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Programmable self-propelling actuators enabled by

a dynamic helical medium
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Rotation-translation conversion is a popular way to achieve power transmission in machinery, but it is rarely selected by
nature. One unique case is that of bacteria swimming, which is based on the collective reorganization and rotation
of flagella. Here, we mimic such motion using the light-driven evolution of a self-organized periodic arch pattern.
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The range and direction of translation are altered by separately varying the alignment period and the stimulating
photon energy. Programmable self-propelling actuators are realized via a specific molecular assembly within a
photoresponsive cholesteric medium. Through rationally presetting alignments, parallel transports of micro-
spheres in customized trajectories are demonstrated, including convergence, divergence, gathering, and orbital
revolution. This work extends the understanding of the rotation-translation conversion performed in an exqui-
sitely self-organized system and may inspire future designs for functional materials and intelligent robotics.

INTRODUCTION

Motions—including translations, rotations, swings, vibrations, etc.—
are ubiquitous in the world (1). Rotation-translation conversion has
kept being an unfailing paradigm for the energy transduction in ar-
tificial systems. For instance, the back-and-forth translation of an
engine’s piston to rotate wheels and then to the translation of vehi-
cles. However, this dominant conversion mode is rarely selected by
nature. Bacteria can swim freely in liquids by using flagella (2, 3).
Here, the protein flagellar motor is driven by the transmembrane
flux of H' or Na", promoting the collective reorganization and ro-
tation of flagella. It works similar to screw propellers driven by tiny
rotary motors. Notably, in addition to the molecular motor, the me-
chanical gear system is replaced by self-assembled microstructures.
This kind of motion is unique, and no counterpart has ever been
found in advanced beings. If one can mimic such stimuli responsive-
ness and microstructure-engaged motions with an active bottom-up
self-organized composite, then versatile self-propelling microactua-
tors would be created, enabling accurate, nonmechanical, and even
programmable rotation-translation conversions. It will inspire new
intelligent devices such as robots, assembly lines, and automatic
sorters operating in mesoscope or microcosm.

In the natural world, organisms move based on the collective
contraction of muscle tissues triggered by neuronal signals. To
mimic the functionality of muscles, various smart materials with
the ability to perceive external stimuli have been developed (4-6).
Liquid crystal (LC) polymers can simulate motions—such as oscil-
lating (7, 8), rotating (9), and creeping (10)—Dby specifically bend-
ing or twisting the films. These deformations originate from the
complex asymmetric contraction or expansion on the opposite
sides (11-13) via presetting designed director configuration with
specific external stimulation. In addition to solid films, LC, an
ordered anisotropic medium exhibiting stimuli-responsive fluidic
flow (14-17) and elastic deformation (18-21), supplies another
platform for liquid actuators (22-25). Doped with a certain amount
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of light-driven molecular motor, the cholesteric LC (CLC) exhibits
a reversibly tunable helical pitch p. Winding and unwinding process-
es can be separately carried out under the light stimulation with dif-
ferent photon energies. Moreover, through properly selecting the
molecular motor and rationally setting the stimulating condition,
the orientation of helical axis can be three-dimensionally manipu-
lated (26). For a semi-free CLC film, a fingerprint texture is formed
because of the fluctuated helical structure adjacent to the LC-air in-
terface (27, 28). Along with winding/unwinding, the torque induced
by the variation of intrinsic viscoelasticity triggers the rotation of
microparticles (27, 29, 30). It provides a perfect counterpart for
above protein motors. So far, the engineering of self-organized
microstructure-engaged transmission systems is still elusive, hinder-
ing the emergence of programmable self-propelling actuators.
Here, we propose a strategy for such self-propelling actuators
via architecting an exquisite configuration in a photoresponsive
helical medium. The light-driven motor is enabled by the winding/
unwinding of CLC helixes derived from the photoinduced con-
formational change of the doped chiral molecular switches. The
rotation-translation conversion is accomplished by introducing a
periodically and continuously varied alignment. In addition, the di-
rection of in-plane translation can be rationally designed via pre-
programming the alignment condition. For the proof-of-principle
demonstration of programmable actuators, we adopt microspheres
to verify their converging, diverging, aggregating, and orbiting
functions. This work mimics the motion of bacteria and demon-
strates the functions of programmable self-propelling actuators.

