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Architected Liquid Crystal Elastomer Lattices with
Programmable Energy Absorption

Rodrigo Telles, Julie A. Mancini, Jorge-Luis Barrera, Marlini Simoes,
Dominique H. Porcincula, Adam Bischoff, Devin J. Roach, Samuel C. Leguizamon,
Elaine Lee,* Caitlyn C. Cook,* and Jennifer A. Lewis*

Architected LCE lattices are fabricated with flow-induced alignment via direct
ink writing and systematically characterized their shape morphing, stiffness,
and energy absorption behavior across strain rates spanning six orders of
magnitude from 103 to 10% s'. It is shown that architected liquid crystal
elastomer (LCE) lattices exhibit superior energy absorption compared to their
non-mesogenic (silicone) counterparts. Importantly, the LCE-to-silicone
energy absorption ratios are up to 18-fold higher at the highest strain rate
tested. A finite element model that captures their shape-morphing response is
developed, which exhibits excellent agreement with the experimental
observations. The work opens new avenues for designing and fabricating LCE
lattices with programmable alignment, shape morphing, and mechanics.

1. Introduction

Lightweight hierarchical cellular structures have garnered signif-
icant attention in recent years due to their ability to combine
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mechanical efficiency and functionality.['*]
Nature provides many examples of
lightweight architected materials ranging
from bird bones to beehive honeycombs.
These architectures minimize material
use while efficiently distributing loads, ab-
sorbing energy, and resisting deformation.
In particular, the Bouligand structure, is
observed in bone, the dactyl club of the
mantis shrimp,[*l bamboo,>¢] nacre,”#!
and in the fruit of Pollia condensata.’! The
Bouligand structure, which is composed
of unidirectionally aligned fiber lamellae
that are helicoidally stacked, provides a
natural energy absorbing armor against
predators. The log pile structure represents
a simplified version in which alternating lamellae are ro-
tated by 90°. With such structures as inspiration, researchers
have designed and built architected materials that outper-
form traditional engineering materials,['®"? including ultra-
lightweight lattices,['* ) metamaterials,[*'*l and reconfigurable
structures.[20-22]

There is emerging interest in constructing architected mat-
ter composed of hierarchical lattices ranging with programmed
alighment and geometry across multiple scales. Liquid crystal
elastomers (LCEs) are a promising class of soft active materials,
which combine the orientational order of liquid crystals with the
elastic response of elastomers, enabling them to undergo large
and reversible deformations in response to external stimuli, e.g.,
when heated above their nematic-to-isotropic transition temper-
ature (Ty;),[2>%") exposed to light?8-3%] or an electric field, 33!
or swelled by solvent.[?*-3¢ LCEs also exhibit unique energy ab-
sorption capabilities*’*3] due to their inherently soft elastic-
ity across multiple strain rates.[***! Unlike conventional sili-
cone elastomers that exhibit strain-hardening with an increasing
load,[*®) LCEs remain mechanically soft under large strains due to
the presence of liquid crystal mesogens that can collectively reori-
ent in response to an applied load. To date, digital light process-
ing has been primarily used to construct LCE lattices; however,
those architectures lack director alignment within their printed
struts.373] Recently, thin triangular LCE lattices have been fab-
ricated by direct ink writing (DIW), in which flow-induced align-
ment is encoded along the printing direction, such that each strut
within the lattice exhibits a large contractile strain upon heating
above Ty;.[*->% DIW has also been used to print solid LCE blocks
with enhanced energy absorption capabilities.[*! However, to our
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Figure 1. Architected LCE lattices. a) LCE ink constituents. b) Schematic illustration of high-aspect ratio, LCE lattice fabricated by direct ink writing.
c) Orientational order parameter as a function of temperature. d) Actuation strain of a LCE thick film measured parallel (bottom) to the printing direction.
e) Tensile stress—strain response of LCE thick film measured parallel and perpendicular to the printing direction, and a printed silicone thick film (non-

mesogenic control). Data are shown as mean (n > 3).

knowledge, the complex interplay between LCE director align-
ment, lattice geometry and energy absorption has yet to be in-
vestigated over a broad range of strain rates.

