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Switching Chirality in Arrays of Shape-Reconfigurable
Spindle Microparticles

Mingzhu Liu, Xingyue Han, So Hee Nah, Tianwei Wu, Yuchen Wang, Liang Feng,
Liang Wu, and Shu Yang*

The giant circular photo-galvanic effect is realized in chiral metals when
illuminated by circularly polarized light. However, the structure itself is not
switchable nor is the crystal chirality in the adjacent chiral domains. Here
spindle-shaped liquid crystalline elastomer microparticles that can switch
from prolate to spherical to oblate reversibly upon heating above the nematic
to isotropic transition temperature are synthesized. When arranged in a
honeycomb lattice, the continuous shape change of the microparticles leads
to lattice reconfiguration, from a right-handed chiral state to an achiral one,
then to a left-handed chiral state, without breaking the translational symmetry.
Accordingly, the sign of rotation of the polarized light passing through the
lattices changes as measured by time-domain terahertz spectroscopy. Further,
it can locally alter the chirality in the adjacent domains using near-infrared
light illumination. The reconfigurable chiral microarrays will allow us to
explore non-trivial symmetry-protected transport modes of topological lattices
at the light–matter interface. Specifically, the ability to controllably create
chiral states at the boundary of the achiral/chiral domains will lead to rich
structures emerging from the interplay of symmetry and topology.

1. Introduction

Artificial lattices that can be reconfigured into a wide range of
geometries in nano-/microscales in response to external stim-
uli will offer dynamically tunable chemical,[1] mechanical,[2]

optical,[3] and acoustic properties.[4] Various approaches and ma-
terial systems have been developed to achieve pattern trans-
formation. For example, topological transformations of cel-
lular microstructures have been demonstrated by capillarity-
induced buckling[4] or heat-triggered reorientation of liquid crys-
tals (LCs).[5] Swelling-induced snap-shut of circular pore ar-
rays leads to symmetry breaking of the square array of pores
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in hydrogel membranes.[6,7] More com-
plexity can be achieved by programming
the molecular alignment[2,8–10] or mag-
netic responsiveness[11] of the micropillars
within an array. Nevertheless, the transfor-
mation realized in literature, whether by the
closure of the pores, contact of the pillars,
or twist of pillars, relies on physically con-
straining the shape-changing units (pores
or pillars) by a stiffer matrix. Thus, the
shape change of the individual unit occurs
along the z-axis, and the residual stress
stored in the pores or pillars during fabrica-
tion could affect the uniformity of the chi-
rality switch in the microarrays.
The theory has suggested that 2D col-

loidal crystals assembled from discrete
anisometric particles can be reconfigured
into different ordered or disordered struc-
tures by controlling the shape change
of individual particles.[12,13] Microparti-
cles made from liquid crystal elastomers
(LCEs)[14] can change shapes under var-
ious stimuli[15–17] by programming the
molecular director field of LC mesogens

within the microparticle during its formation via surface
anchoring[18] or mechanical shearing.[19,20] However, continu-
ously changing the shapes of LCE microparticles to different
states in a microarray has not been demonstrated. When indi-
vidual microparticles, especially those with anisotropic shapes,
are arbitrarily arranged into microarrays with variable orienta-
tions and positions, we expect to generate complex transforma-
tion modes, leading to, for example, symmetry breaking from
achiral to chiral. When the chiral materials that lack mirror sym-
metries are illuminated with linearly polarized light, the polariza-
tion plane gets rotated, leading to optical activity.[21–23] Symmetry
breaking is especially attractive in topological lattices, which host
symmetry-protected transport modes where electrons or photons
can move only along the edges and surfaces. When photocurrent
is selectively switched along the light propagation direction in the
terahertz (THz) regime, we could explore potential applications
in security, biomedical imaging, wireless communication, and
photonic computing.[24–26] Although chiral switches of metama-
terials have been reported for THz polarizationmodulation,[27–29]

for example, through deformation of a chiral microelectrome-
chanical system (MEMS) pneumatically, those systems are typ-
ically based on hard materials and require large forces to induce
deformation.More importantly, it remains challenging to achieve
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local deformation in currently reported approaches, which will be
especially critical to realize topological transitions between the
trivial and nontrivial photonic phases.
Here, we synthesize spindle-shaped LCE microparticles with

planar surface anchoring using a flow-focusing microfluidic de-
vice. After photopolymerization and removal of small molecule
LCs, the LC director field within the spherical microdroplets be-
comes twisted, leading to the formation of spindle-shaped LCE
microparticles. Importantly, we show that the shape can be con-
tinuously and reversibly reconfigured from prolate to spherical to
oblate upon heating to different temperatures.When the spindle-
shaped microparticles are assembled into a honeycomb lattice
with a selected orientation, thus rendering a chiral configuration,
the shape change of individual particles induces the transforma-
tion of themicroarrays from a right-handed chiral state to achiral,
then to a left-handed chiral state. By embedding the microarrays
in a soft elastomer containing photothermal agents, the trans-
formation of microarrays can be regulated by the near-infrared
(NIR) light, enabling spatial control of chirality in the adjacent
domains. As a proof-of-concept, we demonstrate that the Fara-
day rotation angle of light at THz frequencies passing through a
chiral microarray can be switched.