RESULTS

Light-driven dynamics of helical structures

When coated onto a unidirectional planar alignment layer, as pre-
sented in Fig. 1A, the CLCs adjacent to the substrate (green rods)
are guided by the alignment agent (yellow rods parallel to the y axis).
Planar helical layers with standing helixes (along the z axis) develop
from the substrate and occupy the bulk of the film. The handedness
of the helical structure is determined by the chirality of the dopant.
The helical pitch of CLC is defined in Fig. 1A, depending on both
the helical twisting power (HTP) and the concentration of the chiral
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Fig. 1. Unidirectionally aligned semi-free CLC. (A) Helical configuration of the semi-free film (bottom) and corresponding fluctuated phase profile (top). / denotes the
stripe period, and p indicates the helical pitch. (B) Schematic illustrations of the light-stimulated winding/unwinding of CLC helixes. Blue and green half-headed arrows
denote the light stimulation conditions. Orange cylinders in (A) and (B) denote the directions of grating stripes. (C) Grating textures corresponding to the states shown in (B).
White arrows denote the polarizer and analyzer transmission axes, respectively. Scale bar, 20 um.

dopant. Because of the air-induced homeotropic anchoring, a lateral
periodic director fluctuation is generated near the LC-air interface
under the antagonistic anchoring condition (text S1). A periodic
variation of phase @ occurs as a result of the repeatable director un-
dulation (mazarine rods) in the length of I [ is typically several
times larger than p, and it is a feature of the equilibrium state with
minimum free energy under given surface anchoring energy, elastic
torque of the LC and HTP of the chiral dopant. Under a polarizing
optical microscope (POM), a grating with the period of [ is ob-
served. Notably, the grating vector is free with respect to the align-
ment (y axis), and it is determined by both the film thickness and
the helicity of CLC for a given alignment (fig. S1). Here, the grating
vector along the x axis is just for easy illustration. In this work, a
photoresponsive left-handed chiral dopant ChAD-3c-S (orange
rods) is adopted. When the film is exposed to blue light (450 to
490 nm), continuous unwinding occurs because of the change of
molecular conformation (Fig. 1B), resulting in a gradual increase of
p (fig. S2). The inverse winding process can be triggered by the
green light irradiation (fig. S2) or at high temperature. Figure 1C
vividly reveals the synchronous rotation of the grating with the
winding/unwinding of the CLC. Thanks to the anisotropic visco-
elasticity of LC, the collective in-plane rotation of LC directors pro-
vides a rotation torque to suspended particles, thus supplying a
self-organized light-driven motor (27, 29).

Self-organized microstructure engaged rotation-translation

conversion

Since the optical and elastic anisotropies are both dependent on the
director field, the rotation-translation conversion could be reason-
ably expected by rationally programming the director distribution
of LC. The initial orientations of helixes follow the guidance of local
alignments; thus, they can be spatially manipulated via photopattern-
ing (Fig. 2A). Here, a periodically and continuously varied align-
ment is introduced. Its orientation is expressed as
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n = (nyny,n;)= (cosa,sina,0) (1)

where the azimuthal angle o = nx/A or —nx/A, and A is the alignment
period. Figure 2B illustrates the alignment for a = nx/A, which is
composed of alternate splay and bend orientations along x. Because
of the fixed angle between the grating vector and the corresponding
alignment for a given CLC film, the generated grating stripes splay
and bend accordingly and form a periodic arch pattern (Fig. 2C).
The period of the arch pattern equals to A, which is 100 um in our
experiments. Forked edge dislocations (31) with Burger’s vector of [
tend to exist in splay regions of the periodic arch pattern (Fig. 2C
and fig. $3). The periodicity of their distribution perfectly matches
with A. Under blue light exposure, collective unwinding occurs, re-
sulting in a gradual increase of I (Fig. 2D). After 15 min, [ approaches
the maximum. This variation reflects the light-driven structure evo-
lution. To further inspect the order of the periodic arch pattern,
diffraction patterns are recorded, as shown in Fig. 2E. Diffraction
rings are observed because of the continuous curving of the grating
vector and the uniform [. Along with blue light exposure, the radius
and intensity of the diffraction ring decrease, which results from the
increase of  and the order decay, respectively.