Here, we report the direct writing of high-aspect ratio, archi-
tected LCE lattices composed of aligned LCE struts with pro-
grammable geometry, stiffness, and energy absorption across
strain rates spanning six orders of magnitude. By controlling
the spacing between printed LCE struts and their director align-
ment, we systematically investigate the effect of relative density
on mechanical performance of 90° log pile structures. To decon-
volute the effects of LC alignment from lattice architecture, we
produced non-mesogenic silicone lattices in the same configu-
rations. Next, we carried out quasi-static compression measure-
ments on both LCE and silicone lattices as a function of tempera-
ture. Their shape morphing response at elevated temperatures (T
> Ty,) is also characterized to elucidate its impact on stiffness and
energy absorption. Importantly, we find that the observed energy
absorption of architected LCE lattices with a relative density of
49% is 18-fold higher than their silicone counterparts under am-
bient dynamic loading at the highest strain rate (10* s7!) tested.

2. Results and Discussion

Architected lattices are fabricated by printing LCE oligomeric
inks via high operating temperature direct ink writing (HOT-
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DIW).[*8] The LCE ink consists of oligomers synthesized from
two reactive mesogens RM82 and RM257, and a thiol chain exten-
der via a thiol-Michael addition as well as a tetrafunctional cross-
linker added post-oligomerization (Figure 1a). Notably, optimiz-
ing the cross-linker concentration, 0.1 wt.% of pentaerythritol
tetraacrylate, proved to be critical for ensuring fast curing and en-
abling printing of high-aspect ratio architected LCEs (Figure 1b;
Figure S1 and Movie S1, Supporting Information). A fully de-
fined Bouligand lattice consists of six parameters.>!l Here, we
focused on a fixed pitch angle of 90°, strut diameter, t, and vari-
able spacing between struts, | (Figure 1b, inset). For this geome-
try, their relative density can be approximated by:1*?

p-2(-3) 0

The quasi-static compressive behavior of open-cell cellular ma-
terials is generally understood to involve three stages:1) linear-
elastic response at low strains until the onset collapse or buckling
begins, 2) a near-constant stress plateau region, and 3) the densi-
fication region.®? The transition from the linear elastic to plateau
region is identified by the onset strain, ¢, corresponding to the
collapse stress, o,. The onset of the densification region, however,
has multiple conventions.>3] For our work, we adapt the con-
vention from Tan et al.,>*] where the densification strain, £, is
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Figure 2. Quasi-static compression testing. Optical images of a) LCE and b) silicone 90° log pile lattices with increasing relative densities from left to
right. Snapshot images taken during compression testing at 0%, 25%, 50%, and 70% of c) LCE and d) silicone lattice structures, with decreasing relative
densities from top to bottom. Compressive stress—strain response of e) LCE and f) silicone lattice structures. (scale bars = 5 mm). Data are shown as

mean (n = 3).

defined as the maximum energy absorption efficiency, W(e)/o,,
where o, is the peak stress and W is the volumetric energy ab-
sorption. With a clear definition of the densification strain we

can further define the volumetric energy absorption as:

W:/Ogods @)

To maximize director alignment, the LCE ink is printed at
35 °C, a temperature that resides between T, and Ty, (Figure
S2, Supporting Information), a draw ratio of 1, and Wi ~ 2.4
(ST text, Supporting Information). Here, Wi = 4y is the dimen-
sionless Weissenberg number, defined as a ratio between the
longest relaxation time for the ink (4) and the processing flow
alignment time (1/7) or inverse shear rate (Figure S3, Supporting
Information).”>) Wide-angle X-ray scattering (WAXS) measure-
ments of these samples reveal a scalar orientational order param-
eter, S, of 0.47 atroom temperature, which approaches zero when
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heated above T, (Figure 1c; Figure S4, Supporting Information),
i.e., values comparable to other main-chain LCE inks.[*85657]
Similarly, normalized contractile actuation strain measurements
of ~40% are observed along the printing direction in uniaxi-
ally aligned, thick LCE films (thickness ~0.5 mm) (Figure 1d)
with negligible impact from addition of cross-linker. Their pro-
grammed alignment is also apparent in thick LCE films loaded
along and orthogonal to printing (alignment) direction, where
their stiffness difference is roughly sixfold (Figure 1le). By con-
trast, the stiffness of printed silicone thick films (non-mesogenic
controls) lies within these range of measured values for the LCE
films.