2. Results and Discussion

2.1. Synthesis of Spindle-Shaped Microparticles

Spherical microdroplets consisting of non-reactive mesogenic
solvent, 4-cyano-4′-pentylbiphenyl (5CB), LC oligomer RM257-
1,3 PDT, and LC monomer RM82 in solvent dichloromethane
(DCM) are generated via a flow-focusing microfluidic device,[30]

suspended in amixed solution of 5 wt.% poly(vinyl alcohol) (PVA,
surfactant, molecular weight 13–23 k) in water, glycerol, and wa-
ter with a weight ratio of 1:1:2 (Figure 1a,b). 5CB lowers the
precursor viscosity while improving surface anchoring strength.
Other combinations of oligomers and monomers[31] can also be
used. Then DCM is removed by heating the suspension at a tem-
perature below the nematic to isotropic phase transition tem-
perature (TNI) of the LC mixture, yielding microdroplets with
bipolar configuration as PVA promotes planar anchoring at the
droplet interface. The resulting microdroplets have diameters in
the range of 30–50 μm. The upper limit of 50 μm is limited to the
microfluidic device setup, and microdroplets smaller than 30 μm
lose the spherical shape after DCM removal and are not polymer-
izable (Figure S1, Supporting Information). To make bigger mi-
croparticles, a microfluidic device with a larger orifice or a more
concentrated solution of the precursors in DCM may be used.
Considering the penetration depth (≈10 microns) of LC surface
anchoring, the diameter of the microparticles should not be too
large (on the order of hundreds of microns) using this solvent-
assisted method. Otherwise, the alignment of LC mesogens in-
side themicrodroplets during fabrication could be easily lost. The
theoretical lower limit of LCE microparticles is several microns,
below which LCs would prefer radial alignments.[32] Neverthe-
less, size control is not the focus of this work.
The microdroplets with bipolar configuration are photopoly-

merized under UV light, changing the director field from bipo-
lar to twisted bipolar as revealed by the change of textures under
the polarized opticalmicroscopy (POM), while the shape remains

spherical. The change of director field is attributed to anisotropic
shrinkage within the particle during polymerization, which is
larger at the equator than that at the poles, leading to a larger in-
crease of the splay and bend elastic constants than the twist elastic
constant to satisfy the boundary conditions.[33,34] When dispersed
in ethanol to extract 5CB, spindle-shaped LCE microparticles are
formed (Figure S2, Supporting Information). The photopolymer-
ization temperature is set≈15 °Cbelow theTNI of precursors (65–
67 °C) to preserve the director field of the nematic phase, while
suppressing the crystallization of monomers at lower tempera-
tures (Figure S3, Table S1, Supporting Information).
Themorphology of themicroparticles can be tuned by the frac-

tion of 5CB and the molar ratio of oligomers to monomers in
the precursors. Well-defined spindle-shaped microparticles are
obtained in the range of 30–50 wt.% 5CB (Figure 1c; Figure
S4, Supporting Information). Without 5CB, crystallization of the
monomers could induce local surface defects, and no shape
change is observed after ethanol wash. The shapes of micropar-
ticles become non-uniform when the concentration of 5CB is
greater than 60 wt.%. By changing the oligomer to monomer
molar ratio, we can tune the crosslinking density and TNI of the
microparticles (Figure 1d; Figure S5, Supporting Information).
POM textures are similar when the molar ratio is in the range
of 1.0–1.8; the slightly non-spherical shape is caused by the local
variations of the polymerization temperature. When there is no
oligomer in the droplet, the polymerized microparticles have the
highest crosslinking density and thus show minor shape change
after ethanol wash. When the oligomer-to-monomer ratio is in-
creased to 2.5, the network is too soft to support the formation of
the spindle shape.