Now, let us focus on a single period of the pattern with the local
tangential directions of the grating stripes labeled by a group of blue
bars. Along with the unwinding of the helix, blue bars rotate locally,
i.e., no flow occurs (text S2), giving a directional shift of the periodic
arch pattern and corresponding dislocations along —x (Fig. 2F and
movie S1). The dependency of x-direction displacement Ax on the
rotation angle 0 of the grating is presented in Fig. 2G. It is obvious
that the pattern shifts one A when the helix unwinds each half pitch.
The unwinding process of CLC is thus successfully transformed
to the lateral shift of the periodic arch pattern and the transla-
tion speed is proportional to A, showing a A-determined velocity
(fig. S4). Furthermore, if the alignment pattern is set as a = —mx/L,
then the pattern shifts in the opposite direction (fig. S5). The shift

20of7

1202 ‘9 1snbny uo /B10°Bewaduslos saoueApe//:dny woly papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

A

\N=stUNS=2/] INS=c/INSN=~/

AN=2/S\N=/ INNB 2/ INN=s /I NN=r
NS =/ INS—/ NS~/ NS/ I N/

e

® © 0% ©°
2lO 3I0 4IO
Time (min)
E 17

F G 2
=\ 400 Z
200
=)
x
A 4
- 200
") 400

3m/2

Fig. 2. Light-stimulated evolutions of photopatterned textures. (A) Helical con-
figuration of the photopatterned CLC. (B) Schematic of the alignment condition.
(C) POM texture of the generated periodic arch pattern. The group of blue bars de-
notes the local tangential directions of grating stripes in a single period. The inset
illustrates a magnified texture with an edge dislocation. (D) Relationship between /
and the exposure time. Insets are POM images of periodic arch patterns with different /
during blue light exposure. The irradiance of blue light is about 100 yW/cm?.
(E) Diffraction patterns during the exposure with exposure time labeled (min).
(F) Light-stimulated shift of the periodic arch pattern. The exposure time is labeled
in corresponding micrographs. (G) Dependency of Ax on 6. White arrows denote
the polarizer and analyzer transmission axes, respectively. Scale bars, 50 um.

direction can be reversed by changing the wavelength of stimulating
light as well.

The texture vividly reveals the specific spatial director field of the
CLC. Actually, besides optical anisotropy, other properties, such as
elasticity, are also bonded to the director field (32-34). The light-
driven lateral shift of the periodic arch pattern is expected to provide a
thrust arising from the unidirectional moving of the periodically
varied elasticity. Here, 3-um-diameter microspheres with weak tan-
gential anchoring are sputtered on the film to verify the propulsion.
They are partially embedded in the CLC film, as observed under the
confocal microscope (fig. S6). Most microspheres (~80%) are trapped
by dislocations, which facilitates the reduction of free energy of
the system (35). A schematic is drawn to present the surrounding
director field of the partially embedded microsphere (fig. S7). As
revealed in Fig. 3A and movie S2, they are carried by dislocations
and transported along with the shift of periodic arch pattern. In our
work, an optimized irradiance of 100 uW/cm? is selected to achieve
steady and predictable motions of microspheres (fig. S8A). The
trajectories and moving speed of three dislocation-trapped micro-
spheres are analyzed and presented in Fig. 3B and fig. S8B. Motions
of microspheres are synchronous to the lateral shift (—x) of the
pattern within the first 25 min and exhibit excellent directional
selectivity, with Ay 20 times smaller than Ax. Then, microspheres
cannot keep pace with the shift of the periodic arch pattern, attrib-
uting to the elasticity-induced decreasing of driving force after long-
time exposure. Considering the interaction between microspheres
and dislocations, a series of potential wells exist along x, and micro-
spheres are more probably trapped in the potential wells (Fig. 3C, 1).
U and P denote the potential and probability, respectively. When
the periodic arch pattern is shifted under the light stimulation, the
potential wells move accordingly. The mismatches between pairs of
potential wells and microspheres result in a sufficient elastic driving
force (Fig. 3C, ii), leading to the —x transportations of microspheres
(Fig. 3G, iii).