To investigate the role of programmed alignment, we printed
LCE (Figure 2a) and silicone (Figure 2b) lattices with relative
densities of 0.11, 0.16, 0.20, 0.49, and 1 (Equation 1). As an
initial benchmark, we conducted quasi-static compression mea-
surements at ambient conditions (21 °C) at a strain rate of 1073
s7! (Figure 2¢,d). The strain rate (¢ = V/H) is influenced by
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the linear velocity (V) of the compression platens and the sam-
ple thickness (H). For these measurements, the lattices are ori-
ented such that the LCE director alignment is along the load-
ing direction. At this loading rate, all lattices exhibited the same
global response upon compression: namely, symmetrical buck-
ling about the centerline with the top and bottom lattice rows
buckling first, followed by buckling of the centerline row, and
ultimately full densification (Figure 2c,d; Figure S5, Supporting
Information). Next, we quantified the stress—strain response as
a function of relative density for both LCE (Figure 2e) and sili-
cone lattices (Figure 2f). It is well known that in a stress—strain
plot, an increase in relative density results in an increased ap-
parent lattice stiffness and a reduced densification strain.>?l We
observed similar stress—strain responses for both LCE and sili-
cone lattices, i.e., a linear-elastic response at low strain followed
by softening from inception of global buckling, and finally, a
sharp increase in stress near the densification strain. The cor-
responding low-strain Young’s modulus is plotted as function
of relative density (Figure S6, Supporting Information). For an
open-cell cellular solid, the Young’s modulus scales as E = 5",
where nis strongly dependent on the lattice architecture, with val-
ues between 2 and 3 for bending-dominated structures, and ~1
for stretch-dominated structures.’2%85° We find that the Young’s
modulus of the LCE lattices scales as E ~ 5*8!, thus exhibiting a
highly bending-dominated structure response approaching that
of a hexagonal lattice (i.e., E ~ j°), whereas the silicone lattices
scales as E ~ j*%, as expected for an open cell square lattice (i.e.,
E ~ p%). By generating Ashby plots that include values reported
in literature,/®%] we find our lattices span a similar range of
normalized Young’s moduli as other stochastic foams and archi-
tected lattices (Figure S7a, Supporting Information) and slightly
lower, absolute values of energy absorption (Figure S7b, Support-
ing Information).

While the relative density of a given lattice affects its mechani-
cal properties, the ability to tune the global mechanical properties
on-the-fly of monolithic structures remains challenging. By har-
nessing LCE alignment coupled with lattice geometry, stimuli-
responsive structures that reversibly shape morph are realized.
To demonstrate this, we first show how the porosity of a 5 = 0.20
LCE lattice varies as a function of temperature via simulation
(Figure 3a) and experiment (Figure 3b). Although multiple mod-
els have been developed and used to predict the temperature re-
sponse of LCEs,[**%7%8] we opted for a constitutive model that is
a modified version of the LCE material model used by Li and
Zhang.[®] The strain energy density for the hyperelastic LCE ma-
terial considered is given by:

S uf1=S, . 35, - 35(1 — So)
HE]) 5[1—5”(C)+(1+2s_a’)”"'cn‘)_((l—s)(1+25)
_ Ny CZVLO E 2
| * 200 ©)

where u, k, S, ®, and n represent the shear modulus, bulk mod-
ulus, scalar orientational order parameter, non-ideality param-
eter, and liquid crystal alignment vector field, respectively. The
subscript 0 denotes initial value. The right Cauchy—Green strain
tensor C = F'F, is a function of the deformation gradient F =

ou

I+ =, where I is the identity tensor, u is the displacement vec-
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tor, and X is the location of a material particle in the undeformed
configuration. In this scenario, the material orientation is deter-
mined by the macroscopic deformation. Furthermore, the initial
alignment is obtained through n = Fn,/|Fn,|. To improve con-
vergence, the deformation gradient is averaged using the Fbar
method, in which we defined a modified deformation gradient
F = —J'/3F, with | = det(F) and thus, the strain energy becomes
a function of C. The initial orientational order parameter, S, > 0,
indicates the highest possible level of ordering, while S € [0, 5]
models the nematic (S = S,) to isotropic ( S = 0) transition states.