2.2. Reversible Shape Transformation of Microparticles

Upon heated near and beyond TNI (e.g., 180 °C) of the LCEs,
the microparticle shrinks along the long axis and expands along
the transverse direction continuously, leading to the transfor-
mation of the microparticles from prolate to spherical, then to
oblate (Figure 2a). A higher oligomer-to-monomer ratio leads to
lower LCE crosslinking density,[31] thus lower TNI (Figure 2b).
The shape of the microparticles is recovered to the prolate spin-
dle when cooled below TNI (e.g., 60 °C) with slight hysteresis only
during the first cycle. The heating and cooling cycles are repeated
at least twelve times (Figure 2c,d; Figure S6a, Supporting Infor-
mation). Birefringence of the microparticles under POM is not
completely lost during the heating process (Figure S6b, Support-
ing Information), suggesting that LCmolecules could be partially
jammed within the microparticles to resist the phase transition.
When heated well-above TNI (e.g., 220 °C for a sample with TNI of
132 °C), the elastomer network seems to be somewhat disrupted
as the particles can only be partially recovered. After the charac-
terization of microparticles’ reversible shape transformation be-
haviors, we now turn our attention to constructing reconfigurable
microarrays from them. Suchmicroparticles can also be spatially
encoded into an elastomeric film to program its shape morphing
from 2D into complex 3D structures.[35]
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Figure 1. Synthesis of spindle-shaped LCE microparticles. a) Schematic illustrations of the synthesis. b) Bright-field optical microscopy (left) and
transmission-mode POM (right) images of the particle at each synthetic step. Inset: the proposed director field. The crossed white double arrows
indicate the crossed analyzer and polarizer. c) SEM images of the polymerized microspheres (left) and spindle-shaped microparticles (right) produced
after washing with ethanol. Results of different 5CB compositions (0, 30, 50, and 60 wt.%, respectively) are shown. The oligomer-to-monomer molar
ratio is kept at 1.4 for all trials. d) SEM images of the spindle-shaped microparticles produced from different oligomer-to-monomer molar ratios. 5CB is
kept at 50 wt.% for all trials. Scale bars: 30 μm.

2.3. Packing Microparticles into Microarrays

The top–down fabricated poly(dimethylsiloxane) (PDMS) mem-
branes of oval-shaped holes are used as templates to precisely
guide the position and orientation of themicroparticles, followed
by transferring the microparticles into a soft poly(ethylene gly-
col) diacrylate (PEGDA) elastomer for the study of thermally-
induced reconfiguration. The length and width of the holes
in the PDMS membranes match those of the microparticles
(42 and 30 μm, respectively), and the height (20 μm) of the
holes is slightly smaller than that of the microparticles (30 μm).
Further, the PDMS membranes are rendered hydrophilic by
adding poly(dimethylsiloxane-co-ethylene oxide) (PDMS-PEO) in
the PDMS precursor to facilitate the microparticle packing and
later release from the PDMS template. Microparticles suspended

in ethanol are drop cast onto the PDMS template and dried slowly
so that particles can flow into the pre-defined holes driven by cap-
illary force and gravitational force (Figure S7, Supporting Infor-
mation). The microparticles that are not packed into designated
positions are gently squeegeed using a glass slide and blown
away. An average of 94.2% ± 3.8% filling fraction of the microar-
rays withmicroparticles in the desired regions (averaged over five
randomly selected samples, each has ≈750 particles) is achieved
in the PDMS membranes. To prevent microparticles from rotat-
ing out of the holes during their shape change, we transfer the
microparticles into a PEGDA thin film (thickness of 200 μm) to
lock their positions (Figure S8, Supporting Information). Since
Young’s modulus of the microparticles (≈15.8 MPa measured
from atomic force microscopy, AFM) is 45 times larger than that
of the PEGDA (≈0.35 MPa measured from the tensile test), the
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Figure 2. Reversible shape transformation of microparticles. a) Bright-field optical microscopy images and the corresponding schematic illustrations
(bottom) of the microparticles during heating and cooling cycles. The shape of the microparticle is defined by the aspect ratio, length along the original
long axis (L) over the diameter of the original short axis (D). Scale bars: 20 μm. b) The change of aspect ratio (L/D) of the microparticles versus
temperature. c) The change of aspect ratio of the microparticles during the first heating and cooling cycle. The oligomer-to-monomer molar ratio is 1.4.
d) The cyclic change of aspect ratios of the microparticles. The oligomer-to-monomer molar ratio is 1.4. The lines are added to guide the eyes: the red
lines indicate heating and the blue lines indicate cooling. Each data point in (b–d) is averaged over three randomly picked microparticles. Error bars in
(c) represent standard deviations. Standard deviations in (b) and (d) are smaller than 0.05 and therefore they are not shown in the plots.

