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Digital light processing of liquid crystal elastomers

for self-sensing artificial muscles

Shuo Li'*¥, Hedan Bai®*, Zheng Liu®5, Xinyue Zhang', Chuqi Huang', Lennard W. Wiesner?,

Meredith Silberstein'?, Robert F. Shepherd'%*

Artificial muscles based on stimuli-responsive polymers usually exhibit mechanical compliance, versatility, and
high power-to-weight ratio, showing great promise to potentially replace conventional rigid motors for next-generation
soft robots, wearable electronics, and biomedical devices. In particular, thermomechanical liquid crystal elasto-
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mers (LCEs) constitute artificial muscle-like actuators that can be remotely triggered for large stroke, fast re-
sponse, and highly repeatable actuations. Here, we introduce a digital light processing (DLP)-based additive
manufacturing approach that automatically shear aligns mesogenic oligomers, layer-by-layer, to achieve high
orientational order in the photocrosslinked structures; this ordering yields high specific work capacity (63 Jkg™")
and energy density (0.18 MJ m™3). We demonstrate actuators composed of these DLP printed LCEs’ applications in
soft robotics, such as reversible grasping, untethered crawling, and weightlifting. Furthermore, we present an LCE
self-sensing system that exploits thermally induced optical transition as an intrinsic option toward feedback control.

INTRODUCTION

Some of the more interesting differences between natural muscles
and motors that drive today’s machinery (e.g., electric motors or
internal combustion engines) are (i) variable recruitment of actuator
elements (i.e., fibers) over micro- to macroscale volumes to adjust
their isometric and isotonic force-velocity profiles, (ii) the ability to
be placed locally to where force must be applied (as in octopus ten-
tacles or our eyelids), and (iii) mechanical compliance (I). These
abilities, despite comparably lower efficiency relative to our typical
motor choices, when combined with higher energy density fuel (e.g.,
carbohydrates, fat, and protein), make muscle a good choice for an-
imals to generally adapt in the widely varying and unpredictable
conditions of the natural world (2). Inspired by muscle’s general
capabilities, varying soft actuator motifs have been synthesized to
mimic one or more of their attributes (3-6). Biohybrid robotic ap-
proaches have even adopted natural muscle tissues directly for mo-
bility (7, 8).

Among all the candidate actuation schemes (9-13), thermome-
chanical liquid crystal elastomers (LCEs) are particularly appealing,
as this class of soft matter natively demonstrates variable recruit-
ment, localized actuation, and mechanical compliance and have
been reported to apply contractile stresses similar to those of natu-
ral muscle (orcg = 270 kPa; Opyscle = 350 kPa) (14). LCEs actively
combine the entropic elasticity of elastomers with the self-organization
of liquid crystals. In the liquid crystalline (LC) phase (e.g., nematic),
the molecular orientation of mesogenic units align polymer chains
into a strained conformation; above a clearing temperature (e.g.,
nematic-to-isotropic temperature or Ty;) entering the isotropic
phase, the molecular orientation is lost and the polymer backbone
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subsequently relaxes into a thermodynamically more favorable random
coil conformation (15). Despite being relatively slow and energy inef-
ficient compared to natural muscle (16), this phase- and temperature-
dependent polymer chain conformation change can still lead to
muscle-like, large, reversible macroscopic shape morphing.

Although LCEs with uniaxial alignment have been reported to
exhibit spontaneous length change up to 400% (L/Lo), their global
deformations are mostly limited to single-degree-of-freedom (DOF)
tensile strokes (17, 18). On the other hand, muscles, although simi-
larly limited to contractile actuation, can be arrayed in such a way as
to achieve almost infinite DOF, as in the muscular hydrostat ap-
pendages of an octopus tentacle (19). Bridging the gap between the
single-DOF demonstrations of conventional LCEs and the infinite-
DOF examples in nature (e.g., tongues, trunks, and tentacles) de-
mands new manufacturing techniques (20). A portfolio of recently
presented self-assembly methods using surface interactions via mi-
cropatterned molds have been shown to faithfully align and cross-
link LCE chemistries for both two-dimensional (2D) and 3D shape
morphing (21-24); finite anchoring energies, however, can only
prescribe alignment for limited thickness (h < 100 um) (25), pre-
venting useful work comparable to that of natural muscle groups to
be exerted by the fabricated thin LCE membranes. More recently,
direct ink writing (DIW)-based 3D printing has been exploited to
simultaneously orient LC mesogens along the direction of extrusion
path while photocrosslinking the LCE network. These strategies
have successfully yielded soft robotic actuators with complex, dy-
namic functional architectures that can undergo 2D-to-3D and
3D-to-3D’ shape transformations (26-34). One disadvantage is that
the success of DIW is limited by the print time scaling with both
part size and resolution: Smaller extrusion nozzles are needed for
higher orientational order and longer path lengths for larger parts;
both increase the print time substantially (35).

