid crystals

• Rigid molecule or molecule segment with anisometric (geometrical 
anisotropic) architecture that forms a mesophase
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Nematic Liquid Crystals

• Comes form the Greek word for thread

• Preferred molecular orientation defines the director n
– Rod-like molecules are spontaneously and collectively aligned into a 

certain direction

• Director n varies from point to point at macroscale

• 1D order where molecule centers are not oriented
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Cholesteric Phase

• The structure acquires a spontaneous twist about an axis 
perpendicular to the director
– Also observed in cholesterol derivatives

– Formed from chiral mesogenic molecules
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Smectic Phase

• Smectic phases exhibit a higher degree of order than nematics

• Molecule centers are oriented in the layers

• Mesogenic molecules with terminal alkyl or alkoxy chains
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Order Parameter

• Quantitative description of the orientation of the mesogens

• Director n: Anisotropy is defined by the symmetry axis of the orientation 
distribution
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𝑆 = ⁄3cos!𝜃 − 1 2

𝜃 = Average deviation angle of the mesogen axes from the director

• All molecules aligned parallel to the director: S = 1

• Random distribution: S = 0

• Nematic phase: 0.45 < S < 0.65

• Smectic phase: 0.85 < S < 0.95



Hierarchy of Orientation

• Orientation of mesogens in domains

– Domain size in the um range

– Orientation of the molecular axes with respect to the director inside 
each domain

• The directors of the domains are statistically distributed

• Uniform alignment of the domains
– Rubbing

– Aligned substrates

– Application of magnetic or electric field
– Viscous fingering
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Frank-Oseen Free Energy

• A nonpolar LC with equal bend, splay, and twist constants

• The equilibrium value of S is that which minimizes free energy
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Liquid Crystal Displays

• Mesogens are polar, 
– interact with an electric field

– change the orientation 

• Nematic liquid crystals tend to be relatively 
translucent

• They become opaque when an electric field 
is applied and the molecular orientation 
changes

• This behavior is ideal for producing dark 
images on a light or an opalescent 
background
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Liquid Crystal Thermometers

• Changes in molecular orientation that are dependent on temperature 
result in an alteration of the wavelength of reflected light. 

• Changes in reflected light produce a change in color, which can be 
customized by using either a single type of liquid crystalline material or 
mixtures. 

• An LC thermometer that indicates temperature by color
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Biosensor

• Many biological systems, including cell membranes, phopholipids, 
cholesterols, DNA etc. exist in liquid crystal phases

• Liquid-crystal aqueous interface where chemical is applied

• Orientational change with the introduction of the chemical (enzymatic 
reaction)

• Label free detection

16



Dynamic Lenses

• Focal length of the lens is tuned with an electric field

• Microlens arrays similar to fly’s eye

• Bifocal eyeglasses (near and far vision)

17



Spatial Light Modulators and Optical Traps

• Spatially varying modulation of light intensity and/or phase

• Holographic display technology

• Holographic optical tweezers
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Structural Elements

• Extrusion of fibers with aligned rod shaped mesogens

– Kevlar, spider silk
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Structural Elements

• Extrusion of fibers with aligned rod shaped mesogens

– Kevlar, spider silk
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3D printing of liquid crystal networks

• The directors are subjected to elongational and shear forces during the 
extrusion through the heated nozzle

• Solidification front freezes the nematic order in place 
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3D printing of liquid crystal networks
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Figure 1. 3D director field alignment of liquid crystal (LC) monomers. a) Schematic of the fabrication procedure and steps of 2D LCN films (i) and 
3D LCN microstructures (ii). b) Chemical structures of LC monomers used: RM006 (left) and RM257 (right). c) Scanning electron microscopy (SEM) 
images of the microchannels fabricated by two-photon polymerization for a +1 defect pattern (i), a sinusoidal pattern (ii), and a +2 defect pattern (iii). 
d,e) Alignment of the LC monomer with a +1 defect pattern (d), and a sinusoidal pattern (e); (i), (ii), and (iii) show the schematic of the LC cells and 
the alignment pattern with given microchannel patterns, polarized optical microscope (POM) images of liquid crystal monomers, and POM images 
of LCN films, respectively. f,g) The alignment of LC monomers with a +1 defect pattern (f), and a +2 defect pattern (g) on the bottom substrate and 
uniform alignment on the top one; (i)–(iii) show the schematic of LC cells and director fields, POM images of LC monomers, and their POM images 
with rotated polarizers, respectively. Double-sided arrows exhibit the optical axis of the polarizers. Scale bars are 20 µm in (c) and 100 µm in (d–g).

Adv. Mater. 2020, 32, 2002753
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Topological Defects in Nematics

• Active nematic turbulence
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• Topological defects induced by colloidal particle



Nematic-mediated interactions

• The orientation of nematic molecules is locally disturbed because of their 
interaction with microparticle surfaces

• The disturbance can be considered as elastic deformation at microscale

• 2.3 um silica spheres in 5um or 2.5um LC layer
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Pulsatile ejection of microdroplets from LCs

• disclinations
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Pulsatile ejection of microdroplets from LCs

• Heat released from the human finger
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Liquid Crystal Elastomers

• Mesogenic monomers incorporated into the backbones or sidechains 
of weakly crosslinked long flexible polymers (i.e. polysiloxane)
– Anisotropy and large susceptibility of low-molecular mass LCs with 

rubber elasticity

• Strong coupling between the orientational order and mechanical strain
– Changing orientation order gives rise to internal stresses
– Deformation and change of shape

• Molecular structure corresponds to traditional rubber
– Long chains of molecules that can easily slip past one another
– Enable the material to be expanded with very little force
– Strains of several 100 per cent
– Mechanical response depends on alignment direction and phase
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Liquid Crystal Elastomers

• Coupling between the mesogens 
and polymer chains
– (a) end-on
– (b) side-on
– (c) main-chain

28



Liquid Crystal Elastomers
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referred to as mesogens. Mesogens can be integrated into 
the main chain or the side chain of the polymer net-
work (BOX 1). Liquid crystallinity is based on the inter-
molecular interactions between mesogens (π- stacking, 
dipole–dipole interactions). The intermolecular interac-
tions of mesogens are retained within polymer networks 
and the mesogen‒mesogen interactions can introduce 
local order. Notably, liquid crystallinity is retained in the 
poly mer networks; however, the morphology is localized 
with micrometre- sized domains, unless the network is 
subject to an aligning field.