PEGDAmatrix does not interfere with the reversible actuation of
the microparticles upon heating and cooling, but keeps them in
place.[35]

2.4. Temperature-Dependent Reconfiguration of Microarrays

Since the shape change of the microparticles is highly depen-
dent on the applied temperature, the chirality of the transformed
microarrays is also temperature dependent. As the temperature
increases, the microparticles transform from spindle (prolate)
at ≈25 °C to spherical at ≈140 °C, then to disk-like (oblate) at
≈180 °C, while their positions are preserved during this process.
Comparing the final state with the initial state, the long axes
of individual microparticles rotate in-plane synchronously to the
transverse direction, which would not have been possible without
usingmicroparticles with programmed shape transformation. To
take advantage of the anisotropic shape of the microparticles and
their “90° rotation” after the shape switch, we arrange them in
a honeycomb lattice with the microparticles oriented in a clock-
wise fashion initially. During the heating and cooling cycles, a re-
versible switch of the chirality, in the 2D field, from right-handed
to achiral, then to left-handed and vice versa is observed, while
the threefold translational symmetry is maintained (Figure 3a,b,

Movie S1, Supporting Information). We note that the lattice
switches between two different non-symmetric states through a
symmetric intermediate state. The birefringence patterns show
no noticeable brightness change (Figure S9, Supporting Infor-
mation), the same as the case of single microparticles. We fur-
ther demonstrate the transformation of a variety of structures of
honeycomb lattices with different spindle orientation angles (90°,
45°, and −45°) and a square lattice following the same procedure
(Figure S10, Supporting Information). The shape change of each
particle is reversible for at least four cycles (Movie S2, Supporting
Information).
As the microparticles are embedded in PEGDA to fix their po-

sitions, their shape changes could distort the surrounding ma-
trix, and the particles nearby could compete in such distortions.
The degree of the distortion, and correspondingly the transfor-
mation temperature, will be highly dependent on Young’s mod-
ulus contrast between PEGDA and LCE microparticle, the parti-
cle packing density, the arrangement, and the interparticle dis-
tance. With the same particle density, to realize a certain shape,
microparticles placed in an asymmetric chiral pattern require a
lower temperature compared with those arranged in a symmetric
pattern, where each particle experiences equal competition from
all the neighboring particles (Figure S11a, Supporting Informa-
tion). Intuitively, increasing the interparticle distance canweaken
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Figure 3. Thermally-induced transformation of honeycomb lattice with chiral configuration. a) Schematic illustrations (top view and side view) of the
transformation of the array of microparticles. Each individual particles change shape from prolate to spherical, then to oblate upon heating, leading to
the transformation of the chirality of the 2D pattern. The white dashed lines indicate the original arrangement of the microparticles, and the red dashed
lines indicate the configurations of the microparticles at elevated temperatures. b) Bright-field optical microscopy images of the honeycomb lattice with
the chiral configuration at different temperatures. Inset: scheme of one six-particle unit. Images were taken during the first cycle. Scale bars: 100 μm.
c) Schematic illustration of the THz rotation measurement setup. 𝜃 is the rotation angle. d) The rotation angles of two samples with different chirality
show opposite signs at the initial states. e) The rotation angles of the same sample show the opposite signs at the initial state (25 °C) and the heated
state (180 °C).

the competition between particles as the elastomer matrix will
dissipate the distortion. As such, the transformation temperature
for microparticles in the symmetric patterns decreases when in-
creasing the interparticle distance (Figure S11b, Supporting In-
formation).

2.5. Switchable Circular Birefringence at THz Frequency

Circular birefringence is the rotation of the polarization plane
of light after passing through chiral materials. Different chiral
metamaterials have distinct chiral resonance frequencies from
gigahertz to terahertz.[36–38] We use a time-domain THz spec-
troscopy (Figure 3c) to measure the rotation of the polarization
plane of light passing through the microarrays before and after
heating. The incident THz radiation is vertically polarized (Ex

i )
using a wire grid polarizer. The transmitted THz radiation (Ef)
has a polarization plane at an angle 𝜃 from the vertical plane

