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Non-reciprocal motions are a sequence of movements exhibiting time-reversal asymmetry. Such
movements are common among various natural species, being adopted as a typical strategy for achieving
efficient locomotion. Generally, the realization of non-reciprocal motions in man-made robotic devices
requires synchronous control of at least two individual actuators, hence posing challenges to soft micro-
robotics where the miniaturization limits integration of different mechanical components and the
possibility of using onboard batteries. Here, we introduce general concepts for achieving non-reciprocal
movements in wirelessly controlled soft actuators made of photomechanically responsive liquid crystal
networks. The monolithic actuators are composed of two segments that can be actuated photochemically
and photothermally, and the non-reciprocal motion is obtained by a control sequence that temporally
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modulates light sources of different wavelengths. Through proper selection of photoactive compounds,
the number of modulated light sources can be decreased, from three to two, and eventually to one.
Finally, we demonstrate non-reciprocal self-oscillation by self-shadowing effect in a flexible strip under a
constant light field with no temporal modulation. This study provides general guidelines to light-controlled
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Introduction

Animals cyclically change their body shapes to generate net displace-
ments in order to translocate their centre of mass. A typical trajectory
of such movements is such that the body part deforms into a certain
configuration and then returns to the original one through another
sequence of motions. In other words, the motion is non-reciprocal,
exhibiting time-reversal asymmetry.' Many natural species have
polished the non-reciprocal movements to perfection, in order to
maximize the efficiency of their motions. Fig. 1 shows a prominent
example: a bird flapping its wings by following different path-
ways during upward and downward strokes, to produce aero-
dynamic forces for lifting the mass. As other examples, the tails
of many fish vibrate non-reciprocally to get maximum thrust,”
caterpillar squirms by following a travelling-wave-like pattern,®
and bacterial flagella move non-reciprocally in low-Reynolds-
number liquids.* These natural examples have inspired a
significant amount of research in man-made devices, providing
design tools for soft micro-robotics driven by different actua-
tion mechanisms®~” and locomotion strategies,*° over various
dimensional scales."*™">

Smart Photonic Materials, Faculty of Engineering and Natural Sciences, Tampere
University, P. O. Box 541, FI-33101 Tampere, Finland. E-mail: hao.zeng@tuni.fi,
arri.priimagi@tunt. fi

t Electronic supplementary information (ESI) available. See DOI: 10.1039/
d0smO00624f

This journal is © The Royal Society of Chemistry 2020

non-reciprocal actuation, offering new strategies for the control of wireless soft micro-robotics.

N~
noe

Fig. 1 Non-reciprocal movement of a bird. The wings flip upward and down-
ward by following different pathways, exhibiting time-reversal asymmetry.

S

In principle, non-reciprocal motions in man-made devices
require synchronous control of shape change of at least two
individual actuators. Conventionally, this has been achieved by
electronic motors/actuators synchronized by a control circuit,*?
or pneumatic actuators powered by a sequence of pressurized
tubes. In soft-materials-based micro-robotics, significant
challenges emerge. First, miniaturization limits the overall
dimensions of the device, rendering the integration of multiple
electric actuators, onboard batteries, and electronic circuitry,
highly complex. Second, wire-connection poses restrictions on
the spaces the soft robot is able to enter and causes additional
drag for the locomotion. Thus, there is a strong demand to
devise stimuli-responsive materials that can replace conventional
wire-based actuators for robotic motion.”*® Light-responsive
liquid crystal polymer networks (LCNs) have recently emerged as
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a powerful class of materials for advanced soft actuators.'®?’
Through light-induced changes in molecular packing within the
crosslinked network, LCNs can exhibit large deformations under
moderate-intensity illumination, resulting in sophisticated control
over shape changes® and, in some cases, locomotion.”>* Two
distinct photomechanical effects can drive the actuation of LCNs:
(i) (meta)-stable deformation via photochemical processes such as
cis-trans isomerization,”*° and (ii), photothermally driven pro-
cesses invoked by light-induced heat generation.””*® Utilizing these
two provides great opportunities and freedom in the realization of
light-fuelled soft micro-robots.**?