This Review is organized around four approaches to 
enforce global alignment to LCEs. Here, we define align-
ment as the application of an external force (mechani-
cal, chemical, electromagnetic or rheological) to achieve 
collective orientation of the liquid crystalline segments 
in the polymer network. The orientation of liquid crys-
tals (and LCEs) is directionally specified by an axial 
unit vector, that is, the director n. The relative degree of 

orientation of LCEs is defined by the order para meter S, 
which underpins the amplified stimuli- induced mechan-
ical response and the distinctive nonlinear deformation 
of these materials to load.

Stimuli- induced mechanical response
The order retained in LCEs can be disrupted by exposure 
to stimuli. Embedded in the predictions of de Gennes2, 
the decrease in orientational order with increasing tem-
perature amplifies the relative magnitude of the material 
response, compared with conventional polymeric mate-
rials. The chemistry used to synthesize LCEs substan-
tially influences the magnitude and rate of mechanical 
response; however, the fundamentals of the mechanics 
are largely agnostic to the composition of the material. 
The alignment of mesogens in the network (typically  
in the nematic phase) most commonly results in a pro-
late configuration of polymer chains within LCEs (BOX 1).  
In some cases, usually in LCE compositions prepared 

Box 1 | Liquid crystalline elastomers

Low- molar- mass LCs to LCEs:
Liquid crystals (LCs) of the calamitic type are 
thermotropic. Upon heating, they can transition from 
ordered (smectic, nematic) to disordered (isotropic)  
or ordered to less ordered (smectic to nematic). The 
rod- like mesogens in LCs are oriented along a director (n). 
The addition of reactive functional groups (such as 
acrylates, thiols or epoxides) onto the mesogens  
allows polymerization, resulting in crosslinked polymer 
networks that retain liquid crystallinity with mesogens 
within the main chain, side chain or as side- on pendants 
(see the figure, panel a).

Monodomain and polydomain:
The nematic phase is commonly retained in liquid 
crystalline elastomers (LCEs). The polydomain orientation 
of nematic LCEs is defined by local domains of nematic 
order (described by directors) that are macroscopically 
unaligned. When alignment is enforced, nematic LCEs can 
be described as monodomain. Monodomain LCEs have  
a common director that defines the orientation of the 
mesogens in the polymer network (see the figure,  
panel b).

Prolate, oblate and spherical:
The polymer chain configuration in a monodomain 
nematic LCE can take the form of a prolate or oblate 
ellipsoid. Oblate chain configurations, although rare, are 
typically realized in compositions with high side chain 
mesogen content. The isotropic configuration is spherical.  
The disruption of chain configuration by heat (or light) 
results in a dimensional change in the polymer chain 
configuration that produces the exceptional contraction 
and extension response in LCEs (see the figure, panel c).

Orientation:
Depending on the surface treatment and alignment 
method, mesogens within LCEs are anchored  
parallel (planar) or perpendicular (homeotropic) to  
the alignment surface. The planar or homeotropic 
orientation can perpetuate through the thickness of the 
film. Through- thickness variation can also be realized in 
twisted nematic or splay orientations between surfaces 
with different anchoring orientations (see the figure, 
panel d).
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response, compared with conventional polymeric mate-
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tially influences the magnitude and rate of mechanical 
response; however, the fundamentals of the mechanics 
are largely agnostic to the composition of the material. 
The alignment of mesogens in the network (typically  
in the nematic phase) most commonly results in a pro-
late configuration of polymer chains within LCEs (BOX 1).  
In some cases, usually in LCE compositions prepared 

Box 1 | Liquid crystalline elastomers
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Liquid crystals (LCs) of the calamitic type are 
thermotropic. Upon heating, they can transition from 
ordered (smectic, nematic) to disordered (isotropic)  
or ordered to less ordered (smectic to nematic). The 
rod- like mesogens in LCs are oriented along a director (n). 
The addition of reactive functional groups (such as 
acrylates, thiols or epoxides) onto the mesogens  
allows polymerization, resulting in crosslinked polymer 
networks that retain liquid crystallinity with mesogens 
within the main chain, side chain or as side- on pendants 
(see the figure, panel a).

Monodomain and polydomain:
The nematic phase is commonly retained in liquid 
crystalline elastomers (LCEs). The polydomain orientation 
of nematic LCEs is defined by local domains of nematic 
order (described by directors) that are macroscopically 
unaligned. When alignment is enforced, nematic LCEs can 
be described as monodomain. Monodomain LCEs have  
a common director that defines the orientation of the 
mesogens in the polymer network (see the figure,  
panel b).

Prolate, oblate and spherical:
The polymer chain configuration in a monodomain 
nematic LCE can take the form of a prolate or oblate 
ellipsoid. Oblate chain configurations, although rare, are 
typically realized in compositions with high side chain 
mesogen content. The isotropic configuration is spherical.  
The disruption of chain configuration by heat (or light) 
results in a dimensional change in the polymer chain 
configuration that produces the exceptional contraction 
and extension response in LCEs (see the figure, panel c).

Orientation:
Depending on the surface treatment and alignment 
method, mesogens within LCEs are anchored  
parallel (planar) or perpendicular (homeotropic) to  
the alignment surface. The planar or homeotropic 
orientation can perpetuate through the thickness of the 
film. Through- thickness variation can also be realized in 
twisted nematic or splay orientations between surfaces 
with different anchoring orientations (see the figure, 
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Liquid Crystal Elastomers
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Wireless control with light

• Dopants containing azobenzene moieties: covalent bonding or dissolving
• Change in the degree of order

– Photoisomerization of the dissolved dye
– Photoisomerize between trans- and cis-states in the presence of 

linear polarized light at specific wavelengths
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Wireless control with light

• Intensity, polarization, and wavelength of light
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Soft robot

• Two different materials for the legs and the grippers
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Soft robot
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Soft robot
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Soft robot
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Soft robot
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Pumping and transport

• Deformation into a cone-like geometry: capillary force
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Pumping and transport
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Artificial Cilia

• Asymmetric motion controlled by the spectral composition of light
– Two different dyes
– Switching between four positions
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LCE Skin
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Generation of localized artificial goosebumps  
by laser
The LCE film, when heated globally, exhibits deformation not only in 
the planar direction (x and y), but also along its thickness direction (z) 
as a result of the nematic-to-isotropic transition of the uniaxial polymer 
chains (Extended Data Fig. 1a,b). This deformation in the z direction 
(Extended Data Fig. 1c) allows for the generation of localized vertical 
bumps through site-specific laser heating. Finite-element (FE) simula-
tions are carried out to help us understand the generation of micro-
scale artificial goosebumps on the LCE film (simulation details can be 
seen in the Methods). The results of the simulations, as depicted in 
Fig. 3a, reveal that a laser with a scanning area of 1 × 1 µm2 can induce a 
microscale bump with a full-width at half-maximum (FWHM) of 2.8 µm 
around the spot. The elliptical shape of the bump can be attributed to 
the anisotropic deformation as revealed in Fig. 3b. Specifically, the 
director direction undergoes shrinkage while the transverse direction 
experiences expansion. This elliptical shape also matches the experi-
mentally observed bump shown in Fig. 3c.