To simulate these printed lattices, the material model intro-
duced above (Equation 3) is implemented in a 3D finite element
framework!”%71] that allows for flexible definitions of parameters
as domain fields, thus enabling the generation of complex depo-
sition patterns. Using LCE thick films, we interpolated the fol-
lowing material properties from experimental WAXS, actuation
strain, and tensile data (Figure 1c—e): y = 4.5 x 10° Pa, k = 4.5
x 108 Pa, S, = 0.47, and o = 0.125. In addition, the unit vec-
tor n is prescribed as a function of space to emulate alignment
along the printing direction (SI Text, Supporting Information).
Upon heating, the lattices undergo homogeneous deformation
(Figure 3a,b). Finally, by optically tracking the nodal positions as
a function of temperature along the XY-plane (Figure 3c; Figure
S8, Supporting Information) and XZ-plane (Figure S9, Support-
ing Information), we find excellent agreement in global actuation
strains along the X-, Y-, and Z-directions (Figure 3d), where the
global actuation strains are defined relative to their initial lengths
at ambient conditions. Both the X- and Y-dimensions contract
homogeneously to a max contraction of —27%, whereas the Z-
dimension expands to roughly half this value to 12%.

Given their directional and areal shape changes as a function
of temperature, we next investigated their stress—strain behav-
ior under different thermal conditions. Using an environmen-
tal chamber, we subjected the LCE lattice to five different tar-
get temperatures—two of which were below, two which were
above, and one equal to the inflection temperature (Figure 3d).
The stress—strain curve is then computed at each tempera-
ture (Figure 3e). Interestingly, the heated compression measure-
ments on the LCE lattices exhibited a similar behavior, as ob-
served for heated tensile testing of LCE thick films.”? As the tem-
perature increases above room temperature, the overall structure
initially softens below Ty, prior to stiffening above Ty, (Figure 3f),
resulting in ~5-fold change in stiffness akin to other thermally re-
sponsive materials/®! and metamaterials that leverage structural
instabilities.[®] Similar temperature-dependent behavior is ob-
served for the normalized energy absorption values (Figure 3g).
However, unlike most architected materials, the reconfigurabil-
ity of those based on LCEs enable reversible time-dependent re-
sponses based on specific thermo-mechanical environments.

Although these quasi-static measurements provided valuable
insights, we must also understand how higher loading rates im-
pact the mechanical performance of the printed lattices. Hence,
we evaluated their compressive behavior at both intermediate
(1072 — 10° s71) and high (10® s7!) loading rates in the dynamic
regime. Akin to quasi-static compressive measurements, the in-
termediate loading rates are performed using an Instron. Upon
increasing the compressive strain rate, their stress—strain curves
shift upward (Figure S10, Supporting Information) for both LCE
and silicone lattices. We attribute this to the viscoelastic nature
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Figure 3. Thermally tunable energy absorption. a) Predicted shape change of the XY-face of a 5 = 0.20 log pile LCE lattice and b) experimentally observed
shape change at 21, 105, and 195 °C. Simulation results are color coded based on their displacement magnitude relative to 21 °C. c) Experimentally ob-
served node positions as a function of temperature. d) Global experimental and simulated actuation strains measured along the X-, Y-, and Z-directions.
e) Experimentally measured stress—strain response of LCE lattice and their corresponding f) relative Young's modulus and g) energy absorption density
as a function of temperature. (scale bars = 5 mm). Data are shown as mean (n = 3).
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of both elastomers—as strain rate increases, the polymer chains
do not have sufficient time to move and adjust, thus resulting
in a stiffer and more solid-like response. To probe any delami-
nation during testing, additional cyclic measurements were con-
ducted, and the sample was visually inspected for any irregulari-
ties (Figure S11, Supporting Information). As an additional con-
trol, we printed a poorly aligned 5 = 0.49 LCE lattice at Wi~ 0.5,
which exhibits minimal strain-rate dependence akin to the sil-
icone control and further demonstrating the important role of
mesogen (Figure S12, Supporting Information). Note, attempts
to characterize their behavior at strain rates between 10! and 10?
s~ using a drop tower setup were unsuccessful due to the low
sensitivity of the accelerometer used.