Using light energy to fuel the robot has several advantages
over other stimuli sources such as electric, magnetic and
acoustic fields.**® As the most significant advantage from
the perspective of the present work, by selecting photoactive
units with different absorption properties, one can fabricate
an actuator with multiple degrees of freedom of deformation,
each being controlled by different wavelength.*” > Such multi-
wavelength actuation constitutes the basis for obtaining
non-reciprocal movements in light-responsive LCNs. As a pio-
neering example, non-reciprocal movement has been obtained
in printed artificial cilia composed of two LCN segments
with different photomechanical properties and responding to
different wavelengths of light."” Alternatively, different moving
speed between two parts of the same actuator driven by
the same wavelength,*" or sequential deformations along the
material triggered by a scanning laser beam*? could also lead to
non-reciprocal motions. These approaches, however, require
either specific attention in material design to obtain a visible
non-reciprocal pattern, or a sophisticated optical set up in
order to trace the position of the object during the beam
scanning. In microactuator research, there is a need to obtain
non-reciprocal motion by an easily achievable optical control
strategy and using easily available materials.

In this article, we report different ways of obtaining non-
reciprocal movements in strip-like, photomechanical LCN
actuators. The monolithic strips are made of two distinct
segments that undergo photochemical and photothermal
actuations. We focus on light control schemes of the simplest
form: temporal modulation (on-off switching) of spatially uni-
form light beams. Through sequential on-off switching of
different wavelengths, we invoke photochemical or photother-
mal actuation in different parts of the strip, and as a result,
non-reciprocal motion patterns. We present a strategy to reduce
the number of modulated light sources from three to two and
even to one, which is important for increasing the simplicity
and reducing the cost of the wireless actuation control.
Finally, we demonstrate a long LCN strip that exhibits non-
reciprocal self-oscillation under illumination with a constant
light field. The non-reciprocal oscillation is governed by
the interplay between self-shadowing effect and the flexibility
of the actuating strip, yielding non-reciprocal movement with-
out any temporal light modulation. The results presented are
expected to provide new design principles for soft robotic
movement and strategies of light control in future microactuator
devices.
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Materials and methods
Materials rationale

The LCN actuators are made from monomer mixtures containing
liquid crystalline mesogens, photoinitiator and photo-sensitive
elements (Fig. 2a). The LCNs combine liquid-crystalline order
and elasticity of polymer networks, rendering the material inher-
ently thermo-responsive, possessing the capability of reversible
shape changes. We employ different photoactive units in the
polymer networks to trigger actuation by different parts of the
UV-visible spectrum. The absorption spectra and excitation
wavelengths of the photoactive molecules used are shown in
Fig. 2b and c. The azobenzene crosslinker (Fig. 2b) activates
photochemical actuation and light-induced bending in response
to UV irradiation via trans—cis isomerization, while unbending
arising from cis-trans isomerization can be invoked with
450-500 nm irradiation. Other photoactive units employed are
Disperse Red 1 (DR1) and Disperse Blue 14 (DB14), shown in
Fig. 2c, which are responsible for transferring light energy into
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Fig. 2 (a) Chemical structures of the molecules used to fabricate the

LCNs. The LCN films contain azobenzene crosslinks (b) and light-
absorbing dyes (c), which invoke photochemical and photothermal actua-
tion, respectively. The spectra in b and c are measured from 10 pm thick
LCN films containing relevant photosensitive molecules. The vertical lines
indicate the wavelengths used for excitation. (d) Illustration of the cell
infiltration process for preparing the monolithic, dual-responsive photo-
actuator. (e) Photograph of an LCN film with azobenzene crosslinker (left)
and DRI (right). Scale bar: 5 mm. (f) Polarized optical micrographs at
different angles at the boundary between the two parts of the LCN. Scale
bar: 500 um. The solid arrow indicates the microscope illuminating light
polarization direction when arriving on the sample surface. The dashed
arrow represents the alignment direction on the sample surface that is
firstly exposed to the polarized light. (g) Schematic drawing of the optical
setup used for tracking the non-reciprocal movements.