(referred to as the THz rotation angle). The vertical (Ex
f ) and

horizontal (Ey
f ) projections of Ef are analyzed by a second polar-

izer mounted on the rotation stage.[39] As a first test, we mea-
sure two samples with an opposite chirality at room temperature,
and they show opposite signs of 𝜃 at initial states before heating
(Figure 3d). The solid line represents the clockwise sample which
produces negative rotation values, and the dashed line represents
the counterclockwise sample with positive values. Both have an
amplitude≈1mrad from 0.6 to 0.75 THz (The broader frequency
dependence is shown in Figure S12, Supporting Information).
Next, we perform reversible switching by heating and measuring
the THz rotation. As shown in Figure 3e, the chirality switching
of themicroarray overthe heating and cooling cycle results in sig-
nificant changes of 𝜃. Heating the clockwise sample from 25 to
175 °C reverses the sign of 𝜃, consistent with the counterclock-
wise pattern at 175 °C (Figure 3e, red arrow). The sign of 𝜃 recov-
ers after being cooled to 25 °C, indicating the reversibility of the
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Figure 4. NIR light-induced chirality transformation. a) Schematic illustrations of the transformation of one lattice unit under NIR light illumination.
b) Bright-field optical microscopy images of the honeycomb lattice under NIR light illumination, demonstrating chirality change. Initially, the LCE spindles
are packed in a clockwise configuration and embedded in PEGDA with gold nanorods. NIR light intensity: 3 W cm−2. c) Bright-field optical microscopy
images of the pattern transformation when only the left part (inside of the red dotted box) is illuminated by NIR laser through a photomask. Bottom:
Enlarged images showing the selected regions that undergo the chirality switch (red boxes) or maintain the original chirality (black boxes). Scale bars:
200 μm.

transformation of microarrays (Figure 3e, blue arrow). To further
validate the origin of the optical activity as the result of the chiral-
ity switch of the microarrays, we perform a 3D full wave sim-
ulation (Figure S13, Supporting Information). The simulation
results qualitatively agree with the experimental measurements,
show opposite signs of 𝜃 when the THz light passes through the
microarrays of different chirality, but no rotation when there is
no microparticles.

2.6. Light-Triggerable Spatially Programmable Transformation of
Microarrays

It will be intriguing to realize multiple topological transitions
between the trivial and nontrivial photonic phases by locally re-
configuring the orientation of the lattice units without altering
their global geometry. Therefore, through the combination of
the topologically protected edge states and reconfigurable topo-
logical one-way propagation of the “non-trivial” states, we could
freely steer light propagations in a 2D or 3D space. Such kind

of reconfigurable topological switches has been explored theoret-
ically in the microwave frequency from 2D dielectric photonic
crystals in a triangular lattice of elliptical cylinders.[40,41] Here,
to attest the possibility of local switching of chirality, 0.1 wt.%
gold nanorods (Figure 4a; Figure S14, Supporting Information)
are added to the PEGDA precursor as the photothermal agents
that can convert NIR light into heat.[42] This way, we can use
light to heat the matrix both globally and locally. The microarray
first undergoes a global transformation when the entire sample
is exposed to the 808 nm laser beam (reaching ≈170–180 °C af-
ter 12 s exposure with an intensity of ≈3 W cm−2, Figure 4b).
Similar to the effect of using the hot stage, two distinct chiral
states can be produced through the symmetry breaking of an in-
termediate symmetric structure. The transformation using the
NIR light is much faster (several seconds) compared to heat-
ing on a hot plate (several minutes) and recovers instantly when
the NIR light is off (Movie S3, Supporting Information). The
brightness of birefringence under POM is not lost during the
shape-changing process under NIR light (Figure S15, Supporting
Information).
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We then expose the sample to aNIR laser through a photomask
(see the setup in Figure S16, Supporting Information) so that
the microarray can be locally transformed. The exposed region
undergoes the transformation from anti-clockwise to clockwise
while the other parts remain anti-clockwise (Figure 4c, Movie S4,
Supporting Information). The slight shape change in the blocked
edges can be attributed to the heat transfer from the exposed re-
gion to the blocked region. Such designable, spatially controlled
transformation via local heating through the photothermal effect
of the gold nanorods will offer a new pathway to regulate polar-
ization in THz in 2D space. We note careful selection of the local
heating materials that do not interfere with the optical activities
enabled by the transforming microparticle arrays in THz will be
important.

3. Conclusion and Outlook

In summary, we create LCE microparticles that can undergo re-
versible and substantial shape changes upon heating and cooling.
When the microparticles are packed into arrays, the transforma-
tion of individual particles induced by heating or NIR light illu-
mination leads to the change of chirality of the microstructures
without breaking the translational symmetry, which is confirmed
by the reversal of the Faraday rotation angle of THz light. The op-
tical response obtained from our system is relatively small com-
pared with the values reported in the literature.[27–29] We believe
this could be further improved by optimization of the component
materials, design ofmicroarray geometries, assembly ofmultiple
layered microparticle arrays for switching from 2D to 3D, and in-
troduction of gradient assembly of microparticles. Nevertheless,
our system is unique in terms of its ability to dynamically and lo-
cally control the chirality switch, which would otherwise be chal-
lenging to achieve in existingmetamaterial systems.[27] The freely
reconfigurable microarrays produced from our approach over-
come the deformation limitations in MEMS and the rigid sub-
strate effect of soft lattices in a continuous medium, which will
allow for non-reciprocal motions in lattices with non-collinear
symmetry axes,[9] or actuations on curved surfaces. As the pattern
design is decoupled from the syntheses of the building blocks,
more complex patterns and programmable transformations can
be realized for potential applications including topological pho-
tonic switches, dynamic waveguiding, adaptive surfaces, and re-
configurable optoelectronic devices.