Next, we investigate the dynamic compressive behavior of the
printed LCE and silicone lattices. These measurements are con-
ducted using a split Hopkinson pressure bar (SPHB) (Figure 4a).
Briefly, this method consists of mounting each sample between
two aluminum bars and impacted from one side using an alu-
minum projectile bar. Upon impact, a roughly square shock wave
is transmitted from the incident bar to the sample at a known ve-
locity, V, thereby setting the strain rate (¢ = V/H) for a known
sample height, H. Similar to the quasi-static loading behavior of
the LCE lattices (Figure 2c,e; Movie S2, Supporting Information),
under dynamic loading, we observe symmetrical buckling about
the centerline in the four densest lattices (5 = 0.16, 0.20,0.49, 1).
For the lowest density LCE lattice (5 = 0.11), we observe a shock
wave front that initiates at the contacting surface between the
sample and the incident bar begins to propagate through the
sample as a planar wave front and buckling occurs. (Movie S2,
Supporting Information). This dynamic localization behavior is
typically observed for cellular structures under dynamic loading
at high impact speeds.[”>77! Strikingly, this behavior is exhib-
ited for all the silicone lattices (Movie S2, Supporting Informa-
tion). During testing, we also captured the secondary effects from
the initial shock wave re-propagating through the transmitted
bar and back onto the sample (Figure 4b,c). Unlike LCE lattices,
such effects are catastrophic for the silicone lattices, which are
severely damaged and unusable upon impact. This central ob-
servation highlights the benefit of deploying LCE lattices under
high strain rate conditions during both single- and multi-impact
events.”8] Furthermore, the stress—strain curves quantitatively re-
veal dramatic differences between the LCE (Figure 4d) and sili-
cone (Figure 4e) lattices for the same relative density. Surpris-
ingly, even the best performing silicone structure (i.e., a solid
block (5 = 1) performed similarly to the 5= 0.20 LCE lattice.
These results further underscore the important role of director
alignment encoded within each printed LCE strut within these
architected lattices during HOT-DIW.

As a final performance metric, the energy absorption of all
printed lattices across these measured strain rates are compared
by assessing their respective LCE-to-silicone normalized energy
absorption ratio, W; cx/ Wiicone (Figure 5). This normalization re-
flects the ratio between the bulk modulus and its corresponding
volume, E,/V,. Under quasi-static conditions, the LCE lattices
outperform the silicone lattices with an energy absorption ratio
that is two and fourfold higher for the least dense and most dense
samples, respectively. This trend of increasing energy absorption
ratio is observed at each strain rate, as their relative density in-
creases. This discrepancy is further enhanced as the strain rate
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approaches the dynamic loading conditions. Under those con-
ditions, the inception of a shock wave propagating through the
p = 0.11 LCE lattice, results in a slight decrease in the energy ab-
sorption ratio compared to a strain rate of 10° s~!. However, the
other four LCE lattices (5 > 0.11) where stress localization is not
observed exhibit a far higher energy absorption capacity result-
ing in a ~ 10x to 40x enhancement in energy absorption for ar-
chitected LCE lattices compared to their non-mesogenic silicone
lattices, which serve as controls. Under certain conditions, fully
dense LCE lattices (5 = 1) outperform their lower relative den-
sity counterparts. When material cost or weight is constrained,
open lattices are preferred. Moreover, we anticipate that more
bending-dominated geometries, such as those based on triangu-
lar or re-entrant honeycomb lattices, would exhibit enhanced en-
ergy absorption at even lower densities. Given the scalable syn-
thesis of LCE inks and the use of hyperbolic nozzles on printing
well aligned LCE filaments (Wi > 1),1°] we anticipate that far
larger architectures could be rapidly generated, akin to big area
additive manufacturing (BAAM).”?]

3. Conclusion

In summary, we have printed LCE lattices with programmed
director alignment and geometry and systematically character-
ized their stiffness and energy absorption capability across strain
rates spanning six orders of magnitude. Well aligned LCE lat-
tices exhibit superior energy absorption compared to their non-
mesogenic (silicone) and poorly aligned LCE counterparts over
the broad range of relative densities explored. We implemented
a finite element model that captures their shape-morphing re-
sponse and exhibits excellent agreement with the experimen-
tally observed behavior. Our work opens new avenues for design-
ing and fabricating architected LCE lattices with programmable
alignment, stiffness, and energy absorption.