This journal is © The Royal Society of Chemistry 2020
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heat at different spectral regions, guaranteeing photothermally
driven actuation alike in our previous studies.""?°

Actuator fabrication

The monomer mixture is dissolved in dichloromethane, filtered
through PTFE syringe filter (Sigma Aldrich, pore size 0.2 um)
and magnetically stirred at 80 °C for 2 h to remove the solvent.
To make the cell, two glass slides are spin coated with polyvinyl
alcohol-water solution (1 wt% PVA, Sigma Aldrich) and rubbed
uni-directionally using a satin cloth. The two rubbed slides are
glued together using 30 um spacers (silica micro-sphere,
Thermo Scientific), such that the rubbing directions are aligned
orthogonally with respect to each other. Such 90° twisted
alignment gives rise to unidirectional bending, irrespective of
the incident light direction.*® During infiltration, the cell is set
on a hot plate to 95 °C (at which temperature the mixture is
in the molten, isotropic state), and two different monomer
mixtures are infiltrated simultaneously through the opposite
edges of the cell by capillary force (Fig. 2d). After cooling down
to 50 °C (3 °C min~ ") to reach nematic phase, a blue LED (Prior
Scientific; 420 nm, 11 mW cm ™2, 30 min) is used to polymerize
the mixture. After that, the cell is opened, and a monolithic
strip actuator composed of two halves of different responsive
segments is cut from the film, matching the long axis of the
strip with one of the rubbing directions. The strip dimension is
15 x 1 x 0.03 mm®. A photograph of the resultant LCN film and
polarized optical micrographs at the segment boundary are
shown in Fig. 2e and f, respectively. For the self-oscillating
strip, monomer mixture with DR1 is infiltrated into the glass
cell with 50 um gap following the same procedure. The film is
polymerized with 375 nm LED (Prior Scientific, 7 mW cm 2,
30 min) at room temperature. A strip with 20 x 1 x 0.05 mm?®
dimension is cut after opening the cell. A full list of chemical
structures and composition for each fabricated actuator are
given in Scheme S1 and Tables S1, S2 in ESL

Optical control

LED light sources with emission wavelengths 385 nm, 490 nm
and 660 nm, are coupled into a liquid light guide equipped with
a collimator lens (purchased through Prior Scientific). The
intensities of the light sources are 8 mW cm > (385 nm),
30 or 80 mW cm > (490 nm) and 100 mW cm > (660 nm)
measured in front of the sample. The on-off time of each LED
is controlled by a hardware and synchronized by a home-made
LabVIEW program. Further details on the control strategies for
the different non-reciprocal actuators are compiled to Tables S3
and S4 (ESIt).

Characterization method

The free-standing LCN strip is fixed on a support stage, and it
deforms in the X-Y plane, as schematically shown in Fig. 2g.
The excitation light beams propagate along the Y-direction,
while computer controls the sequence and timing of the light
sources to be switched on and off. A camera is mounted along
the Z-axis, capturing the movement of the actuator strip within
the X-Y plane. The photo-induced deformation is arranged to
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bend towards the light source, unless mentioned otherwise. For
tracking the position, a drop of fluorescent glue (containing
Rhodamine 6G dyes, Merck) is used to mark the tip of the
actuator. A weak UV light (365 nm, < 0.5 mW cm™2; does not
contribute to photochemical actuation) is used to illuminate
the whole area of the sample, and the fluorescence images were
captured by the camera through an optical filter cutting off
wavelengths below 500 nm. The tracking position was analysed
by software “Kinovea”, which extracts the trajectory during
oscillation cycles, as schematically shown by the insert of
Fig. 2g. The eventual trajectory pattern with non-zero area
indicates the characteristic of non-reciprocal movement.

