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1. Introduction

Azobenzene liquid crystal polymer networks (azoLCNs) have
received significant research interest in recent years due to their
ability to move and deform in response to light.[1–7] Light is an
optimal stimulus for remote energy delivery and contactless

control with high spatiotemporal precision.
Stimuli-responsive liquid crystal polymers
are composed of long, rod-like liquid crys-
talline molecules that align with each other,
granting orientational order to the polymer
network. Azobenzene is a photochromic
molecule that is highly absorptive in the
UV–vis light range.[1] Upon absorption of
a photon, a combination of azobenzene
isomerization and local heating within
the network disrupts the liquid crystalline
alignment, causing macroscopic defor-
mation.[8,9] This photomechanical response
has been shown to be reversible,[1]

rapid,[10,11] and repeatable up to thousands
of times.[12] Interestingly, even uniformly
aligned materials with simple geometry
can enable nontrivial self-regulated
dynamics under constant illumination.[13]

Advances in additive manufacturing have
furthered this potential by enabling the
fabrication of LCNs in intricate shapes, a

process often referred to as 4D printing due to the time-response
nature of the 3D printed structures.[14–21] Therefore, azoLCNs
show great promise as soft robotic actuators for a variety of
actions including walking,[22] swimming,[23] jumping,[24–26]

climbing,[27] and flying.[28] Several proof-of-concept devices have
already been demonstrated, such as oscillators,[10,11,29] cata-
pults,[24,30,31] microvalves,[32,33] grippers,[34–36] transporters,[37–39]

and haptics.[40] Field applications ranging from nanoscale pho-
tonics to biomedical tools have been also posited.[41–43]

A potential advantage of liquid crystal polymers is in soft con-
tinuum robots,[44,45] because the material offers infinite,
remotely addressable degrees of freedom.[46,47] However, the
controllability of continuum robots so far, made by azoLCNs
or any other materials, is either limited by the number of tethers
or global stimulating fields, and few researchers have yet
explored the large degrees of freedom of patterned optical stimuli
to arbitrarily, reversibly, and dynamically control azoLCNs.
Single variables such as optical polarization[48] and/or wave-
length[1,49,50] were used in early demonstrations to control the
bending direction of azoLCNs. Static preprogramming via
domain patterning[51–54] can create optically actuated self-folding,
complex structures by origami and kirigami.[55–57] However,
domain patterning limits the azoLCN deformation to the shape
dictated in the original design. Methods based on shape memory
effect[30,35,58] and selective photocrosslinking[59] enable reconfig-
urable photoactuation, but require physical or chemical
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Light-responsive materials enable the development of soft robots that are con-
trolled remotely in 3D space and time without the need for cumbersome wires,
onboard batteries, or altering the local environment. Azobenzene liquid crystal
polymer networks are one such material that can move and deform in response to
light actuation. Previous works have demonstrated azo-based soft robotic grippers
and transporters that are remotely powered by light. However, highly adaptive,
automated spatiotemporal optical control over these materials has not yet been
realized. Herein, a system for an azobenzene liquid crystal elastomer soft robotic
arm is created by dynamically patterning light for independently maneuverable
joints. The nonlinear material response to optical actuation is characterized, and
the broad actuation space is explored with diverse arm configurations. A neural
network is trained on the arm configurations and corresponding laser pattern to
automate the pattern generation for a desired configuration. Finally, the azo-
benzene liquid crystal elastomer arm demonstrates complex targeted motion,
marking an important step toward optically actuated soft robotics with applica-
tions ranging from optomechanics to biomedical tools.
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reprogramming.[58] In the prior demonstrations, the optical actu-
ation was achieved by manually redirecting the entire light beam,
which is a time-consuming and coarse mode of control.
Meanwhile, structured light provides an avenue for more flexible,
post-fabrication high-specificity control. For example, optical
tweezers can control rotation and movement in micro- and
nanoscale particles precisely with imaging-based feedback.[60]

Spatially patterned light projections have been shown to cause
localized bending and buckling in gold nanoparticle-based
elastomers,[61–63] or selectively actuate among an array of
azoLCNs.[21] Periodically scanned light pulses across azoLCN
“caterpillars” or “slugs” can induce pulsating locomotion.[64,65]

Yet highly adaptive, automated spatiotemporal optical control
over azoLCN actuators has not been realized.