4. Experimental Section
Synthesis of RM257-13PDT Oligomers: The oligomers (RM257-1,3

PDT) were synthesized following a reported procedure.[31] In detail,
10.0 g of 1,4-bis-[4-(3- acryloyloxy-proplyoxy)benzoyloxy]-2-methylbenzene
(RM257, >95%, Wilshire Technologies Inc.) and 3.68 g 1,3-propanedithiol
(1,3 PDT, >99%, Sigma-Aldrich) were added into a 250 mL round-bottom
flask. Then 100 mL dichloromethane (DCM, Fisher Scientific) was added
to dissolve these chemicals with a stirring speed at 400 rpm, yield-
ing a transparent solution. After that, four drops (≈0.2 mL) of 1,8-
diazabicyclo(5.4.0)undec-7-ene (DBU, Sigma-Aldrich) were added as the
catalyst and the solution was stirred at room temperature (≈25 °C) for
24 h. The mixture was washed with hydrochloric acid (HCl, 37%, Sigma-
Aldrich) aqueous solution twice (first 1 m then 0.1 m, saturated sodium
chloride (NaCl, Sigma-Aldrich) was used to enhance the separation of

the organic phase and the aqueous phase). The DCM solution was then
dried bymagnesium sulfate (MgSO4, anhydrous powder, Fisher Scientific)
for 30 min and filtrated to remove MgSO4. Finally, 20 mg (0.2 wt.% of
RM257) butylated hydroxytoluene (BHT, Sigma-Aldrich) was added into
the LC oligomer solution and the oligomers were collected as a viscous
liquid after evaporating the DMC by RV 8 FLEX rotary evaporator. The vis-
cous liquid was collected in a vial and stored in the freezer (the transparent
liquid turned opaque white after two days in a freezer). Experiments were
carried out in a lab equipped with yellow light.

Synthesis of Gold Nanorods (AuNRs) and Surface Modification: AuNRs
were synthesized by following a standard seed-mediated method.[42] In a
typical procedure, a seed solution was first prepared by adding 0.25 mL
0.01 m HAuCl4·3H2O (Sigma-Aldrich) to 9.75 mL 0.10 m CTAB (Sigma-
Aldrich) aqueous solution in a 20 mL scintillation vial. Then, 0.60 mL of
freshly made 0.01 m NaBH4 aqueous solution was quickly injected into
the mixed solution of HAuCl4·3H2O and CTAB under vigorous stirring.
The color of the solution turned brownish-yellow, and the stirring was
stopped after 2 min. The seed solution was aged at room temperature
for 30 min before further usage. To prepare the growth solution, 10 mL
0.01 m HAuCl4·3H2O and 1.5 mL 0.01 m AgNO3 (≥99%, Sigma-Aldrich)
were added to 237.5 mL 0.10 m CTAB in a 250 mL flask. The solution was
slowly stirred for 15min followed by adding 1.6mL 0.1M ascorbic acid (Bi-
oUltra, ≥99.5%, Sigma-Aldrich). Finally, 1.8 mL seed solution was added
to the mixture. The solution was gently mixed and left at 30 °C for at least
3 h. The AuNRs solution was centrifuged at 9000 rpm for 20 min (Eppen-
dorf centrifuge 5804R) twice to remove excess CTAB and added into 20mL
2 mm PEG-SH (800 g mol−1, Sigma-Aldrich) solution, sonicated, and sat
still for 24 h. The AuNRs solution was centrifugated at 8500 rpm for 20min
and the supernatant was decanted. Finally, the AuNRs were dispersed in
the ethanol.