Results and discussion
Non-reciprocal motion via three-wavelength modulation

The premise for controlling two actuators (or in our case, the
two parts of a monolithic LCN strip) individually upon a
spatially uniform light field is that they must behave differently
under identical illumination conditions. For this, we utilize the
two well-recognized photomechanical actuation schemes in
LCNs - the photothermal and photochemical effects. Fig. 3a

Three-wavelength modulation
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Fig. 3 (a) Schematic illustration of the photochemical and photothermal

actuation. In both cases, the bending direction is dictated by the twisted
alignment and is independent of the incident light direction. (b) Absorption
spectra for the two LCN segments with orthogonal photomechanical
responses. The inset shows the construction of the strip, of which the
photochemically activated segment (bottom part) is fixed on the stage.
The vertical lines indicate the wavelengths used for exciting the two
segments. (c) Light control sequence for three-wavelength modulation:
(1) UV on (0 s); (2) UV off, red light on (20 s); (3) blue light on (25 s); (4) red
and blue light off (35 s). Yellow and blue colors in the stripe represent
azobenzene crosslinker- and DB14-containing LCN strip segments,
respectively. The color scheme serves to indicate the (in-)active actuator
segments at different time sequences, not representing the actual defor-
mation in the experiment. (d) The trajectory of the strip in the X-Y plane.
UV: 385 nm, 8 mW cm~2; blue: 490 nm, 30 mW cm~2; red: 660 nm,
100 mW cm™2. Inset: Y-axis displacement during repeated actuation cycles.
For details of chemical composition of the actuators, see Table S2 (ESIt).
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Two-wavelength modulation
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Fig. 4 Non-reciprocal motion via two- and one-wavelength modulation. (a) Isomerization and deformation kinetics upon UV and blue illumination. The
isomerization kinetics was probed by monitoring the absorbance of the photochemical LCN containing azobenzene crosslinker at 400 nm, and
the deformation was measured through the bending angle of the strip. (b) Light control sequence for two-wavelength modulation: (1) UV on through the
entire cycle; (2) red light on (20 s); (3) blue light on (25 s); (4) red and blue light off (35 s). Yellow and blue colors in the stripe represent azobenzene
crosslinker- and DB14-containing LCN segments, respectively. (c) The trajectory of the strip in the X-Y plane, indicating non-reciprocal movement. UV:
385 nm, 8 mW cm™2; blue: 490 nm, 80 mW cm™2; red: 660 nm, 100 mW cm™2. Inset: Y-axis displacement during repeated actuation cycles. (d) The
overlapping absorption bands of the n—n* transition of the azobenzene crosslinks in one segment, and the n—=n* transition of DR1 in the other segment.
Inset shows the construction of strip containing two individual segments, where the photochemical segment is fixed on the stage. The vertical lines
indicate the wavelengths used for excitation. (e) Light control sequence for one-wavelength modulation: (1) UV on throughout the entire cycle; (2) blue
light on (20 s); (3) blue light off (30 s). Yellow and red colors represent azobenzene crosslinker- and DR1-containing LCN strip segments, respectively.
(f) The trajectory of the strip in the X—Y plane. UV: 385 nm, 8 mW cm™2; blue: 490 nm, 80 mW cm2. Inset: Y-axis displacement during repeated actuation
cycles. The color scheme in (b) and (e) serve to indicate the (in-)active actuator segments at different time sequences, not representing the actual

deformation in the experiment. For details of chemical composition of the actuators, see Table S2 (ESIT).

schematically illustrates the differences between these two
actuation modes. Photochemical actuation is based on trans-
cis isomerization of azobenzene crosslinks, typically induced
with UV light, which creates inner stress into the LCN to yield
macroscopic deformation.** The deformation can sustain for a
time period ranging from few minutes to several days after
ceasing the UV illumination, depending on the cis-lifetime of
the azobenzene used.***® Alternatively, the original state can be
retained using blue light to induce cis-trans isomerization. The
photothermal effect is triggered by light-absorbing moieties
(DR1 or DB14 dyes in our case) incorporated into the LCN,
which convert the energy from absorbed photons into heat.*”*®
Heat causes the inner stress required for macroscopic deforma-
tion, which vanishes once the irradiation is ceased.