Here, we report the development a machine-learning-based,
dynamic optical control method of an elastomeric azoLCN
(azoLCE) soft robotic arm that enables multifunctionality without
manual reprograming. The azoLCE was fabricated by a straight-
forward two-step polymerization method that results in an
aligned monodomain sample. We projected the visible laser pat-
tern, which can be rapidly altered by our control algorithm, on
the robotic arm using a spatial light modulator (SLM). Each light
spot dictated the point of bending along the azoLCE arm, the
degree of bending and/or the amount of contraction, and the
speed of response. Utilizing a convolutional neural network to
learn the relation between light pattern and the resulting arm
configuration, we inversely determined the input parameters
required to achieve a desired shape. As a demonstration, we
remotely manipulated a soft robotic arm to navigate around
an obstacle. The platform described here realizes azoLCEs’ capa-
bilities for complex targeted motion and provides an important
step toward tetherless azoLCN soft robotics with easily scalable
material, actuation approach, and control model.[66–68]

2. Results and Discussion

The azoLCE arms were fabricated via two-stage thiol-acrylate
polymerization and photocrosslinking.[69–71] Briefly, we first syn-
thesized a hydroxyazo diacrylate (hereafter “azo”) following the
procedure described by Gelebart et al.[72] The azo derivative was
selected for its ability to actuate to visible blue light with a center
wavelength of 450 nm, which is beneficial for potential medical

applications as opposed to cell-damaging UV light for actuating
conventional azoLCEs, and for its short cis lifetime, which will
allow the azoLCE to rapidly relax to its initial state after exposure.
We combined the synthesized azo with reactive mesogen 257, a
liquid crystal monomer chain extender; thiol linkers and cross-
linkers; and eosin y and amine co-initiators, which respond to
curing light with a longer wavelength center around 520 nm nec-
essary to penetrate thick samples; all together in a chloroform
solution. The mixture was dropcast in a Teflon mold for the first
stage cure. The ratios of acrylates and thiols were controlled such
that 15% excess acrylates remain. For the second stage, the mate-
rial was stretched to approximately twice its initial length and
cured under a green LED. This polymerized the excess acrylates
and locks in the mechanical alignment and resulted in an
azoLCE actuator of about 15� 4� 0.5 mm with alignment along
the long axis. For more details on azo synthesis and azoLCE fab-
rication, see Supporting Information.

To photoactuate the azoLCE with bidirectional bending, we set
up two continuous wave 450 nm lasers on opposing optical paths
as shown in Figure 1A. The two lasers are collimated prior to
incidence on the left and right sides of the SLM screen, respec-
tively. The SLM controls the phase field of each laser indepen-
dently and diffracts the light energy into multiple directions,
that is, beamlets with independently adjustable power toward
the azoLCE (directed regions) or away from the azoLCE
(Deflected beams) as shown in Figure 1B. The diffracted beams
are then focused onto the sample’s front and back surfaces by
two lenses with 1000 mm focal length that form two areal pat-
terns with adjustable shape and intensity. The azoLCE sample is
then actuated by the intensity of light. The image in Figure 1A
shows how the laser beams are split into beamlets that are spa-
tially distributed along the azoLCE to achieve localized actuation.
In order to control the actuating intensity on each bending joint
independently, we must tune the intensity of each diffracted
beam rather than the total laser power. To accomplish this,
we use the SLM to split a certain portion of the light. The phase
field at the SLM for generating the desired power distribution at
the focal plane is calculated through a Gerchberg-Saxton algo-
rithm. This technique is scalable from micrometer to meter size,
because the field of view is simply proportional to the effective
focal length of the lenses. To observe the azoLCE response,
a camera is placed perpendicular to the optical path, with