In addition to generating high DOF movements, skeletal muscle
fibers (usually 20 in number) can also provide mechanical sensing
feedback to the nervous system through the connected Golgi tendon
organ. This confluent sensing is essential for proprioception in com-
plex animals (36). Although there have been tremendous advance-
ments in nearly all smart material actuator systems to incorporate
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the perception of mechanical deformation (i.e., self-sensing) and
recently we have witnessed this feature being coupled to LCEs via
liquid metal-based resistive or capacitive sensing schemes (37, 38),
presently there is no pure LCE system that comprises sensory feed-
back for control. This absence will likely limit the benefits of using
LCEs in robots unless seamless integration of sensing can be achieved.

In this work, we introduce two new concepts to address all these
challenges: (i) the use of digital light processing (DLP) to 3D print
LCE soft actuators and (ii) the use of optoelectrical measurement of
mechanical strain that imparts self-sensing to the printed LCE actu-
ators. We achieve shear flow-induced alignment of LC mesogens
via a built-in shear separation mechanism and fabricate monolithic
LCE actuators for programmable bending and large tensile strokes.
We demonstrate how these actuation motifs permit manipulation
and locomotion modes such as gripping, crawling, and weightlift-
ing at the highest specific work capacity yet reported for 3D printed
LCE soft actuators (I' = 63 ] kgfl). Furthermore, we achieve real-
time feedback of the LCE actuators using optoelectronics suitable
for robotics, flexible electronics, and medical devices.