We fabricated an LCN actuator with two segments, one
comprising the azobenzene crosslinks to invoke the photo-
chemical effect, and the other with DB14 for triggering the
photothermal effect. Fig. 3b shows the absorption spectra of

5954 | Soft Matter, 2020, 16, 5951-5958

the two segments. Their activation wavelengths are well sepa-
rated, allowing orthogonal control of the lower and upper parts
of the actuator. Non-reciprocal motion can be obtained by the
light control sequence depicted in Fig. 3c: (1) UV light on — the
bottom part bends; (2) UV light off — the bottom part remains
bent & red light on — the upper part bends; (3) blue light on —
the bottom part unbends while the upper part remains bent;
(4) red light off — the upper part unbends & blue light off —
the system resets and a new cycle can start. The trajectory
pattern in the X-Y plane is shown in Fig. 3d, indicating a clear
non-reciprocal behaviour. Conversely, both photochemical and
photothermal actuation modes separately lead to reciprocal
motion, in which case the strip deforms and relaxes via the
same path, as illustrated in Fig. S1 (ESIT). By repeating the light
control sequence depicted in Fig. 3c, a cyclic non-reciprocal
motion is obtained. The consistence between several successive
actuation cycles is shown by the Y-axis displacement data, given
in the inset of Fig. 3d.

This journal is © The Royal Society of Chemistry 2020
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Non-reciprocal motion via two-wavelength modulation

To reduce the number of light beams to be modulated, we use a
strategy that makes use of different kinetics of photoinduced
trans—cis and cis-trans isomerization of the azobenzene cross-
linker. Fig. 4a shows the absorbance change and deformation
kinetics of the LCN upon photochemical activation. Under UV
irradiation (8 mW cm™?), the azobenzene crosslinks undergo
trans—cis isomerization, giving rise to a decrease in the absor-
bance of the n-n* band. Within 25 s, approximately 15% of the
azobenzenes isomerize to the cis-state. By switching on the blue
light (80 mW c¢m™?) while maintaining the UV illumination, the
absorbance rapidly recovers with a time constant of 1.2 s
and saturates at a value slightly below the initial absorbance.
From this we can deduce that the photostationary state upon
simultaneous UV and blue irradiation comprises ca. 97% trans-
isomers. The kinetics of absorbance change is in line with the
photomechanical actuation: the strip bends slowly upon UV
irradiation and rapidly unbends when the blue light is switched
on. These observations indicate that photochemical cis-trans
isomerization is the dominating effect when the actuator is
activated within UV + blue spectral range.

The non-reciprocal motion using two-wavelength modula-
tion can be obtained with the same actuator strip as was used
for three-wavelength modulation, using the light control
sequence shown in Fig. 4b: (1) for the entire cycle, UV light is
on — the bottom part bends; (2) red light on — the upper part
bends, while the bottom part remains bent; (3) blue light on —
the bottom part unbends, while the upper part remains bent as
the red light is on; (4) red light off — the upper part relaxes; the
system resets when the blue light is ceased and a new cycle can
start. The non-reciprocal behavior is shown by the X-Y trajec-
tory pattern in Fig. 4c, while the inset of Fig. 4c confirms the
repeatability of the cyclic actuation. Finally, we note that a strip
composed of two segments that can be photothermally acti-
vated at different wavelengths can also perform non-reciprocal
movements, as detailed in Fig. S2 (ESIf).

Non-reciprocal motion via one-wavelength modulation

To further reduce the number of modulating light beams, an
overlap between the absorption bands that trigger cis-trans
isomerization of the azobenzene crosslinks and the photother-
mal actuation in a different segment of the LCN strip, is
adopted and illustrated in Fig. 4d. Hence, we invoke the
photochemical cis-trans isomerization and the photothermal
effect simultaneously with a single wavelength (490 nm), caus-
ing the different segments of the strip to bend (photothermal
activation) and unbend (photochemical activation). We note
that the photothermal dye used, DR1, also undergoes photo-
isomerization, but when doped to LCN, the actuation arises
solely from the photothermal effect.”” The following light
control sequence is used (Fig. 4e): (1) for the entire cycle, UV
light is on — the bottom part bends (20 s); (2) blue light on —
the bottom part unbends and at the same time, the upper part
bends; (3) blue light off — the upper part unbends, the system
resets and a new cycle can start. The non-reciprocal trajectory

This journal is © The Royal Society of Chemistry 2020
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pattern is shown in Fig. 4f, and the Y-axis displacement is again
used to monitor the reversibility of the actuation cycles (inset of

Fig. 4f).