To support the mobility, the elastic driving force F. should over-
come the Stokes drag force Fs = 6mnRv (36), where n is the viscosity of
the fluid, R is the sphere radius, and v is the speed. Here, 1 =29.9 mPa-s
and R = 1.5 pm. Thus, F; is about 0.2 pN at v = 15 um/min, and F; is
about 1.0 pN at v = 68 pm/min, which is the maximum v. The elastic
energy density of the CLC film is mainly determined by the helical
structure with the characteristic of the helical pitch (37). F. origi-
nates from the elastic energy density change Af during the light-
induced variation of p (from py = 2 pm to p; = 4 pm within the first
80 min; fig. S2)
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Fig. 3. Microstructure-engaged rotation-translation conversion. (A) Transport of microspheres toward —x. White arrows denote the polarizer and analyzer transmis-
sion axes, respectively. The exposure time is labeled in corresponding micrographs. Scale bar, 50 um. (B) Dependencies of Ax (blue) and Ay (black) on 6. (C) Spatial potential

analysis on light-driven transportations of microspheres.

Ma et al., Sci. Adv. 2021; 7 : eabh3505 6 August 2021

30of7

1202 ‘9 1snbny uo /B10°Bewaduslos saoueApe//:dny woly papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

2 .2
Afml.K22.4n b @)
2 2 2
P1- Py
where K;; = 5 pN is the twist elastic constant. The power is
calculated as

P = Af- VIt 3)

where V' = %nR3 and t =80 min. F, = P/v =~ 0.2 pN at v = 15 um/min.
Thus, F. equals to F, suggesting an elasticity change mechanism for
motions of particles. In our work, particles tend to be trapped and
carried by dislocations. The shift of dislocations is induced by the
variation of free energy during the structure evolution, which is
similar to the case of the CLC filled in a Grandjean-Cano wedge
(31). Here, the antagonistic anchoring and the periodically variant
surface alignment lead to complex curvatures of helical axes and
irregular relaxations of the helical pitches (fig. S6A). Fortunately,
the trapping and moving mechanism makes the picture of rotation-
translation conversion easy to be caught (fig. S9).
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Programmable self-propelling actuators

The light-driven winding/unwinding of CLC helix is successfully
converted to the translation of microspheres. The translation fol-
lows the direction of periodic alignment changing. This suggests
that programmable self-propelling actuators can be realized via
rationally presetting the alignment condition. As shown in Fig. 4
(A and B, i), radial periodic alignments with o = nr/A and —nr/A are
carried out separately, where r is the polar radius. Accordingly, pe-
riodic circular arch patterns with opposite orientations are formed.
Under the stimulation of blue light, uniformly scattered micro-
spheres converge to and diverge from the center, respectively
(Fig. 4, A and B, ii to iv; fig. S10; and movies S3 and S4). If we com-
bine these two designs, then microspheres will aggregate at the
green circle-labeled boundary (Fig. 4C, fig. S10, and movie S5). In
addition to the linear transport, orbital translation is achieved by
presetting an azimuthally continuously varied alignment pattern
(Fig. 4D and movie S6). A reversible process is observed under
green light irradiation (fig. S11). The above functions of self-propelling
actuators are inherently encoded in their patterned structures,
which is expected to be freely tailored. It needs to be noticed that all
birefringent colors, which are very sensitive to the film thickness,
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Fig. 4. Programmable transporting actuators. (i) Photoalignment conditions, (ii) initial states, (iii) trajectories, and (iv) end states of dispersed microspheres for motions
of (A) converging, (B) diverging, (C) aggregating, and (D) orbiting. Insets in (i) show the amplified images of the blue rectangular marked regions. The color change from
white to gray indicates the alignment direction changing from 0° to 180°. The color difference of circles in (D) (ii and iv) is to distinguish microspheres. White arrows de-

note the polarizer and analyzer transmission axes, respectively. Scale bars, 50 um.
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keep uniform under irradiation, indicating that no flow occurs
during the winding/unwinding of the helical structure (text S2).