RESULTS

DLP of LCEs

To formulate our LCE liquid resin, we chose a previously reported
one-pot thiol-acrylate/thiol-ene click reaction (Fig. 1A) (31) because
of its rapid reaction kinetics and low nematic-to-isotropic phase tran-
sition temperature (Tx; = 39°C; Fig. 1B). After mixing mesogenic
diacrylates 1,4-bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-
methylbenzene (RM257) and 1,4-bis-[4-(6-acryloyloxypropyloxy)
benzoyloxy]-2-methylbenzene (RM82) with flexible dithiol linker
2,2'-(ethylenedioxy)diethanethiol (EDDT) and trivinyl cross-linker
1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TATATO), we
found that the mixture lacks the flow properties experimentally pre-
ferred for continuous DLP at room temperature (T, = 41°C;
Fig. 1B) (39). We added organic solvents, dichloromethane (DCM)
and tetrahydrofuran (THF), to modify its rheological behavior (ap-
parent viscosity n < 1 Pas; fig. S1). These volatile solvents were later
removed after printing (fig. S2). The addition of 1 weight % (wt%)
photoinitiator diphenyl(2,4,6-trimethylbenzoyl)phosphine ox-
ide (TPO) led to efficient photocuring with nearly 90% gelation
within 3 s of ultraviolet (UV) irradiation (UV projector: A =405 nm,
I=11.4 mW cm™% Fig. 1C). We fabricated LCE actuators using a
commercially available, open source desktop DLP 3D printer, Em-
ber by Autodesk, primarily because of its built-in shear separation
mechanism (also known as minimal force mechanics). Figure 1D
shows a schematic illustration of the cyclic rotation of the resin tray.
Originally set up to reduce suction force between printed parts and
the build window, this rotational motion was reprogrammed to
achieve spatial control over director alignment in the LCE (see text
S1 for details; fig. S3). The shear force imposed on the photopoly-
merizable LCE liquid resin while sliding over each thin layer (20 pm)
aligns LC mesogens in the backbone of flexible polymer chains.
Within the time scale of relaxation, the polymer chains are polym-
erized and cross-linked via projected UV light to lock in the in-
plane orientational order, forming a low-modulus main-chain LCE.
This alignment procedure is similar to the well-established shear
flow field method for fabricating LCE microactuators in a confined
space (15). In addition to the built-in shear alignment that achieves
mechanical orientation of LCE without precrosslinking, the spatial
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and temporal control of UV light for selective photopolymerization
further enables rapid fabrication of numerous actuators in parallel
with high resolution (40). To inhibit each layer of polymerized resin
from adhering to the build window, we replaced the conventional
polydimethylsiloxane (PDMS) window with polymethylpentene
(PMP), as the latter material has much lower surface tension (<20 mN
m™), higher oxygen permeability [12,000 Barrer; 1 Barrer =
107 cm’ (STP) cm/cm?* s cm Hg] and excellent optical transmit-
tance (>90% at 405 nm for a 25-mm sample) (41). We repro-
grammed the sliding motion of the resin tray to enable (i) fast
approaching speed that enhances the effect of uniaxial shear-induced
alignment (42) and (ii) slow separation speed that maximizes the
shear separation force. To verify the spatial control over director
alignment during the DLP printing of LCE, we observed birefrin-
gence with clear contrast via polarized optical microscopy (POM)
and thus confirmed the uniaxially ordered elastomer (Fig. 2A). The
stress-strain curves of the printed LCE measured in parallel or per-
pendicular to the optical axis (shearing direction) are also indicative
of the existence of orientational order (Fig. 2B). To further quantify
the shear-induced alignment, we need to calculate the order param-
eter (S) of the LCEs that are either nonshear printed as a control
group or shear printed but with different shearing speeds up to the
printer’s upper limit of 40 mm s (Fig. 2C). These parameters were
determined from the dichroic ratio of infrared (IR) absorption at
3343 cm™! to the in-plane aromatic stretching overtone of the LC
mesogen core (see text S2 for details; fig. S4) (14). We found that
nonsheared printing yields LCEs with order parameter S < 0.1, sug-
gesting globally isotropic nature. High-speed shear printing produces
prominent orientational order scaling with the shearing speed, with
amaximum S = 0.45. As a result, we chose the approaching speed as
40 mm s~' and the separation speed as 8 mm s~ . In this case, the
time needed to print each thin layer of 20-um thickness, including
approaching—photocuring—separation, is 10 s; this time step re-
sults in a draw rate of roughly 120 um min™" in the z direction with
maximum build area of 64 mm by 40 mm.

Thermal actuation

Although anisotropic main-chain LCEs usually undergo large, lin-
ear contraction along the direction of nematic director, in practice,
we observed that our DLP-fabricated LCE freestanding actuators
generate bending rather than tensile stroke in response to heat stim-
ulation above Tyj (=39°C). We attributed this phenomenon to the
asymmetric photocuring of the LCE as part of the actuator that is
immersed in the liquid resin bath: a thin surface layer (h < 10 pm)
will always form on the bottom when the residue resin cures in open
air and thus remains isotropic. Under thermal actuation, the aligned
top portion experiences a phase transition and shrinks uniaxially,
while the bottom surface maintains nearly constant length, resem-
bling the bending mechanism of elastomeric bilayers. We took ad-
vantage of this intrinsic bilayer architecture and fabricated LCE
bending actuators (Fig. 2D).

To assess the pros and cons of this system when compared with
prior work, we first examined the effect of applied temperature
(Fig. 3A). We started to notice lateral bending as the homogeneous
temperature of the hot plate reached 40°C. The bending curvature
continues scaling with increasing temperature for every 10°C until
a plateau around 70°C, where we observed the onset of perigon
bending (360°). Hence, we set 70°C as the benchmark homoge-
neous temperature for further characterization. Next, we printed
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Fig. 1. DLP of LCEs. (A) Chemical structures of mesogenic monomers (RM257 and RM82), flexible linker (EDDT), and cross-linker (TATATO) used to synthesize the thermo-
mechanical LCEs. (B) Differential scanning calorimetry curves showing glass transition temperature (7y) and nematic-to-isotropic transition temperature (Ty)) of the cross-
linked LCE, as well as melting temperature (T,) and cold crystallization temperature (T) of the LCE liquid resin. (C) Polymerization speed of the thiol-acrylate/thiol-ene click
reaction measured by the gel fraction of LCE exposed to UV irradiation with different duration. (D) Schematic illustration of shear alignment caused by
the cyclic rotation of the resin tray. (Inset) From left to right, morphologies of molecular orientation in the sheared aligned resin, aligned cross-linked polymer, and

nonsheared resin.