Non-reciprocal self-oscillation

To obtain non-reciprocal self-oscillation with spatially and
temporally constant laser illumination (which we denote as
zero-wavelength modulation in Fig. 5), the movement of the
actuator should not only be non-reciprocal, but also cyclic and
self-sustained.>® Self-oscillation has been widely studied among
light-driven actuators.”””*'>® Most of the studies employ bending
strips, however, non-reciprocal self-oscillation has rarely been
reported.”** Self-shadowing is an intriguing concept for achieving
self-oscillation, which has been utilized in wave-like motion
(a symbol of non-reciprocal motion) and autonomous locomotion
in LCNs.>

We employ a strategy built on the combination of the self-
shadowing effect and flexibility of the actuator body in a long,
free-standing LCN strip. A continuous-wave 532 nm laser beam
is used to excite the strip along horizontal direction (Fig. 5a),
and the oscillation kinetics is followed to confirm the non-
reciprocal motion. The monolithic strip can be divided into two
parts, marked as A and B in Fig. 5a(i). Part B is defined by the
area where the incident beam firstly hits, ie., it is confined
close to the base the actuator is attached to. The rest of the strip
forms Part A. Even if the chemical composition (Table S2, ESIT)
of the two parts is identical, Part A dictates the photodeforma-
tion, yielding a dynamic change of centre of mass of the strip

Zero-wavelength modulation

200 400

t(s)

Fig. 5 Non-reciprocal self-oscillation. (a) Optical images of LCN self-
oscillator under a constant laser beam excitation. Scale bar: 5 mm. Laser
beam, 532 nm, 100 mW. Spot diameter: 2 mm. (b) Schematic drawing of
the principle of oscillating kinetics. (c) X—Y movement trajectory of the trip
position in 50 oscillation cycles. (d) Tip displacement during sequent
oscillating cycles. Inset shows the Fourier transform of displacement data.
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and the torque imposed on Part B due to the gravity, while Part
B is responsible for mechanical relaxation but does not directly
contribute to the cyclic photomechanical actuation. Any change
in torque or modulus of the strip leads to bending of Part B in
either clockwise or anticlockwise direction. When the laser
beam is exciting Part B, it bends anticlockwise, causing Part A
to shadow Part B (Fig. 5a(ii); Movie S1, ESIt). From thereon,
only Part A is exposed to laser excitation. Fig. S3 (ESIT) presents
top-view and bottom-view images of the LCN strip during the
oscillation cycles.

The self-oscillation process is promoted by the following
steps: initially, the beam hits Part A at the “bottom”, i.e., close
to where it meets Part B (Fig. 5a(iii)). The photoinduced
bending of the strip leads to a reduced torque raised by the
gravity of Part A, and at the same time, the stiffness of Part B
rebounds the cantilever by slightly bending to the clockwise
direction (iv). This movement raises the height of Part A and
brings about a continuous change of the spot where the laser
hits the cantilever and hence its shape (iv-v-vi). While the
cantilever is extending towards left (vi), the gravity-induced
torque in Part A increases, forcing Part B to bend anticlockwise.
The bending of Part B, in turn, reduces the height of Part A,
allowing the incident beam to reach the “bottom” of Part A
again (vii). At the same time, the deformed portion of Part A
relaxes while the “bottom” of Part A starts to photodeform
(vii-to-iii), and a new cycle can begin. The movement trajectory
clearly exhibits a non-reciprocal pattern in the X-Y plane, as
illustrated in Fig. 5b. Fig. 5¢ presents the evolution of X-Y plane
trajectory over ca. 50 oscillation cycles. For more details, see the
X-Y trajectory evolution data in Fig. S4 and Movie S2 (ESIt). The
fact that subsequent trajectories follow different paths most
likely arises from slight irreversibility in the properties of the
polymer network upon photoactuation. However, the oscillation
can self-sustain over extended periods of time, as confirmed by
monitoring the oscillation of the strip over a time span of 400 s
(Fig. 5d and Fig. S5, ESIt). The oscillation frequency is around
0.1 Hz, as indicated by the Fourier transform data shown in the
inset of Fig. 5d.