The objective is to generate localized bumps via the focused 
laser spot for site-specific and precise actuation of the microstruc-
tures, while minimizing unwanted deformations to the surrounding 
areas (Fig. 1f,g). We discovered that incorporating 5CB molecules 
contributes to the sharp localization of the resulting bumps on the 
surface. By printing arrays of small micropillars on the LCE skin, we 
could track the surface motion of the LCE skin as a function of dif-
ferent loadings of 5CB using a laser with a scanning area of 5 × 5 µm2 
(Fig. 3c). For the LCE sample without any 5CB doping, remarkable 
displacement (with an hourglass-like distribution) can be observed 
over a large area (Fig. 3d and Supplementary Video 2). By contrast, 
the displacement field falls off sharply outside the laser scanning 
area for the doped LCE samples of 25 wt% 5CB (Supplementary  
Fig. 2) and 50 wt% 5CB (Fig. 3e). Figure 3f illustrates the displace-
ment of a typical micropillar located 50 µm along the director 
direction from the laser centre, showing that increasing the doping 
amount of 5CB notably localizes the surface displacement induced  
by the laser.
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Fig. 1 | Artificial-goosebump-driven microactuation system. a, Schematic 
illustration showing the phenomenon of fine hairs standing on the skin upon 
stimulation and the underlying mechanism of goosebumps. b, Schematic 
illustration of the piloerection-inspired microactuation system, where the 
goosebumps, generated by the local laser heating, induce a temporary  
local curvature that deflects the 2PP-printed passive microhairs. c, Schematic 
illustration showing the fabrication process of artificial polymeric  
(IP-S photoresist) microhair arrays using 2PP on a tri-network LCE skin. 
d, Scanning electron microscopy (SEM) image displaying a 2PP-printed 

microhair (with a width of 8 µm and height of 150 µm) on the LCE skin. e, SEM 
image showing a 2PP-printed microhair array on the LCE skin. f,g, Schematic 
illustrations presenting the mechanism involved in artificial goosebump 
generation for the microactuation, where a broadening of an artificial 
goosebump causes unintended actuation of microstructures (f), while a 
localized goosebump brings about precise and targeted actuation (g). RM257, 
1,4-bis-(4-(3-acryloyloxypropyloxy)benzoyloxy)-2-methylbenzene; 5CB, 
4-cyano-4′-pentylbiphenyl.
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Fig. 1 | Artificial-goosebump-driven microactuation system. a, Schematic 
illustration showing the phenomenon of fine hairs standing on the skin upon 
stimulation and the underlying mechanism of goosebumps. b, Schematic 
illustration of the piloerection-inspired microactuation system, where the 
goosebumps, generated by the local laser heating, induce a temporary  
local curvature that deflects the 2PP-printed passive microhairs. c, Schematic 
illustration showing the fabrication process of artificial polymeric  
(IP-S photoresist) microhair arrays using 2PP on a tri-network LCE skin. 
d, Scanning electron microscopy (SEM) image displaying a 2PP-printed 

microhair (with a width of 8 µm and height of 150 µm) on the LCE skin. e, SEM 
image showing a 2PP-printed microhair array on the LCE skin. f,g, Schematic 
illustrations presenting the mechanism involved in artificial goosebump 
generation for the microactuation, where a broadening of an artificial 
goosebump causes unintended actuation of microstructures (f), while a 
localized goosebump brings about precise and targeted actuation (g). RM257, 
1,4-bis-(4-(3-acryloyloxypropyloxy)benzoyloxy)-2-methylbenzene; 5CB, 
4-cyano-4′-pentylbiphenyl.
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Rotation and rolling

• Shear stress gradients through the thickness
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Making waves in a photoactive polymer film

• continuous, directional, macroscopic mechanical waves under constant 
light illumination
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Biomimetic Swimming

• Generating of a travelling wave under periodic light pattern
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Biomimetic Swimming

• Generating of a travelling wave under periodic light pattern
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Biomimetic Crawling (movie)

• Spatially modulated light field to trigger synchronized, time-dependent 
body deformations

• Scanning a laser beam
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Programming local anisotropy

• Spatially complex shape changes or surface variations
• Electric, magnetic or photoalignment prior to polymerization
• Lock complex orientation in the polymer
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Programming local anisotropy
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Voxels

• Complex director profiles within LCE

• Spatial control with high resolution

• Photoalignment surface
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during 3D printing, continuous fiber can be strategically positioned
in locations where it collaborates synergistically with the actuation
abilities of matrix materials, thereby achieving unprecedented
properties and functions in 4D composites. However, the 4D printing
of LCE composites with continuous fiber represents a largely unex-
plored avenue within the field. There are no established studies, with
the exception of a very recent exploration38, which modified the
conventional extrusion-based DIW printer head with a sealed cham-
ber to create shape-changing filaments or filament-based truss
structures.

One reason for the current lack of exploration in this area is the
grand challenges encountered when adapting existing extrusion-
based printing methods for the printing of LCE composites with con-
tinuous fiber. Firstly, DIW printing imposes strict requirements on the
shear-thinning effect of the printable resin, sometimes requiring the
use of nanoparticles to modify the rheological properties39. The
deposition nozzle must be sufficiently large to ensure a smooth and
substantial amount of resin flow to drive the deposition of continuous
fiber. Consequently, achieving realistic composite samples with a
noteworthy fiber content proves challenging. Moreover, the modifica-
tion of printing hardware poses a non-trivial task, which requires a
delicate balance between contradictory demands: a fully sealed cham-
ber to prevent resin leakage during extrusion and an unsealed chamber
to facilitate the feeding of continuous fiber and printable resin.