bending actuators (surface area, 18 mm by 15 mm) with various
total thicknesses ranging from 100 to 500 um (Fig. 3B). As expected,
the curvature increases drastically as the thickness of the actuator is
decreased (assuming that thickness of the isotropic bottom surface
layer remains the same), most likely because of the bending stiffness
(EI) scaling with thickness (h) following the relationship, EI o EW’,
where E is the Young’s modulus (43).
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Another unique capability of DLP arises from the combination
of stacking shear printed layers with nonshear printed ones. Here,
we fabricated LCE actuators of the same surface area and total
thickness (10 layers, & = 200 um) but with different fraction of
shearing (FS = number of layers shear printed/total number of
printed layers). As we intentionally insert additional nonshear
printed isotropic layers, the bending deformation becomes more
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Fig. 2. Characterizations of orientational order. (A) POM images of printed LCE showing birefringence caused by shear-induced alignment. (B) Stress-strain curves of
LCEs that are parallel shear printed, nonshear printed, and perpendicular shear printed with respect to the direction of the axial stress in tensile testing. SD is demonstrated
as the colored shaded areas. (C) Comparison of order parameters calculated from nonshear printed LCE and shear printed LCE with different shearing speeds. (D) Principle
of thermal bending (T> Ty)) in the printed LCE actuators. (Inset) Schematic showing reversible reconfiguration of cross-linked LCE polymer network in the layered struc-

ture. A.U., arbitrary units.

suppressed, which is in qualitative agreement with previous experi-
mental observations of nematic LCE-polystyrene bilayers (Fig. 3C)
(44). Moreover, thermally responsive materials, such as LCEs, have
their response time limited by the characteristic low thermal con-
ductivity. Traditionally, to reduce the response time (especially during
relaxation led by heat dissipation), the most effective approach is to
reduce the material in thickness, inevitably leading to adverse actua-
tion performance (45). By inserting nonsheared layers during DLP, we
provided additional restoring force to a thicker structure (albeit lower
force output), thus reducing the relaxation time from 10 s to less than

Lietal, Sci. Adv. 2021; 7 : eabg3677 23 July 2021

5 s, with limited compromise to the thickness of the bending actuators
(Fig. 3D). Last, we investigated the reversibility of the printed LCE ac-
tuators with built-in nonshear printed layers (FS = 0.7). We measured
bending deformation with the same cycle time under two different
conditions of rapid hot air heating: 1-s higher temperature (~140°C)
gusts followed by 5-s room temperature cooling and 2-s lower tem-
perature (~90°C) gusts followed by 4-s room temperature cooling
(Fig. 3E). Both cases exhibited highly repeatable LCE actuation and
relaxation for up to 10 cycles. In practice, we found that these actua-
tors can be reversibly triggered for more than hundreds of cycles.
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Fig. 3. Thermomechanical shape morphing. (A) Thermal bending of LCE actuators in response to homogeneous heat of different temperatures. (B) Thermal bending
of LCE actuators that are printed with different thickness. (C) Thermal bending of LCE actuators that are printed with different fraction of shearing (FS) along their thick-
ness. (D) Response time for actuation and relaxation of LCE actuators that are printed with different fraction of shearing along their thickness. (E) Cyclic actuation and
relaxation (10 cycles) of printed LCE actuators in response to intermittent heat stimulation of high (~140°C) and low (~90°C) temperature gusts. Superimposed photos
under different experimental conditions are shown in inlets; all scale bars, 1 cm. Photo credit: Shuo Li, Cornell University.