Figure 1. A) Schematic of a spatial light modulator directing two 450 nm lasers to various points on an azoLCE soft robot. B) Details of how laser power is
distributed between deflected beams and directed regions to control the pattern and intensity of light on azoLCE. A camera is placed with a line of view
perpendicular to the optical axis and the azoLCE arm to observe the sample’s deformation. C) The camera images of the illumination pattern (left) and an
example of AzoLCE bending in response to photoactuation (right, taken with a 585 nm bandpass filter).
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a 585 nm bandpass filter to avoid excessive glare from the
actuating lasers. In the example shown in Figure 1C, we achieve
two distinct bending joints by changing the SLM phase to select
two different laser patterns on the left and right optical paths.
The azoLCE thermally relaxes back to the initial straight
configuration after removing the laser illumination from the
sample.

The azoLCE photoresponse is dependent on several variables,
including the azoLCE chemistry, domain structure, and geome-
try, and the laser intensity, location, and focus spot(s).[48] In
Figure 2A, we gained a better understanding of these dynamics
for an azoLCE arm by plotting the displacement of the end effec-
tor, or tip, of the azoLCE, over time for various actuating inten-
sities. For these tests, only the top “joint” of the azoLCE arm was
actuated, allowing for the widest deflection distance as the entire
arm swings left or right. At intensities less than�200mW cm�2,
the azoLCE actuates and reaches an approximately steady-state
displacement within about 10 s. The degree of displacement
scales with intensity. Above this intensity threshold, the azoLCE
actuates more rapidly. However, instead of reaching a steady
state at the maximum displacement, the sample swings back
to the center. This behavior can be attributed to photothermal
heating of the sample. As the heat diffuses through the thickness
of the azoLCE, we observe the contraction of the entire segment
rather than a bending joint (Figure 2B). Within a short time of
3 s, such a heat transfer process is negligible for the purpose of
controlling the sample geometry, as the displacement grows
monotonically with incident laser power (Figure 2C). Within this
timeframe, both photochemical and photothermal mechanisms
contribute to the actuation.[8] Meanwhile, the photothermal
transport dynamics becomes dominant if the laser pattern is held
over 15 s, as a bending-to-shrinking transition can already be
seen at intermediate power. The left inset image in Figure 2C
shows a large bending displacement, while the right inset shows
the segment contraction due to through-thickness thermal actu-
ation. The time and intensity response are on the same order of
magnitude as what has previously been reported for azo-based
actuators.[37] Overall, the largest bending displacement occurring
at any time saturates at about 200mW cm�2, beyond which an
increase in power controls the length degree of freedom in addi-
tion to the curvature. Because we are interested in rapid and large

actuation, we focused on the displacement versus intensity at 3 s.
We select three intensities: 365, 200, and 37mW cm�2 (above, at,
and below the intensity threshold, respectively) for the following
photoresponsive training.

For further photoresponse testing, we use the SLM to pattern
light to three spots on each side of the azoLCE, as seen in
Figure 1B (L1, L2, and L3 on the left and R1, R2, R3 on the right).
Each photoactuated spot could be considered a transitory bend-
ing joint. It is important to note that, while we choose only a few
joints for simplicity, the azoLCE actuator is in reality a contin-
uum robot that can be actuated anywhere or everywhere. This
is in contrast to previous studies which required predefined
joints.[73] Since each side of the azoLCE is controlled by one laser,
we cannot independently control the intensity of the spots by
changing the power of the laser. Instead, we use the SLM to con-
trol what percentage of the laser power is directed toward the
azoLCE. The total power of each laser is split among six
regions—three on the azoLCE (directed regions) and three off
of the azoLCE (deflected beams). Figure 1B also depicts this
power splitting. Each directed region is composed of a row of
three points, which keeps the Gerchberg–Saxton algorithm from
becoming overly complex and allows us to maintain high diffrac-
tion efficiency while still actuating across the width of the
azoLCE. The azoLCE response to the three horizontal spots is
anticipated to be the same as one rectangle across the azoLCE
with the same total power.[74]