In this study, we report a 4D printing method for LCE composites
with continuous fiber and unveil their multifunctional actuation and
exciting mechanical responses. The designed printer head is schema-
tically shown in Fig. 1a.Within thedeposition syringe, the LCEoligomer
ink remains stationary without the application of extrusion pressure
typically required in traditional methods. The continuous fiber passes
through a coaxial feeding tube and impregnates with the ink at the
tube’s end. Because the deposited filaments cure rapidly and adhere to
the substrates, the fiber is continuously pulled out as the nozzlemoves
forward during printing. This process serves as the drivingmechanism
for the deposition of continuous fiber. The relative motion between
the moving fiber and stationary ink generates a shear force essential
for aligning themesogens in the resin impregnated on the fiber bundle
(Fig. 1b). It is noted that although DIW 3D printing has been previously
adopted to fabricate conventional composites with continuous
fiber40–44, the innovation of this study is its application for 4D printing
LCE composites. Specifically, the shear force within the nozzle is uti-
lized todirect themesogen alignment at themicroscale and, therefore,
enable the monodomain state of the matrix LCE materials. Unlike
existing DIW printing methods for pure LCEs, which rely on the
extrusion of viscous resin within a sealed chamber45–47, the DIW
method developed in this study utilizes an open chamber. This
approach provides a robust driving force for fiber deposition, allowing
for the use of a fine deposition nozzle. As a result, it enables the
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Fig. 1 | The developed 4D printing setup and demonstrations of monodomain
LCE composite filaments. a A schematic diagram of the 4D printing setup with a
customized printer head. b Mechanism illustration of mesogen alignment during
4D printing. The green ovals represent the mesogens. See Fig. S2 for detailed
chemical structures. Note that the LCE ink was oligomerized before printing, a
process in which a few mesogens were joined together to form relatively long
polymer chains. The oligomer structures are not depicted in the schematic view to
maintain simplicity and clarity. v represents the printing speed. h represents the

distance between the needle tip and the substrate. d represents the nozzle dia-
meter. cDemonstration of monodomain LCE composite filaments: Sample ① and ②

are manually cast filaments with continuous carbon fiber. The matrix materials are
LCE resins and silicon resin, respectively; Sample ③ is a DIW printed filament with
continuous carbon fiber and precursor LCE resin without partial curing; Sample
④–⑥ are DIW printed filaments with continuous carbon fiber, flexible polyester
fiber, and metallic conductive fiber, respectively.
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Figure 1. Preparation and response of LCE fibers. A) The LCE fibers were prepared by a sequential chain extension and photopolymerization reaction
upon B) extruding an oligomeric liquid crystalline precursor onto a rotating mandrel. C) After preparation of the initial fiber, the material was subject to
twisting by regulated rotation in water (to prevent self-adhesion). The material was then subject to UV curing to complete the polymerization reaction
and arrect the prescribed geometry. Birefringent images of (i) straight and (ii) twisted LCE fibers D) along their length and E) across their width. The
fibers are ≈300 µm and scale bars in photos correspond to 100 µm. The thermomechanical response of the geometries examined here are illustrated F)
straight fibers, G) twisted fibers that remain rectilinear, form plectoneme, solenoid, or hybrid (plectoneme-solenoid) geometrical conversions defined
by twist density.

Mechanistically, these prior reports utilize the modest thermal
expansion of conventional polymeric materials. The geometrical
constraint of the system amplifies the stimuli-response to mani-
fest in macroscopic actuation.

The work presented here is motivated by a recent theoretical
description that considers fibers will spontaneously coil when
twisting a fiber and allowing the fiber to change length while
increasing the number of twists.[24 ] The spontaneous coiling oc-
curs because of the increased twist density in the fiber.[24,25 ] How-
ever, different types of spontaneous coiling can occur if a fila-
ment is stretched and highly twisted. The material system is pre-
dicted to exhibit one of three responses: a plectoneme, mixed
plectoneme and solenoid, and solenoid.[24 ] The shape change
associated with actuation is due to a structural change in geo-
metric phase space.[24 ] So far, these transitions have been ob-
served in static systems.[24 ] Natural systems dynamically form
plectonemes and solenoids of twisted fibers in materials such as
DNA[2%,27 ] or plant tendrils.[28 ] The materials that have demon-
strated these geometrical changes have been either non-stimuli-
responsive materials[2( ] or very slow-actuating.[)0 ]

Recent reports document the preparation of LCE fibers. Gen-
erally, LCE fibers have been prepared where the alignment di-
rection is parallel to the fiber’s long axis. Fibers have been pre-
pared by extrusion[)1 ] and electrospinning.[)2 ] These fibers have
shown promise as artificial muscles because of their inherent
stimuli response and force output. The fiber geometry also al-
lows LCEs to be readily integrated into devices by approaches

such as sewing.[)1 ] Other alignment of LCE fibers have studied
as well. By filling capillary tubes[)) ] LCE fibers can be aligned in
a direction perpendicular to the long axis of a fiber and twisting
an LCE fiber can lead to a rotating director profile.[)4 ] Further, the
stimuli-response of fibers have been improved by additives[)2 ] or
composition adjustments.[)5,)% ]

Here, we integrate LCEs as a stimuli response material into
twisted geometries. This examination illustrates that this com-
bination of materials and geometrical constraint can circum-
vent the inherent limitations of LCE stimuli-response in realiz-
ing a structural pseudo-first-order transition in geometric phase
space.[24,25 ] We consider the stimuli-response of LCE as a func-
tion of twist density. Distinct to prior reports, the fibers are con-
strained on both ends, which is critical to the geometrical re-
sponses detailed here. The intrinsic stimuli-response of an LCE
fiber is strongly affected by twisting such that the deformation
rate, work output, and force output are all increased. Accord-
ingly, twisted LCE material actuators mimic the fast-twitch and
slow-twitch response of muscle fibers and may advance the per-
formance of future generation robotic systems.

2. Results and Discussions

LCE fibers were partially polymerized after an oligomeric ink
(Figure 1) was extruded onto a rotating glass rod (Figure 1B). The
fiber diameter of this study was )00 micron. The materials chem-
istry utilized here was slightly adapted from a prior report.[)7 ]
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Figure 1. Preparation and response of LCE fibers. A) The LCE fibers were prepared by a sequential chain extension and photopolymerization reaction
upon B) extruding an oligomeric liquid crystalline precursor onto a rotating mandrel. C) After preparation of the initial fiber, the material was subject to
twisting by regulated rotation in water (to prevent self-adhesion). The material was then subject to UV curing to complete the polymerization reaction
and arrect the prescribed geometry. Birefringent images of (i) straight and (ii) twisted LCE fibers D) along their length and E) across their width. The
fibers are ≈300 µm and scale bars in photos correspond to 100 µm. The thermomechanical response of the geometries examined here are illustrated F)
straight fibers, G) twisted fibers that remain rectilinear, form plectoneme, solenoid, or hybrid (plectoneme-solenoid) geometrical conversions defined
by twist density.