In addition to actuation speed, we evaluated another important
criterion for the overall actuation performance in DLP printed
LCEs, the energy density pg, which is approximated as pg = Ee2/2,
where E is Young’s modulus at room temperature and g, is the ac-
tuation strain (46). The first quantity E can be extracted from the
tensile stress-strain curves (in our elastomeric system, E is actually
the tangent modulus; Fig. 2B). To obtain the second quantity &,, we
simulated thermally induced self-folding using the commercial
finite-element analysis software COMSOL Multiphysics (see text S3
for details; fig. S5). As a result, our LCE bending actuators, as shown
in Fig. 3C, can deform to a uniaxial strain €, = 0.60 with Young’s
modulus E = 1.02 MPa, yielding an energy density of 1.84 x 10
J m™?, which is among the highest reported energy densities for all
3D printed shape programmable soft materials (10).

Lietal, Sci. Adv. 2021; 7 : eabg3677 23 July 2021

Object manipulation and untethered locomotion

To demonstrate the object manipulation ability of our printed
LCEs, we printed a gripper (dimensions, 18 mm by 15 mm by
0.2 mm; m = 75 mg) with all 10 layers sheared (FS = 1) to maximize
its bending curvature toward stronger grasping force. As shown in
Fig. 4A, an L-shaped thin string attached to the center of mass sus-
pends the LCE gripper and assists in lifting a much heavier object,
such as a metal spring (m = 600 mg). When the gripper is approach-
ing the preheated spring, it curls along the axis perpendicular to its
shear printing direction and wraps around the spring without any
external control. We then transfer the autonomously grasped spring
to a receiver container and showed that the LCE gripper could
maintain that firm grip for more than 25 s even during our contin-
uous twisting of the string (movie S1).
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Fig. 4. Object manipulation and locomotion. (A) A soft robotic gripper (dimensions, 18 mm by 15 mm by 0.2 mm; fraction of shearing FS=1.0) is used for (a and b)
controlled grasping, (c to €) delivering, and (f) releasing of a preheated metal spring. Scale bar, 2 cm. (B) Crawling of a soft maneuvering robot (dimensions, 18 mm by
13 mm by 0.2 mm, FS=0.7) on a ratchet surface. (a to e, left) Designed heat actuation sequence shows bending of forelimb, torso, and hindlimb of the crawling robot for
effective locomotion. (a to e, right) Snapshots of the crawling robot demonstrate the corresponding gaits. Photo credit: Shuo Li, Cornell University.

We then demonstrated the crawling of a soft robot (dimensions,
18 mm by 13 mm by 0.2 mm) by taking advantage of localized heat
stimulation (Fig. 4Band movie S2). We printed the crawler with
FS = 0.7 to enable faster shape recovery upon cooling. The nozzle
diameter of the heat gun is 6 mm. Inspired by the gait sequence of
pneumatically actuated quadrupeds (47), our undulation sequence
is designed as four steps, starting from the rest state (Fig. 4B, a): (i)
heating the forelimb (roughly the front one-third segment) pulled
the robot up by leaning the front edge against the anchoring point
(Fig. 4B, b); (ii) heating the torso (roughly the middle one-third seg-
ment) further lifted the spine up and dragged the rear edge toward
a new anchoring point ahead of its prior location (Fig. 4B, c); (iii)
heating the hindlimb (roughly the rear one-third segment) bent it
to a larger extent, storing elastic energy (Fig. 4B, d); and (iv) turning
off the heat, the release of that elastic energy when combined with
relaxation of forelimb, torso, and hindlimb in sequence propelled
the robot forward, entering a new rest state that is ready for another
actuation sequence (Fig. 4B, ). We drove the robot in this gait se-
quence at a speed of 20 mm min™" (~1.1 body lengths min™" or 66.7
body lengths hour™) on a ratchet surface.