Directing light toward three regions on each side of the
azoLCE at three different powers, we tested 729 configurations
(all permutations for three intensities per region, three regions
per side, for two sides) and capture the azoLCE deformation after
3 s of illumination. An overlay of all 729 configurations is shown
in Figure 3A, along with several examples in Figure 3B–G. The
purple arrows on each image represent the actuating intensity for
each corresponding joint. For example, in Figure 3C, the bottom
left directed region (L3) is actuated at a high intensity of
365mW cm�2, resulting in a bend to the left at that point.
Figure 3D primarily bends to the right in the center (R2) in
response to actuation at that point. Notably, when a top joint
is actuated with a high intensity such as R1 in Figure 3F, the
sample is deflected such that the lowest directed region (L3)
no longer hits the azoLCE. Samples were allowed 10 s to

Figure 2. A) Displacement of the bottom tip of the azoLCE over time for various actuating intensities of 450 nm light focused on the top of the azoLCE.
B) For high incident powers, as photoheating propagates into the sample from the surface, the illuminated azoLCE segment transits from bending to
shrinking. C) Displacement of the azoLCE tip after 3 s, 15 s, and the maximum displacement (at any timepoint) as a function of actuating intensities.
Insets: AzoLCE configuration at 15 s of actuation with 205 and 400mW cm�2, respectively.
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thermally relax before testing the next configuration. Figure 3G
shows how the sample tends to contract rather than bend when
actuated at a high intensity from both directions. Cumulatively,
these results demonstrate the large actuation space and control-
lability of the azoLCE. While one could use these results to plan
and direct azoLCEmotions, it is preferable to automatically deter-
mine the necessary inputs for a desired azoLCE configuration.
Predictions of azoLCE deformations have been demonstrated
through first principal approaches to opto-mechanical model-
ing.[75,76] However, as a control method these models are limited
by the accuracy of their baseline assumptions, which may vary
based on fabrication, environment, and other factors. In contrast,
machine learning-based approaches are highly adaptable to the
complex, nonlinear dynamics of soft robots without requiring
explicit, detailed modeling of their variable behaviors.
Previously, Almanzor et al. demonstrated the training and use
of an image-based neural network to control the configuration
of a pneumatic soft robot.[77] Here we take a similar approach
to develop an image-based neural network to control the config-
uration of the azoLCE arm.

To achieve arbitrary arm configurations, we used the collected
azoLCE deformation images to train a basic convolutional neural
network (CNN), a common machine learning tool widely
employed for image-based object detection and motion plan-
ning.[78,79] The structure of our CNN for detecting the action

of a single arm is shown in Figure 4A, built using Tensorflow
with the Keras library in Python. The input images (scaled down
to 35� 35 pixels in normalized grayscale) are represented as 2D
numpy arrays and the outputs are six laser power levels between
0 and 1 (for 0% to 100% of the laser light being directed toward
the azoLCE for the corresponding spot). To extract features such
as edges and curvatures, we applied 32 3� 3-pixel filters in the
CNN. The resulting intermediate 33� 33� 32 tensor is subse-
quently flattened into a 1D array and connected through one hid-
den dense layer with 100 nodes to the final output layer with 6
parameters of laser power output at each location. The CNN was
trained on the dataset consisting of 729 laser power settings and
the corresponding experimentally observed arm configurations
and optimized using stochastic gradient descent with a learning
rate of 0.01. While the training data was limited to three power
levels for each spot (0.1, 0.5, or 1), the CNN is not constrained,
and the outputs can be any intensity within this range. After the
training, we validated the CNN by inputting casually drawn linear
configurations as the goal of arm configuration, obtaining the
output laser parameters from the CNN, and then experimentally
applying the laser parameters to observe the arm’s responses. For
example, in Figure 4B, we show the as-drawn configuration. The
CNN outputs the following relative powers, normalized to the
maximum of 365mW cm�2: 0.04, 0.99, 0.32, 0.98, 0.68, and
0.99 for the 6 laser illumination regions L1-R3. These values

Figure 3. A) Overlay of actuation images demonstrating the actuation space of the azoLCE. B–G) AzoLCE configurations after three seconds of actuation.
The purple arrows represent the actuating intensity incident on the azoLCE from the left and right at the three corresponding bending joints.