Mechanistically, these prior reports utilize the modest thermal
expansion of conventional polymeric materials. The geometrical
constraint of the system amplifies the stimuli-response to mani-
fest in macroscopic actuation.

The work presented here is motivated by a recent theoretical
description that considers fibers will spontaneously coil when
twisting a fiber and allowing the fiber to change length while
increasing the number of twists.[24 ] The spontaneous coiling oc-
curs because of the increased twist density in the fiber.[24,25 ] How-
ever, different types of spontaneous coiling can occur if a fila-
ment is stretched and highly twisted. The material system is pre-
dicted to exhibit one of three responses: a plectoneme, mixed
plectoneme and solenoid, and solenoid.[24 ] The shape change
associated with actuation is due to a structural change in geo-
metric phase space.[24 ] So far, these transitions have been ob-
served in static systems.[24 ] Natural systems dynamically form
plectonemes and solenoids of twisted fibers in materials such as
DNA[2%,27 ] or plant tendrils.[28 ] The materials that have demon-
strated these geometrical changes have been either non-stimuli-
responsive materials[2( ] or very slow-actuating.[)0 ]

Recent reports document the preparation of LCE fibers. Gen-
erally, LCE fibers have been prepared where the alignment di-
rection is parallel to the fiber’s long axis. Fibers have been pre-
pared by extrusion[)1 ] and electrospinning.[)2 ] These fibers have
shown promise as artificial muscles because of their inherent
stimuli response and force output. The fiber geometry also al-
lows LCEs to be readily integrated into devices by approaches

such as sewing.[)1 ] Other alignment of LCE fibers have studied
as well. By filling capillary tubes[)) ] LCE fibers can be aligned in
a direction perpendicular to the long axis of a fiber and twisting
an LCE fiber can lead to a rotating director profile.[)4 ] Further, the
stimuli-response of fibers have been improved by additives[)2 ] or
composition adjustments.[)5,)% ]

Here, we integrate LCEs as a stimuli response material into
twisted geometries. This examination illustrates that this com-
bination of materials and geometrical constraint can circum-
vent the inherent limitations of LCE stimuli-response in realiz-
ing a structural pseudo-first-order transition in geometric phase
space.[24,25 ] We consider the stimuli-response of LCE as a func-
tion of twist density. Distinct to prior reports, the fibers are con-
strained on both ends, which is critical to the geometrical re-
sponses detailed here. The intrinsic stimuli-response of an LCE
fiber is strongly affected by twisting such that the deformation
rate, work output, and force output are all increased. Accord-
ingly, twisted LCE material actuators mimic the fast-twitch and
slow-twitch response of muscle fibers and may advance the per-
formance of future generation robotic systems.

2. Results and Discussions

LCE fibers were partially polymerized after an oligomeric ink
(Figure 1) was extruded onto a rotating glass rod (Figure 1B). The
fiber diameter of this study was )00 micron. The materials chem-
istry utilized here was slightly adapted from a prior report.[)7 ]
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Figure 1. Preparation and response of LCE fibers. A) The LCE fibers were prepared by a sequential chain extension and photopolymerization reaction
upon B) extruding an oligomeric liquid crystalline precursor onto a rotating mandrel. C) After preparation of the initial fiber, the material was subject to
twisting by regulated rotation in water (to prevent self-adhesion). The material was then subject to UV curing to complete the polymerization reaction
and arrect the prescribed geometry. Birefringent images of (i) straight and (ii) twisted LCE fibers D) along their length and E) across their width. The
fibers are ≈300 µm and scale bars in photos correspond to 100 µm. The thermomechanical response of the geometries examined here are illustrated F)
straight fibers, G) twisted fibers that remain rectilinear, form plectoneme, solenoid, or hybrid (plectoneme-solenoid) geometrical conversions defined
by twist density.

Mechanistically, these prior reports utilize the modest thermal
expansion of conventional polymeric materials. The geometrical
constraint of the system amplifies the stimuli-response to mani-
fest in macroscopic actuation.

The work presented here is motivated by a recent theoretical
description that considers fibers will spontaneously coil when
twisting a fiber and allowing the fiber to change length while
increasing the number of twists.[24 ] The spontaneous coiling oc-
curs because of the increased twist density in the fiber.[24,25 ] How-
ever, different types of spontaneous coiling can occur if a fila-
ment is stretched and highly twisted. The material system is pre-
dicted to exhibit one of three responses: a plectoneme, mixed
plectoneme and solenoid, and solenoid.[24 ] The shape change
associated with actuation is due to a structural change in geo-
metric phase space.[24 ] So far, these transitions have been ob-
served in static systems.[24 ] Natural systems dynamically form
plectonemes and solenoids of twisted fibers in materials such as
DNA[2%,27 ] or plant tendrils.[28 ] The materials that have demon-
strated these geometrical changes have been either non-stimuli-
responsive materials[2( ] or very slow-actuating.[)0 ]

Recent reports document the preparation of LCE fibers. Gen-
erally, LCE fibers have been prepared where the alignment di-
rection is parallel to the fiber’s long axis. Fibers have been pre-
pared by extrusion[)1 ] and electrospinning.[)2 ] These fibers have
shown promise as artificial muscles because of their inherent
stimuli response and force output. The fiber geometry also al-
lows LCEs to be readily integrated into devices by approaches

such as sewing.[)1 ] Other alignment of LCE fibers have studied
as well. By filling capillary tubes[)) ] LCE fibers can be aligned in
a direction perpendicular to the long axis of a fiber and twisting
an LCE fiber can lead to a rotating director profile.[)4 ] Further, the
stimuli-response of fibers have been improved by additives[)2 ] or
composition adjustments.[)5,)% ]

Here, we integrate LCEs as a stimuli response material into
twisted geometries. This examination illustrates that this com-
bination of materials and geometrical constraint can circum-
vent the inherent limitations of LCE stimuli-response in realiz-
ing a structural pseudo-first-order transition in geometric phase
space.[24,25 ] We consider the stimuli-response of LCE as a func-
tion of twist density. Distinct to prior reports, the fibers are con-
strained on both ends, which is critical to the geometrical re-
sponses detailed here. The intrinsic stimuli-response of an LCE
fiber is strongly affected by twisting such that the deformation
rate, work output, and force output are all increased. Accord-
ingly, twisted LCE material actuators mimic the fast-twitch and
slow-twitch response of muscle fibers and may advance the per-
formance of future generation robotic systems.