Lietal., Sci. Adv. 2021; 7 : eabg3677 23 July 2021

Weightlifting

When tethered to hanging weights in the direction of shear printing
(in this case, vertical), the LCE polymer network is strained along
the same direction, with all rod-like LC mesogens aligned parallel to
the polymer backbone. In this way, the bending actuator can be
transformed into a linear one. To demonstrate their weightlifting
capability and gauge a work capacity for these printed LCEs, we fab-
ricated thick (40 layers, h = 800 um, FS = 1) dog bone-shaped actu-
ators. Next, we mounted hangers and weights to their shoulders with
only the gauge section (dimensions, 25 mm by 2 mm by 0.8 mm)
exposed to exert thermomechanical contraction force in response
to applied heat (Fig. 5A and movie $3). On the basis of the algo-
rithm, as introduced in (26), strain is calculated as the decrement in
displacement (AL < 0) relative to the reference length (Lo) before
loading at room temperature. We found that the specific work, de-
fined as work done per unit mass of actuator (m = 56 mg), is nearly
proportional to the mass of the loaded weight up to a maximum of
40 g (more than 700 times the actuator’s own weight), with the ac-
tuation strain subject to gradual decay (Fig. 5C). Most notably, the
maximum specific work done by this system is 63 J kg™, higher
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Fig. 5. Weightlifting. (A) Image sequence of an LCE actuator (h =800 um, m =56 mgq) lifting a 40-g weight in response to applied temperature. (B) Reversible reconfigu-
ration of polymer network of the three cases as shown in (A). (C) Specific work and actuation strain of the actuator when lifting different weights. (D) Uniaxial actuation of

the LCE under mechanical load of 40 g. Photo credit: Shuo Li, Cornell University.

than that of most 3D printed LCEs and that of human skeletal mus-
cles (30, 48). This high specific work capacity is attributable to the
increase in actuator’s thickness (or total number of aligned layers),
which elevates the output force markedly (22). We also examined
the tensile stroke as a function of applied temperature (Fig. 5D and
movie $4). The result indicates that the nematic-to-isotropic transi-
tion is not the major driving force that governs the temperature-
dependent deformation in our LCE actuator. For both temperature
regimes (below and above Tnp) up to 90°C, we observed different
negative correlations in the temperature dependence, identical to
what was reported in prior work (49). This dependence on tempera-
ture is evidence of entropic elasticity that contributes to actuation
whether nematic, isotropic, or altogether amorphous. The benefit
of printing under LC phase, therefore, may be in the ease of aligning
the mesophase during printing and not necessarily the nematic-to-
isotropic transition, although one may take advantage of this varia-
tion in negative slope near the phase transition for applications that
involve tunable thermomechanical responses.

Optomechanical self-sensing

Analogous to the use of liquid crystals in modern display technolo-
gy, shape-memory LCEs can also manipulate optical birefringence
for optomechanical transduction, such as temperature-controlled
deformation sensors. According to Warner and Terentjev (50),
cross-linked LCEs always form polydomain textures (often referred
to as Schlieren texture) even with proper director alignment. The
characteristic length scale of these textures is often comparable to
the wavelength of visible and near-IR spectrum. Therefore, the LCE
material is completely opaque below Txj as a result of strong
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scattering of light; it becomes transparent in the isotropic phase
(T > Tni) because of the disappearance of misoriented domains
(fig. S6).

On the basis of this working principle, we embedded optical
sensing in the LCE matrix by coupling miniature optoelectronic
components with a bending actuator. As shown in Fig. 6A, the DLP
printed LCE cantilever actuator (dimensions, 15 mm by 5 mm by
0.8 mm) can experience two modes of bending deformation that is
either thermally induced (e.g., with 90°C gusts; mode 1) or nonther-
mally induced (e.g., toggled to cause bending; mode 2). In mode 1,
the initially opaque polydomain LCE became transparent to light
on entering the isotropic state in response to heat stimulation. This
optical clarity allows coupled light beams, via an IR light-emitting
diode (LED), for example, to propagate through from one end;
some radiates to the environment, and the remaining is bounced
back at the other end and subsequently received by a photodetector
(e.g., an IR photodiode) placed next to the light source. By this
means, we can measure the optical signal of this lossy LCE wave-
guide to indicate its own bending deformation (fig. S7): the higher
the applied temperature, the more the actuator is deformed, the
more transparent the material, and the stronger the received optical
signal (see text S4 for details; Fig. 6B). In mode 2, although the mag-
nitude of bending is similar, the LCE keeps its polydomain state
intact, preventing coupled light beams from propagating, and thus,
the photodetector will not capture notable signal change (movie S5).
This prototypical demonstration combines soft thermomechanical
actuation with optoelectronic strain sensing previously used in other
classes of soft actuators, introducing a self-sensing LCE actuator for
potential feedback control (51, 52). The same principle may also
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Fig. 6. Optomechanical self-sensing. (A) Left: Schematic of the LCE bending ac-
tuator (dimensions, 15 mm by 5 mm by 0.8 mm) and optoelectronic components.
Right: Bending deformation of the actuator in two modes [(top) mode 1: thermally
induced bending causes the disappearance of Schlieren texture and thus transpar-
ency in the actuator; (bottom) mode 2: nonthermally induced (external force)
bending does not change the polydomain Schlieren texture, so the actuator re-
mains whitish opaque]. (B) Optical signals detecting and differentiating thermally
induced bending and nonthermally induced bending.

extend to polydomain-monodomain phase transition, for moni-
toring elongation and consequent stiffening in the same material
system (50).