Microfluidic Device for Microdroplets Fabrication: A flow-focusing mi-
crocapillary device[30] was assembled for the fabrication of microdroplets.
The diameter of the orifice of the inner capillary was ≈200 μm. The aque-
ous phase was 1:1 wt:wt glycerol: 5% PVA (13-23k), and the outer phase
was a precursor solution of 5CB, RM 82, oligomer (RM257-1,3-PDT), and
initiator DMPA dissolved in DCM (0.25 g mL−1). The ratios of monomer
and oligomer could be varied (Table S1, Supporting Information). The TNI
of the mixture was measured by drop casting 20 μL of the DCM solution
onto a glass slide and observing the texture change with temperature un-
der POM after the DCM was evaporated (overnight in the fume hood at
25 °C room temperature). The aqueous phase and organic phase were fil-
tered through PES and PTFE membrane filters with 0.22 μm cut-off pore
size before usage, respectively. Microdroplets were collected in a vial with
a mixture of 5 mL 1:1 wt:wt Glycerol: 5% PVA (13–23 k) and 5 mL water
(10mL of 1.25 wt.% PVA and 25 wt.% glycerol in water). Typical fabrication
speeds were 300 μL h−1 for the inner phase and 2400 μL h−1 for the outer
phase. The size of themicrodroplets was tuned by the concentration of the
precursors in DCM. A concentration of 0.25 g mL−1 was usually used to
target 50 μm (diameter) particles by producing 80 μmmicrodroplets in the
microfluidic device. This solution was diluted with DCM to target smaller
sizes. For example, 200 μL of the solution (0.25 g mL−1) was diluted to
1 mL (0.05 g mL−1) to make final microparticles of 30 μm (diameter) from
the same-sized 80 μm DCM precursor microdroplets.

Synthesis of LCE Microparticles: The 20 mL vial, with microdroplets
(consisting of 5CB, and LC oligomers and monomers as the LCEs precur-
sor in DCM) suspended in a mixed solution of 1.25 wt.% PVA and 25 wt.%
glycerol in water, was placed on the heating plate with the cap opened at
50 °C overnight. The vial was gently shaked every several hours to promote
the evaporation of DCM and prevented particles from sticking onto the
bottom surface of the vial. Stirring might break apart the droplets, there-
fore, they were not stirred during heating. To study the impact of tempera-
ture, hot plates with different temperatures were used, including 2 days at
room temperature, 8 h at 35 °C, 6 h at 50 °C, or 4 h at 65 °C. This duration
could be prolonged to ensure the complete removal of DCM. The vials
were shaken to make sure no particles stuck to the bottom of the vials be-
fore UV polymerization to prevent nonuniform particle production. After
DCM removal, the vial was capped (on the heating plate) and exposed to
UV light (365 nm, ≈20 mW cm−2, DC4104 4-channel LED, Thorlabs) for
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1 h, during which the vial was gently shaken about every 10 min to prevent
the particles from sediment. After polymerization, particles were allowed
to sediment and concentrate (≈30 min) before washing with DI water or
ethanol (overnight) three times, respectively.

Observation of the Reversible Shape Reconfiguration of Single Micropar-
ticles: Glass substrates were precleaned by rinsing with acetone three
times, followed by drying with an air gun. Several microliters of spindle-
shaped microparticles dispersed in ethanol were drop casted and dried
onto a glassy slide. This slide was then put into a thermal stage (Linkam
Scientific Instruments Ltd., LTS420) equipped with the optical microscope
(Zeiss, axio imager.M2m) to study the shape change upon heating and
cooling cycles. The heating speed was set to 10 °C min−1, and the sample
was held at a certain temperature for 1 min before capturing images. The
shape change during this holding time was minimal.

Fabrication of PDMS Templates: Photomasks were prepared by di-
rect writing the patterns on the soda lime glass substrates (photoresist
AZ1500) using the Heidelberg DWL 66+ Laser Writer, followed by de-
veloping in Microposit MF-319 (Kayaku Advanced Materials), etching by
Chrome Etch 1020AC (Transene Inc.), and stripping in Microposit Re-
mover 1165 (Kayaku Advanced Materials), respectively. Photomasks for
NIR light exposure were fabricated in the same way. To create a master,
OmniCoat (Kayaku Advanced Materials) and 20 μm of SU-8 2025 (Kayaku
Advanced Materials) were spin-coated onto the Si wafer sequentially. The
wafer was exposed to UV light (365 nm, 130mJ cm−2) with the photomask
aligner (SUSS MicroTec MA6 Gen3 Mask Aligner). Then the wafer was de-
veloped in SU-8 developer (Kayaku Advanced Materials) to obtain oval-
shaped pillars with a height of 20 μm. Poly(dimethylsiloxane-co-ethylene
oxide) (PDMS-PEO, Polysciences Inc.) was added to the PDMS base and
curing agent (Sylgards 184 Silicone elastomer kit, Dow Corning) in 1:5:50
by weight. The PDMS mixture was poured onto the wafer and cured at
65 °C for 2 h. The fully cured PDMS-PEO template was peeled off from the
silicon wafer with oval-shaped holes that LCE particles could settle in. The
PEO componentmade the template hydrophilic, which both promoted the
particle packing and facilitated the later transferring process.