2. Results and Discussions

LCE fibers were partially polymerized after an oligomeric ink
(Figure 1) was extruded onto a rotating glass rod (Figure 1B). The
fiber diameter of this study was )00 micron. The materials chem-
istry utilized here was slightly adapted from a prior report.[)7 ]

Adv. Mater. 2024, 36, 2%011%0 © 202% Wiley-VCH GmbH2401140 (2 of 8)

 15214095, 2024, 34, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202401140 by Epfl Library B
ibliothèque, W

iley O
nline Library on [12/04/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

www.advancedsciencenews.com www.advmat.de

Figure 3. Deformation mechanics and geometrical phase diagram of twisted LCE fibers. A) Sequential images of twisted LCE fibers converting from
rectilinear to plectoneme or B) rectilinear to solenoid upon heating. Images are denoted by a Black Box are the start of actuation, red box – onset of
spontaneous coiling, blue box – formation of the first coil, and purple box – end of actuation. Scale bar in images is 1 mm. C) The thermomechanical
response of twisted LCE fibers can be mapped to a geometrical phase diagram. Regions are again color-coded: blue region – rectilinear-rectilinear,
yellow region – rectilinear-plectoneme, magenta region – rectilinear-solenoid). Black points are the strain value at 20 oC, red points denote the genesis
of structural change (plectoneme, hybrid, or solenoid), blue points denote the end of the first structural change, and purple points denote the actuation
strain at 120 oC. All data were taken without any applied load.

development of functional devices, such as robots. Analogous to
fast and slow-twitch muscle typology, the response of LCE fibers
can be tuned by twist density to achieve slow/high force output
or rapid/low force response. This report culminates in demon-
strating simple illustrations of these capabilities. In Figure 5A, a
device is prepared based on a straight fiber and a twisted (11.5
twist/cm) fiber on the other. Upon heating (120 oC), the twisted
fiber actuates first, followed by the straight fiber. The load is
small, which allows the rectilinear-plectoneme conversion in the
twisted fiber, enabling larger actuation stroke (highlighted by a
yellow arrow). In another illustration, we placed a straight and
twisted LCE fiber (Figure 5C) on a rectangle composed of an
elastomeric polymer (PDMS, 0.5 mm thick). The fibers were at-
tached to the PDMS by knots. Upon heating, the twisted LCE
fiber actuates first, followed by the actuation of the straight fiber.
Here, the fibers undergo rectilinear actuation at these load values
(e.g., tension), but the twisted fiber still actuates first. Generally,
the asymmetry in temporal and thermal response detailed hereto
can be readily leveraged to induce motility. Flipping this element
(Figure 5B) over, the fibers are placed in contact with the hot
surface. The element moves by sequential and time-sequenced
contact-deformation cycles. The magnitude and timescale of de-
formation introduced can be viewed in the Supporting Informa-
tion (Movie S%, Supporting Information). The motility was ana-
lyzed in Figure 5F and the device moves at a rate of ≈20% of its
body length per minute.

3. Conclusion

Twisting fibers composed of LCE can increase actuation stroke
magnitude and enhance stroke rate. Prior examinations of un-
twisted LCE fibers exhibit 50–60% strain[31,32 ] and a thermome-

chanical response of %% strain/°C.[36 ] By twisting LCE fibers and
subjecting them to geometrical constraint, we show that that
the thermomechanical response can reach as much as 300%
strain/°C at equivalent strokes. Systematic evaluation correlates
the twist density of the LCE fibers to the associated geometri-
cal transformation. For example, conversion of a rectilinear fiber
to a solenoid deforms at %0% strain/ °C while deformation to a
plectoneme deforms at 300% strain/°C. The stimuli-response of
the twisted LCE actuators are mapped to a geometrical phase dia-
gram. We suspect this phase diagram will be a(ected by fiber ge-
ometry and demonstrate that the stimuli-response is strongly de-
pendent on load. The twisted LCE actuators achieve specific work
of as much as %00 J kg−1 and specific power of 100 W kg−1. This
compares favorably to specific power detailed in a prior report.[3% ]

However, comparatively the work density of the system reported
here falls short of the 115 kJ m−3 value reported in this composite
system. The load-dependent geometrical response is analogous
to interconversion between the typology of natural muscles – con-
verting from strong but comparatively slow (solenoid) to weaker
but fast-twitch (plectoneme). The potential to time or tempera-
ture sequence actuation response in low density, high force, high
stroke actuators could be widely integrated in advancing the per-
formance of robotic systems.

4. Experimental Section
Synthesis of LCE Ink: The LCE ink was composed of a diacry-

late liquid crystal monomer (C6M), a dithiol chain extender (2,2′-
(Ethylenedioxy)diethanethiol, EDDT), and the tetraene crosslinker (Gly-
oxal bis(diallyl acetal), GBDA). These starting materials were melted and
mixed in a glass vial along with 1 wt.% of inhibitor (%-Mthoxyphenol,
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RESULTS
MEW- printed LCE micro!bers
The MEW technique is a high- resolution 3D printing method 
based on the layer- by- layer stacking of micro!bers, as illustrated 
in Fig. 1A. #e printing LCE ink used in this study was prepared 
using the Michael addition reaction between liquid crystal meso-
gens RM257 and chain extender 2,2′- (ethylenedioxy) diethanethiol 
(EDDET). More information on the ink preparation process can be 
found in Materials and Methods and !g. S1.