DISCUSSION
We presented the DLP-based 3D printing of thermally driven LCEs
with programmable orientational order in the LC mesogens. By con-
trolling the printing parameters, we rapidly printed artificial mus-
cle-like soft actuators with tunable bending curvatures and response
times (a printing time comparison to DIW is shown in text S5). As
these actuators are thermally driven, we were able to power them re-
motely via convective heat sources. In particular, we demonstrated
LCE bending actuators for object grasping and crawling locomotion,
as well as linear actuators for weightlifting that demonstrate a specific
work capacity of 63 J kg™' and tensile stroke of 50%, both exceeding
the maximums of human skeletal muscles (~40 J kg_1 and 20%,
respectively) (48, 53). In addition, we leveraged the orientational
order-dependent optical properties of thermomechanical LCEs to
introduce a self-sensing LCE actuator. This design enabled us to con-
tinuously monitor shape morphing in an intrinsically nonlinear soft
structure and distinguish the deformation that is either thermally or
nonthermally induced, taking the field one step further toward a nat-
ural muscle-like sensorimotor system in LCEs for feedback on mo-
tion and the environment.

The actuation frequency (~0.2 Hz) of our DLP printed LCE ac-
tuators, however, is still below the lower limit in that of natural mus-
cles (1 to 200 Hz) (2), most plausibly because of the intrinsically low
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thermal conductivity of bulk LCEs, which also leads to a low effi-
ciency of energy conversion in almost all thermally driven soft actu-
ating materials (45). By embedding microheaters (e.g., KMHP-100
MEMS Micro-Hotplate, Kebaili Corp.) or spatially patterning the
3D printed LCEs in such a way as to take advantage of faster con-
vection, both the speed and the density of actuation could be in-
creased. Nonetheless, our printed structures are mostly prismatic,
and our shear printing is currently limited to uniaxial alignment. By
incorporating UV absorbing dyes and other additives to the LCE
liquid resin, considerable opportunities exist to expand this work to
nonprismatic geometries with higher resolution (39, 41). With the
equipment of additional linear motors or spinning components for
bidirectional or rotational shearing, we believe that more compli-
cated director fields, such as topological defect patterns for control-
lable deformations in auxetic lattices and Gaussian curvatures can
be realized toward sophisticated and multifunctional robotics (46, 51).

MATERIALS AND METHODS

Experimental design

The objectives of this study was to prove that shear force-induced
molecular orientation can properly align LC mesogenic units in a
main-chain LCE chemistry during the layer-by-layer DLP printing
without any prealignment. To evaluate the fabrication process, we
developed and demonstrated DLP-fabricated soft robotic actuators
for object manipulation, locomotion, and weightlifting. We also ex-
ploited the phase-dependent optical transition in LCE for self-sensing.

Materials

Diacrylate LC monomers RM257 and RM82 were purchased from
Wilshire Technologies. EDDT, TATATO, TPO, radical inhibitor
butylated hydroxytoluene (BHT), anhydrous DCM, and anhydrous
THEF were purchased from Sigma-Aldrich. All reagents and solvents
were used as received without further purification.

Preparation of LCE liquid resin

To initiate the thiol-acrylate/thiol-ene click reaction, we mixed EDDT,
RM257, RM82, and TATATO at a molar ratio of 1.0:0.2:0.6:0.133 and
dissolved them in a solvent blend (45 wt% DCM and 35 wt% THF)
along with 1 wt% TPO in an amber vial. BHT (2 wt%) was also added
to inhibit rapid thermal polymerization. The mixture was stirred at
200 rpm on a 65°C hot plate for 2 hours to complete oligomerization.