DISCUSSION

So far, we have realized the rotation-translation conversion within a
light-driven and microstructure-engaged transmission system. By
presetting a periodically and continuously varied alignment, a periodic
arch pattern is induced by the intrinsic self-assembly of CLC. The
shift of the pattern under irradiation reflects the collective and con-
tinuous reorganization of the LC directors with fixed positions,
similar to the rotation of the CLC grating (30). In this case, dislocations
follow the shift of the periodic arch pattern and carry the particles
synchronously (fig. S9). Thereby, it successfully converts the light-
driven winding/unwinding of CLC helix to the unidirectional transla-
tion of microspheres. Film thickness is a key parameter for the
self-propelling actuator. It can be tuned by the spin-coating rate. In
our work, an optimized thickness of 8.7 um (spin-coating rate of
1000 rpm) is selected (text S3). The range of translation displace-
ment can be changed by varying the alignment period, while the
translation direction follows the direction of the periodic alignment
changing. Benefiting from the high-resolution and arbitrary surface
pattern engineering of photoalignment, self-propelling actuators
with customized trajectories can be generated by rationally preset-
ting the alignment condition. Thus, it provides an excellent plat-
form for programmable transmission systems. The chiral dopant
endows the self-propelling actuators with reversible translations,
which can be altered by the photoenergy. Moreover, the light stim-
ulation is a remote control that only needs low-power light-emitting
diodes (LEDs). The power density is only ~100 uW/cm?, which is
about 1/500 of the irradiance of optical tweezers (38), greatly reduc-
ing the light damage to the sample. Via introducing structured light
irradiation and multivariant stimulations, dynamic switch among
different trajectories is also achievable.

Thousands of particles are massively and parallelly transported
in a single square millimeter. Besides 3-pum-diameter methacrylate-
resin microspheres, other sized microspheres with diameters of 1.5,
5, 6.9, and 7.7 um are also investigated. The mobilities of the first
three types of microspheres are almost the same, except for reduced
translational distances for larger microspheres. For 7.7-pm-diameter
microspheres, they change the surrounding film thickness and
distort the vectors of CLC gratings (fig. S12A), thus hindering the
particle mobility. Microrods with the aspect ratio from 2 to 6 can be
transported if the particle size is appropriate. Large microrods in-
duce distortions similar to the case of 7.7-um-diameter micro-
spheres (fig. S12B). Other functional objects—such as bacteria,
fluorescent and magnetic particles with proper size, shape, and an-
choring condition—are expected to be transported as well. The
maximum translation distance is >600 um in our experiments,
which can be further extended by increasing A, the concentration
of the chiral molecular switch, or the film thickness. Thanks to
the intrinsic fluidity and external field responsiveness of CLC, three-
dimensional manipulation can be achieved with diverse stimuli.
Such a programmable self-propelling actuator provides a vivid
counterpart to bacteria and markedly extends our understanding
of the rotation-translation conversion performed in an exquisite
self-organized system. In addition to the controllable trajectory,
motions of loaded particles are also found to be sensitive to their
surface energy and geometries. This may pave a new way for
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intelligent manufacturing and optofluidics and will inspire fantas-
tic applications in microassembly lines and automatic sorters.
Also, the semi-free system is compatible with fluorescence bio-
sensing techniques, thus facilitating lab-on-a-chip diagnostics and
immunoassays.