During the printing process, the prepared LCE ink was loaded 
into a syringe with a metal nozzle with a diameter of 26, 28, or 30 

gauge and then placed inside the heating chamber of a self- developed 
3D MEW printer (!g. S2). #e temperature of the heating chamber 
varied from 60° to 120°C, with the pressure maintained at 0.2 MPa 
to extrude the LCE ink through the nozzle. By applying high voltage 
(2 to 3 kV) to the metal nozzle and grounding the substrate, we cre-
ated an electric !eld, which charged the suspended LCE droplets at 
the nozzle and induced the accumulation of charges on the conical 
droplet surface. In accordance with the principles of electrohydro-
dynamic printing (31), the molecules on the surface of the LCE 
droplets experience electric !eld forces in both normal and tangen-
tial directions, the downward force of gravity, the air pressure exerted 

Fig. 1. The 3D MEW- printed LCE micro!bers. (A) Schematic illustration of 3D MEW- printed LCE micro!bers and 3D cross- scale structures. A high voltage of 2 to 3 kV was 
applied between a metal nozzle and the substrate. The melted LCE ink in an unaligned state was driven out of the nozzle to form Taylor cones and !ne jets. The powerful 
shear force inside the Taylor cones gradually aligned and oriented the mesogens of LCE micro!bers, which were deposited along preprogrammed paths on the substrate 
to construct various cross- scale 3D structures. (B) Schematic illustration of the generation of the shear force inside the Taylor cone during the MEW process. (C) Dynamic 
formation process of Taylor cones and stable LCE micro!bers during the MEW process. Scale bar, 500 μm. (D) SEM images of MEW- printed LCE micro!bers with di#erent 
diameters. Scale bars, 50 μm (D = 60 μm and D = 20 μm) and 10 μm (D = 4.5 μm). (E) POM images of the LCE micro!bers with aligned mesogens at two di#erent angles 
relative to the analyzer. Scale bar, 100 μm.
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droplets experience electric !eld forces in both normal and tangen-
tial directions, the downward force of gravity, the air pressure exerted 

Fig. 1. The 3D MEW- printed LCE micro!bers. (A) Schematic illustration of 3D MEW- printed LCE micro!bers and 3D cross- scale structures. A high voltage of 2 to 3 kV was 
applied between a metal nozzle and the substrate. The melted LCE ink in an unaligned state was driven out of the nozzle to form Taylor cones and !ne jets. The powerful 
shear force inside the Taylor cones gradually aligned and oriented the mesogens of LCE micro!bers, which were deposited along preprogrammed paths on the substrate 
to construct various cross- scale 3D structures. (B) Schematic illustration of the generation of the shear force inside the Taylor cone during the MEW process. (C) Dynamic 
formation process of Taylor cones and stable LCE micro!bers during the MEW process. Scale bar, 500 μm. (D) SEM images of MEW- printed LCE micro!bers with di#erent 
diameters. Scale bars, 50 μm (D = 60 μm and D = 20 μm) and 10 μm (D = 4.5 μm). (E) POM images of the LCE micro!bers with aligned mesogens at two di#erent angles 
relative to the analyzer. Scale bar, 100 μm.
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• Melt electrowriting (MEW) is a polymer melt processing technique which 
involves formation of polymer fibres and their controlled deposition to 
create complex architectures following additive manufacturing

• A high voltage (up to 10 kV) applied across the nozzle-collector gap (0 – 
10 mm) leads to the formation of a Taylor cone at the tip of the nozzle 
which forms into a stable polymer jet 

• The electrical forces acting on the jet lead to its thinning as it travels from 
the nozzle to the collector and fibres in the range of 5 – 50 μm can be 
formed depending on the parameters used 

• Once a stable jet is formed, the nozzle can be moved with respect to the 
collector at pre-defined speeds to deposit fibres in controlled and layer-by-
layer manner
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• Large actuation strain (60%), fast response (< 0.2s), and high power 
density (400 W/kg)

• Nematic isotropic phase transition of mesogens
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fiber when it was observed at 45° or 90° with respect to the analyzer. 
When the as-spun LCE microfiber was stretched by a uniaxial me-
chanical force (Fig. 1B, top), the liquid crystal mesogens were aligned 
along the axial direction. We could observe the maximal brightness 
of the fiber at 45° and minimal brightness at 90° with respect to the 
analyzer (Fig. 1B). As shown in Fig. 1B (top), when a stretched LCE 
microfiber (monodomain) was heated above its phase transition 

temperature, the LCE microfiber could 
transit from the nematic phase to iso-
tropic phase, inducing large uniaxial con-
traction. When the LCE microfiber was 
cooled down, it could fully recover to its 
original length (Fig. 1B).

Figure  1C shows the stress-stretch 
diagram of the as-spun LCE microfibers 
with different diameters, exhibiting the 
characteristic of soft elasticity (namely, 
the flat plateau in the stress-stretch curves). 
The stress plateau regime corresponds 
to the rotation of the mesogens. Com-
pared with the bulk LCE obtained from 
the same synthesis, the strength of LCE 
fiber is much higher than that of its 
bulk counterpart, mainly because of the 
elimination of defects in the material and 
the small size (fig. S3). Figure 1D shows 
the differential scanning calorimetry 
(DSC) measurement of the electrospun 
LCE fiber, from which we can find that 
the glass transition temperature and 
nematic-isotropic phase transition tem-
perature of the fiber are around 1° and 
95°C, respectively.

Actuation performance 
of electrospun LCE microfibers
To systematically characterize the actu-
ation performance of the electrospun LCE 
microfibers, we applied a tensile force on 
the fiber and measured its length change 
as a function of temperature as shown 
in Fig. 2A. At room temperature (RT = 
20°C), the length of LCE microfiber in-
creased from L to l(RT) because of the 
applied tensile force. When the envi-
ronmental temperature was gradually 
increased to T, the LCE microfiber gen-
erated uniaxial contraction due to the 
nematic-isotropic phase transition, and 
its length decreased from l(RT) to l(T). We 
then defined the actuation strain as 
 e =  l(RT ) − l(T) _ l(RT)   × 100% . The  actuat ion 
strain of the LCE microfiber as a func-
tion of temperature is plotted in Fig. 2B 
and fig. S4, where the actuation strain of 
the fiber increases monotonically with 
temperature. The actuation strains were 
55, 33, and 30% at 120°C when the ap-

plied stresses were 0.02, 0.08, and 0.16 MPa, respectively. If the as-spun 
LCE microfiber is not subjected to mechanical load, then the actuation 
strain is almost negligible, which further confirms that the as-spun fiber 
is in polydomain state (fig. S5). Moreover, we also studied the actuation 
strain of LCE microfibers with different diameters, which is shown 
in Fig. 2C. For a given applied stress, there is no substantial differ-
ence of the actuation strain when the diameter changes.