Discussion

The non-reciprocal trajectory is sensitive to the experimental
arrangement, ie., the positions of the two segments and their
related deformation. For instance, reversing the photothermal
and photochemical segments, such that the former is positioned
to the bottom, or flipping the strip to reverse its bending
direction, yield different non-reciprocal trajectories as illustrated
in Fig. S6 and S7 (ESIt). Changing the ratio between the length
of the photothermal and photochemical segments varies the
pattern of the trajectory, yet the motion remains non-reciprocal
(Fig. S8, ESIt). The efficiency of non-reciprocal motion, which
can be visualized by the loop area under the X-Y trajectory within
one oscillating cycle (e.g. Fig. 3d, 4c, f and 5c¢), can be improved
by separately optimizing the deformation of each part of the
actuator. More importantly, orthogonality of actuation, ie.,
separate addressability of the actuator segments, plays a signifi-
cant role. For example, upon the three- and two-wavelength
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modulation strategies, spectral separation allows individual control
between the photochemically and photothermally actuated parts,
yielding large non-reciprocal movement (Fig. 3d and 4c). However,
when the two parts cross-talk, which is the case for the one-
wavelength modulation strategy, the photochemical relaxation
(unbending) and photothermal actuation occur simultaneously,
yielding only minor non-reciprocal motion as observed in Fig. 4f.

It is important to study how to translate the cyclic movement
of an actuator into robotic locomotion.>>* Along this direction,
many pioneering results have been reported. To achieve walking on
a surface, the conventional approach leans on friction bias during
the cyclic deformation.”>®" Non-reciprocal motion allows, for
instance, a travelling-wave-like motion to induce locomotion with-
out the need for friction asymmetry at the robot-substrate
interface.®®® Non-reciprocal motion has also been exploited in
creating micro-swimmers, especially in low-Reynolds-number
liquids.**"*® However, underwater actuation is hindered by quick
heat dissipation in aqueous environment, rendering photothermal
processes inefficient. Recent study on underwater actuation using
liquid-crystal gels addressed this problem, pointing a way forward
for underwater self-oscillation.®”

To meet the capacities required for flying, the non-reciprocal
motion speed has to be boosted in order to produce sufficient
air thrust. At the same time, the density of the actuating device
should be minimized. To meet those requirements, great effort
has been recently dedicated towards improving the material
properties, e.g., the use of chain extenders to enhance the
deformability,°®®® and interpenetrating networks to increase
the robustness.”® Reconfigurability and programmability of the
motions are also important in view of increasing the versatility
of photoinduced motions.”””* These will lead to ever-more
advanced robot realizations and non-reciprocal motions in the
near future.

Conclusions

Different light-control strategies have been introduced to achieve
non-reciprocal movements in photomechanical liquid-crystal
network (LCN) actuators. By proper selection of the photoactive
moieties, photochemical and photothermal actuation can be
induced separately in two distinct segments of a monolithic
LCN strip. Specific light control sequences, based on three-, two-,
and one-wavelength modulation, are designed to bring about
non-reciprocal motions. Finally, a non-reciprocal self-oscillator
is demonstrated in a free-standing LCN strip. This actuator can
sustain the non-reciprocal motion upon a spatially and tempo-
rally constant light field, benefitting from self-shadowing and
the flexibility of the long, strip-like structure. The results provide
general guidelines to simplify the modulation of the light fields,
offering design principles for complex and non-reciprocal light-
controlled movements and alternatives for wireless soft robotics.
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