DLP of LCE actuators

All DLP files were created using CAD software SolidWorks, im-
ported and sliced to photopatterns in Autodesk Print Studio, and
converted to tar.gz format before being sent to print on Autodesk
Ember. The aluminum substrate on the printhead was anodized to
black to suppress surface reflection and enhance adhesion between
the printed part and the printhead (Surface Finish Technologies
Inc.). A 3-mm-thick PMP window (RT18, Goodfellow Corp.) was
attached to a custom-built polytetrafluoroethylene resin tray and
bonded using a silicone adhesive (Sil-Poxy, Smooth-On Inc.) after
45 s of oxygen plasma activation. The oligomerized liquid resin was
transferred to the resin tray and let stand still for 5 min before print-
ing. The xy resolution of the printer was measured as 50 um (1280 x
800 pixels of UV projector over the maximum build area of 64 mm by
40 mm) for thinner structures (h < 200 um, <10 layers) and ~100 to
200 pum for thicker structures (200 pm < h < 800 um, 10 to 40 layers)
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because of stronger light scattering. The z resolution was 10 um.
Postcuring under higher-intensity UV (25 mW c¢m ) was performed
on all printed parts both sides for 90 s, followed by 70°C vacuum
bakeout for 24 hours to remove all residue solvents.

Thermal actuation and image analysis

Bending actuation in response to applied heat was carried out by
placing the DLP printed LCE actuators on a hot plate and waiting
until the bending deformation reached equilibrium. Thermal bend-
ing and weightlifting were recorded by a Sony a7 III camera with a
Sony 28-70 mm lens. All bending curvatures were calibrated and
measured using Image] software. Movies of LCE soft robot locomo-
tion and optical sensing in LCE actuator were recorded by an Apple
iPhone 11 Pro Max. Temperature profiles were recorded using an
FLIR E4 thermal imaging camera.

Preparation of samples for order parameter measurements
Cryo-microtome was used to freeze and slice printed LCEs into
10-um-thin films (surface area > 1.5 mm by 1.5 mm) for POM
(Olympus BX 51 equipped with crossed polarizers) imaging and
polarized-Fourier transform IR microscope (Bruker Hyperion)
analysis.

Differential scanning calorimetry

Differential scanning calorimetry (TA Instruments Q1000) was used
to measure the melting point (Tr) and cold crystallization tempera-
ture (T..) of LCE liquid resin, as well as the nematic-to-isotropic
transition temperature (Txr) and glass transition temperature (Ty) of
cross-linked solid LCE. Both samples (=10 mg) were heated to 100°C
to erase any thermal history, cooled to —50°C at a ramp rate of 5°C
min ", and then heated to 100°C at a ramp rate of 10°C min™". Data
shown were collected from the second heating cycle.

Mechanical testing

Uniaxial tensile tests were performed using a Zwick/Roell Z010
testing machine equipped with 10-kN load cell and pneumatic
grips. Strain rate was set to 20 mm min~'. Dog bone specimens were
prepared by positioning the samples in parallel or perpendicular to
the shearing direction during printing or applying no shear during
printing, following the protocol as described in the main text and
caption of Fig. 2B.

LCE resin rheology

Rheological properties of the LCE liquid resin were characterized
using an Anton Paar MCR 301 rotational rheometer. Measure-
ments were conducted using a cone-and-plate system (CP50) with
a 0.2-mm gap at room temperature.

Assembly of optical sensor and processing of optical signals

A DLP printed LCE cantilever actuator, an IR LED (SFH 4254,
Osram Opto Semiconductors GmbH), and a PIN photodiode (SFH
2700 FA, Osram Opto Semiconductors GmbH) were fixed to a 3D
printed (UMA 90, M1 Printer, Carbon Inc.) L-shaped rigid plastic
stand. The LED and photodiode were placed in parallel, contacting
the anchoring edge of the cantilever, so that the photodiode could
receive optical signals reflected on the other side. A current-to-voltage
(I/V) converter circuit (fig. S8) was used to transform light intensity
(I) received by photodiode to electrical signals (V) collected by a
microcontroller (Arduino Uno R3). The raw data were presented in
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real-time through the Processing software. The sampling frequency
was 30 Hz.

Statistical analysis
Error bars in various data plots indicate the SDs over at least three
tests on the specimens. All data were processed using OriginPro.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/30/eabg3677/DC1
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