In conclusion, we propose a strategy for programmable self-
propelling actuators via architecting the exquisite configuration of a
photoresponsive helical medium. The light-driven winding/unwinding
of CLC helix works as a motor, and it laterally transports sputtered
microspheres with a self-organized microstructure-engaged trans-
mission system. Via rationally preprogramming the alignment con-
dition, functional actuators that can massively and parallelly transport
microspheres in customized trajectories are demonstrated. Such a
stimuli-responsive and microstructure-engaged system mimics the
motion of bacteria and provides a new insight into the relationship
between the function and the structure evolution. This work sup-
plies a platform for versatile self-propelling microactuators and
paves a bright way toward smart materials, intelligent robots, micro/
nanoassembling, cargo transport, and manufacturing.

MATERIALS AND METHODS

Materials

The photoresponsive CLC was mixed by 1.0 weight % (wt %)
left-handed chiral molecular switch ChAD-3¢c-S (BEAM, USA) and
99.0 wt % nematic LC host E7 (Jiangsu Hecheng Display Technology
Co., Ltd., China). The absorption spectra of ChAD-3c-S is shown
in fig. $13. The initial HTP is about —42.6 um ™', and a green light—
stabilized HTP is about —30.7 umf1 (39). A polarization-sensitive
sulfonic azo dye SD1 (Dai-Nippon Ink and Chemicals, Japan; fig. S14)
was dissolved in N,N'-dimethylformamide at a concentration of 0.3 wt %
and then spin-coated as a photoalignment film. It reorients the ab-
sorption oscillator to be perpendicular to the incident polarization.
Methacrylate-resin microspheres with a diameter of 3 um (EPOSTAR,
Japan) were used to explore the rotation-translation conversion (fig. S15),
which induce tangential anchoring to surrounding LCs (fig. S16).

Sample fabrication

Glass substrates were ultrasonically bathed, ultraviolet ozone-cleaned
(30 min), and then spin-coated with SD1 solution (3000 rpm). After
curing at 100°C for 10 min to evaporate the solvent, the substrates
were positioned at the image plane of the Digital Micro-mirror Device-
based microlithography system (40). For unidirectional photoalign-
ment, a uniform exposure with linear-polarized blue light (450 nm)
was carried out. The designed alignment patterns were generated
via a multistep partly overlapping exposure process with a synchro-
nous polarization control. Then, the CLC was heated to 70°C and
spin-coated on the photoaligned substrate at 1000 rpm for 30 s. The
photoalignment pattern dominates the local director orientation thanks
to the strong anchoring energy of SD1, thus suppressing the shear-
induced alignment (fig. S17). Then, the samples were placed in a
box horizontally. About 1 mg of dry microparticles was sputtered
by a nitrogen flow (0.2 MPa) and then gently distributed onto the
semi-free films by the gravity. Five minutes later, the samples were
taken out for characterizations.

Characterization
The melting point and clearing point were measured by a differential
scanning calorimetry (Mettler-Toledo DSC1 STARe), which were —60°
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and 58°C, respectively (fig. S18). A spectral interferometric method
for film thickness measurement was described in text S3. All the
samples were examined at room temperature under ambient envi-
ronment. The textures of fingerprint patterns were observed under
a POM (Nikon Eclipse 50i Pol) in the transmission mode with a pair of
crossed polarizers and recorded by a charge-coupled device camera
(Nikon DS-U3). The blue light-stimulating process was performed
under the reflection mode of POM through a bandpass filter (450 to
490 nm). The irradiance of blue light was about 100 uW/cm?. The
green light exposure process was carried out with an LED light
source at 530 nm with the irradiance of 1 mW/cm?. The experimen-
tal setup is shown in fig. S19. The diffraction was performed with a
He-Ne laser at 632.8 nm, and diffraction patterns were captured by
a digital camera (Canon EOS 600D). A fluorescence confocal micros-
copy (Olympus FV3000) was used to observe the location of micro-
spheres. We used a 561-nm laser beam to excite the dye, and the
detection range was 600 to 650 nm. The CLC was doped with a
fluorescent dye (rhodamine B, 0.02 wt %; emission peak, 625 nm)
for the above measurement.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/32/eabh3505/DC1
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