Figure 4. A) The convolutional neural network structure was trained on experimental images of the azoLCE configurations with the corresponding laser
power settings. The input compressed images were first filtered to create feature maps and then connected through a hidden layer to the output settings.
B) The trained CNN was tested with a hand-drawn azoLCE configuration as the goal (left) and predicted the corresponding laser power levels. We then
experimentally applied the power settings and found that the resulting geometry (right) agrees well with the drawing.
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correspond to 14.6, 361, 116.8, 358, 248, and 361mW cm�2 on
the azoLCE, respectively. We calculate the necessary phase holo-
gram and use the SLM to direct these powers to the azoLCE and
capture an image, Figure 4B (right), of the resulting deformation
after 3 s of illumination. Evidently, the resulting azoLCE response
is close to the desired configuration. This initial test shows the
promising capability of neural network-informed optical field con-
trol of azoLCEs for soft robotic applications.

With the capability of automating the input control parame-
ters, it becomes easier to direct the azoLCE to perform complex
actions. To demonstrate this, we directed the azoLCE to kick a
soccer ball, that is, moving up and around a small obstacle before
striking it from the back. Figure 5 shows the azoLCE at several
timepoints during this process, as extracted from a video avail-
able in the Supporting Information. At t= 0 s, the azoLCE is in a
relaxed configuration with a small ball adjacent to the left. At
t= 4 s, actuation on the right side causes the azoLCE to bend
to the right. By quickly switching from right to left actuation,
the azoLCE remains contracted while in motion and avoids hit-
ting the ball (t= 8 s). The azoLCE is then in position to nudge the
ball to the right (t= 12 s). Next, the azoLCE is actuated once again
from the right side, which results in nudging the ball to the right
(t= 16 s). Finally, the azoLCE relaxes to its initial configuration,
now with the ball on its right (t= 20 s). This action would be dif-
ficult to perform without light modulation and slow to direct
manually. The neural network optical control scheme facilitates
quick reconfiguration of the azoLCE arm.

Future work may introduce a second camera to track and con-
trol the out-of-plane deformation of the azoLCE arm to realize a
truly 3D motional space. With further developments in image-
correlated feedback, this platform could further be improved
in terms of speed and fidelity. For instance, dynamic laser target-
ing could account for azoLCE movements so that multiple joints
are still achievable even when the highest joint causes large
deflection. The infrastructure described here is in principle scal-
able by introducing more complex CNN models for controlling
multiple interacting objects with hundreds of diffracted laser
beamlets allowed by a single SLM. Additionally, recent advance-
ments in spatiotemporal focusing[53] and higher order optical
processes for 3D printing[16] can be extended to 4D printing con-
trol azoLCNs in time. The electronic asymmetry of a hydroxy-
substituted azo potentially enables two-photon actuation, which

would allow for single-beam volumetric control with biologically
friendly infrared light.[80]

3. Conclusion

In summary, we have demonstrated high-dimensional, spatio-
temporal optical control of azoLCEs without the need for pre-
programmed domain configurations. Unique from previous
demonstrations of photoactuation, we realized multiple indepen-
dent and simultaneously maneuverable bending joints in the
same robotic arm. The bending joints can be arbitrarily selected
by the structured light pattern and are not constrained by pre-
programmed domains. Future work will be to expand this control
scheme to realize 3D robotic configurations beyond those
described here, such as out-of-pane bending, with a second cam-
era as feedback. A convolutional neural network was trained and
tested, enabling rapid determination of required patterns to
achieve a desired configuration. Our work paves the way for
remotely powered and maneuvered soft robots for photomechan-
ical and biomedical applications.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Figure 5. An azoLCE circumvents a small ball and then pushes the ball across a glass slide.
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