Fig. 1. Fabrication and actuation mechanism of an electrospun LCE microfiber. (A) Electrospinning of LCE micro-
fibers. Left: Schematic of the electrospinning setup. The positive electrode of power supply is connected to a metallic 
needle of the syringe, and the negative electrode is connected to a metallic mesh collector. The syringe pump is used 
to control the flow rate of the ink with a constant speed. The electrospun LCE microfiber is cross-linked under UV ir-
radiation during the electrospinning. The as-spun LCE microfiber can be collected from the mesh after electrospin-
ning. Middle: Optical images of as-spun LCE microfibers with different diameters on the metal mesh collector. Right: 
Scanning electron microscopy images of as-spun LCE microfibers with different diameters. (B) Top: Actuation mech-
anism of LCE fiber. The as-spun LCE microfiber is in the polydomain state. When a tensile force is applied onto the 
fiber, it is stretched from polydomain to monodomain state, and liquid crystal mesogens are aligned along the axial 
direction. When the stretched LCE microfiber is heated up, it contracts along the axial direction because of the 
nematic-isotropic transition. The fiber can fully recover to its initial length when it is cooled down. Bottom: POM imag-
es of polydomain, monodomain, and isotropic states of LCE microfibers observed at two different angles with respect 
to the analyzer. (C) Uniaxial tensile tests (at 25°C) of as-spun LCE microfibers with different diameters (22 to 66 mm). 
For the as-spun LCE microfibers with different diameters, the stress remains small when the stretch l is less than 
2.5 and then gradually increases with stretch for larger deformation. The stress plateau corresponds to the rotation 
of liquid crystal mesogens in the fiber. (D) DSC trace of as-spun LCE microfiber. The glass transition temperature Tg of 
the LCE microfiber is around 1°C, and the nematic-isotropic phase transition temperature Ti is around 95°C. Scale 
bars, 200 mm [(A), middle], 20 mm [(A), right], and 200 mm [(B), bottom].
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fiber when it was observed at 45° or 90° with respect to the analyzer. 
When the as-spun LCE microfiber was stretched by a uniaxial me-
chanical force (Fig. 1B, top), the liquid crystal mesogens were aligned 
along the axial direction. We could observe the maximal brightness 
of the fiber at 45° and minimal brightness at 90° with respect to the 
analyzer (Fig. 1B). As shown in Fig. 1B (top), when a stretched LCE 
microfiber (monodomain) was heated above its phase transition 

temperature, the LCE microfiber could 
transit from the nematic phase to iso-
tropic phase, inducing large uniaxial con-
traction. When the LCE microfiber was 
cooled down, it could fully recover to its 
original length (Fig. 1B).

Figure  1C shows the stress-stretch 
diagram of the as-spun LCE microfibers 
with different diameters, exhibiting the 
characteristic of soft elasticity (namely, 
the flat plateau in the stress-stretch curves). 
The stress plateau regime corresponds 
to the rotation of the mesogens. Com-
pared with the bulk LCE obtained from 
the same synthesis, the strength of LCE 
fiber is much higher than that of its 
bulk counterpart, mainly because of the 
elimination of defects in the material and 
the small size (fig. S3). Figure 1D shows 
the differential scanning calorimetry 
(DSC) measurement of the electrospun 
LCE fiber, from which we can find that 
the glass transition temperature and 
nematic-isotropic phase transition tem-
perature of the fiber are around 1° and 
95°C, respectively.

Actuation performance 
of electrospun LCE microfibers
To systematically characterize the actu-
ation performance of the electrospun LCE 
microfibers, we applied a tensile force on 
the fiber and measured its length change 
as a function of temperature as shown 
in Fig. 2A. At room temperature (RT = 
20°C), the length of LCE microfiber in-
creased from L to l(RT) because of the 
applied tensile force. When the envi-
ronmental temperature was gradually 
increased to T, the LCE microfiber gen-
erated uniaxial contraction due to the 
nematic-isotropic phase transition, and 
its length decreased from l(RT) to l(T). We 
then defined the actuation strain as 
 e =  l(RT ) − l(T) _ l(RT)   × 100% . The  actuat ion 
strain of the LCE microfiber as a func-
tion of temperature is plotted in Fig. 2B 
and fig. S4, where the actuation strain of 
the fiber increases monotonically with 
temperature. The actuation strains were 
55, 33, and 30% at 120°C when the ap-

plied stresses were 0.02, 0.08, and 0.16 MPa, respectively. If the as-spun 
LCE microfiber is not subjected to mechanical load, then the actuation 
strain is almost negligible, which further confirms that the as-spun fiber 
is in polydomain state (fig. S5). Moreover, we also studied the actuation 
strain of LCE microfibers with different diameters, which is shown 
in Fig. 2C. For a given applied stress, there is no substantial differ-
ence of the actuation strain when the diameter changes.

Fig. 1. Fabrication and actuation mechanism of an electrospun LCE microfiber. (A) Electrospinning of LCE micro-
fibers. Left: Schematic of the electrospinning setup. The positive electrode of power supply is connected to a metallic 
needle of the syringe, and the negative electrode is connected to a metallic mesh collector. The syringe pump is used 
to control the flow rate of the ink with a constant speed. The electrospun LCE microfiber is cross-linked under UV ir-
radiation during the electrospinning. The as-spun LCE microfiber can be collected from the mesh after electrospin-
ning. Middle: Optical images of as-spun LCE microfibers with different diameters on the metal mesh collector. Right: 
Scanning electron microscopy images of as-spun LCE microfibers with different diameters. (B) Top: Actuation mech-
anism of LCE fiber. The as-spun LCE microfiber is in the polydomain state. When a tensile force is applied onto the 
fiber, it is stretched from polydomain to monodomain state, and liquid crystal mesogens are aligned along the axial 
direction. When the stretched LCE microfiber is heated up, it contracts along the axial direction because of the 
nematic-isotropic transition. The fiber can fully recover to its initial length when it is cooled down. Bottom: POM imag-
es of polydomain, monodomain, and isotropic states of LCE microfibers observed at two different angles with respect 
to the analyzer. (C) Uniaxial tensile tests (at 25°C) of as-spun LCE microfibers with different diameters (22 to 66 mm). 
For the as-spun LCE microfibers with different diameters, the stress remains small when the stretch l is less than 
2.5 and then gradually increases with stretch for larger deformation. The stress plateau corresponds to the rotation 
of liquid crystal mesogens in the fiber. (D) DSC trace of as-spun LCE microfiber. The glass transition temperature Tg of 
the LCE microfiber is around 1°C, and the nematic-isotropic phase transition temperature Ti is around 95°C. Scale 
bars, 200 mm [(A), middle], 20 mm [(A), right], and 200 mm [(B), bottom].
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