Assembly of LCE Microparticles in PDMS Template: The suspension of
microparticles in ethanol (≈1% wt/v, weight of microparticles in mg over
volume of ethanol in μL) was shaken before dispensing 40 μL onto the
PDMS template. The PDMS substrate was left inside a petri dish with a
cover and allowed to dry for ≈4 h. The sample was checked under an op-
tical microscope to confirm the packing of microparticles guided by the
pattern. Microparticles not trapped in the templated holes could be re-
moved by carefully squeegeeing the PDMS surface with a glass slide and
blowing away with a compressed air duster (Falcon Dust, Off Compressed
Gas (152a) Disposable Cleaning Duster). This process could be repeated
to improve the packing fraction.

Transferring Microarrays into Elastomer: Elastomer precursor was
prepared by mixing poly(ethylene glycol) diacrylate (PEGDA, 2.8 g,
average Mn 700, Sigma-Aldrich), 2,2′-(Ethylenedioxy)diethanethiol
(EDDT, 1.28 g, 95%, Sigma-Aldrich), pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP, 0.36 g, >95%, Sigma-Aldrich), 2-Hydroxy-
2-methylpropiophenone (Darocur 1173, 42 mg, Sigma-Aldrich, 1.5 wt.%
based on PEGDA, photoinitiator), and methylhydroquinone (MEHQ,
56 mg, Sigma-Aldrich, 2 wt.% based on PEGDA, inhibitor). About 10 μL
precursor was cast onto a clean glass (2.5 cm × 2.5 cm watch glass, Fisher
Scientific, blown with compressed air before usage) with a 100-μm-thick
PDMS spacer. Then the PDMS pattern with microparticles was applied
onto the drop and allowed the precursor to diffuse for 5 min before UV
exposure (200 mW cm−2) for 5 min. The glass with elastomer-embedded
microparticles was carefully peeled off the PDMS pattern. Then another
100-μm-thick PDMS spacer was used to cover the top of the sample with
PEGDA elastomer. This precursor mixture should be prepared within one
week of usage to avoid the effect of gelation. For the samples used for
NIR light-induced reconfiguration, 0.1 wt.% gold nanorods were added
into the elastomer precursor.

Observation of the Pattern Transformation: The elastomer with em-
bedded microarrays of microparticles was put onto a glass slide. Then
the sample was heated/cooled inside a thermal chamber at the speed of
20 °C min−1. For light-induced transformation, the sample was put un-

der a microscope, and a NIR laser (808 nm, ≈3 W cm−2) was turned on
from a portable infrared laser pointer (LaserTo). Images were captured at
selected temperatures or different light exposure durations. Videos were
taken at the same setup.

Measurement of Polarization Rotation in Microarrays: A time-domain
terahertz (THz) spectroscopy was used to measure the circular birefrin-
gence of the chiral microarrays. A fiber laser (780 nm, 82 fs, Toptica,
FemtoFiber smart 780) was split into pump and probe beams. The pump
beam excited a photoconductive antenna to emit THz radiation. The co-
propagating THz signal and the probe beam overlapped at the THz detec-
tor (another photoconductive antenna). The retardation between the two
beams was controlled by a delay stage to measure the entire time profile
of the THz electric field signal. The frequency-domain signal was then ex-
tracted with Fourier transformations. The polarization rotation was com-
puted from 𝜃 = Ey

f
(𝜔)∕Ex

f
(𝜔). The temperature of the microarray sample

was controlled by a hot plate (Thermo Scientific Cimarec SP88854105).
Simulation: 3D full wave simulations based on finite elementmethods

were used to simulate the transmission with a vertical incidence. Figure
S13 (Supporting Information) shows the details of the setup. Refractive
indices of 3.0 and 1.3 were used for microparticles and matrix, respec-
tively. The polarization rotation angle Δ𝛼 of a linear-polarized light was
calculated by Δ𝛼 = (𝜑R − 𝜑L)/2.

Characterization: Bright-field microscopy images, videos, and POM
images were obtained using an Olympus BX61 Motorized Microscope
equipped with crossed polarizers. Bright-field microscopy images during
heating and cooling cycles were taken with a Zeiss microscope (Axio im-
ager.M2m) equipped with a thermal stage (Linkam Scientific Instruments
Ltd., LTS420). SEM images of particles were taken from an FEI Quanta
600 environmental scanning electron microscopy at a 3 kV electron beam.
Particles were dried on a silicon wafer and sputter coated with Iridium
(Ir) with a thickness of 4 nm before imaging. Some images were digitally
post-processed to improve brightness and contrast. Transmission elec-
tron microscopy image of gold nanorods was taken on a JEOL JEM-F200
at 200 kV. Absorbance spectra of gold nanorods were collected from the
Agilent Cary 5000 UV–vis–NIR spectrophotometer from 400 to 1000 nm
with an interval of 1 nm and scanning rate of 600 nm min−1.

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