4. Experimental Section

LCE and Silicone Inks: All reagents were used without additional
purification unless otherwise noted. The liquid crystalline oligomer ink
was synthesized by a one-pot thiol-Michael addition synthesis. To a
25 mL scintillation vial, difunctional liquid crystal mesogens 1,4-Bis-[4-(6-
acryloyloxyhexyloxy) benzoyloxy]-2-methylbenzene (RM82; Synthon, 96%)
and 1,4-Bis-[4-(3-acryloyloxypropyloxy) benzoyloxy]-2-methylbenzene
(RM257; Synthon, 97%), 2,2’-(ethylenedioxy)diethanethiol (EDDT;
Sigma—Aldrich, 95%) were combined with 1 wt.% triethylamine (Sigma—
Aldrich, >99.95%) and 2 wt.% butylated hydroxytoluene (Sigma-Aldrich,
>99%) and heated at 80 °C until melted. The overall acrylate to thiol molar
ratio was 1.0:0.75, with the acrylate composition consisting of 25 wt.%
RM257 and 75 wt.% RM82. The reaction was heated to 65°C for 24 h after
which 1.5 wt.% 2,2-dimethoxy-2-phenylacetophenone (Sigma-Aldrich,
>99%) and 0.1 wt.% pentaerythritol tetraacrylate (PETA; Sigma-Aldrich)
was added and mixed into the oligomer mixture through a series of
heating to 65 °C and stirring steps. The silicone ink consists of a weight
ratio of 10:1 SE1700 base:SE1700 curing agent (Dow) and was prepared
by centrifugal mixing at 2000 rpm for 2 min (FlackTek).

Differential Scanning Calorimetry (DSC): Samples for DSC were pre-
pared by loading ~10 mg of oligomer ink sample in Tzero aluminum her-
metic pans. Under nitrogen flow the polymers were heated to 150 °C to
erase any thermal history, held for 10 min, followed by two cycles of cool-
ing to — 50 °C and heating to 150 °C at a ramp rate of 10 °C min~' (DSC
2500, TA Instruments). Data shown from the second heating cycle.

© 2025 Wiley-VCH GmbH
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Figure 4. High strain, dynamic compression testing. a) Schematic of split Hopkinson pressure bar (SHPB) used to generate high strain rates.
b) Snapshot images during dynamic loading of LCE and c) silicone log pile lattice structures at rest, after 1st shock wave, and after 2nd shock wave. The
relative densities increase from top to bottom and the impact is from left to right. d) Compressive stress—strain response of LCE and e) silicone lattice
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Figure 5. LCE lattices exhibit superior energy absorption. Plot of energy
absorption density ratio relative of LCE-to-silicone lattices of varying rela-
tive densities as a function of strain rate spanning from the quasi-static to
dynamic loading regime.

Rheology: Rheological properties of the LCE inks were characterized
using a controlled stress rheometer (Discovery HR-2 Hybrid Rheometer,
TA Instruments) equipped with a 20 mm steel Peltier parallel plate geom-
etry and a 0.250 mm gap. Prior to testing, the ink was brought above the
Ty to erase thermal history then cooled to 35 °C. UV rheology was per-
formed with a broadband light source (52000, Omnicure) at an intensity
of ~#30 mW cm~2. Samples were irradiated between a 20 mm aluminum
top plate and 20 mm acrylic bottom plate, with a 0.250 mm gap. Oscilla-
tory motion was applied in the linear viscoelastic regime at a 0.1% strain
with frequency of 1 Hz for up to 90 s. Oscillatory motion was conducted in
the dark for the first 30 s, followed by UV illumination for the remaining 60
s. Gel time was determined through the crossover point between storage
and loss modulus.

3D Printing:  LCE and silicone log pile lattices were printed using a cus-
tom HOT-DIW setup. Briefly, a machined copper block with an RTD sensor
(Omega) and two 100-watt cartridge heaters (Omega) provide closed-loop
temperature control via an Omega platinum series single zone tempera-
ture controller. Each ink was loaded into a 3 cc stainless steel barrel with
a 250 um stainless steel nozzle (Tecdia) coupled to a Nordson 3 cc high
pressure adapter (Nordson). The printhead was mounted onto a custom
three-axis motion control stage (Aerotech Inc.) that uses an Ultimus V
pressure box (Nordson) to deposit LCE ink. Printing heights are set equal
to the diameter of the nozzle and printing speeds are set to match the
ink extrudate velocity, unless otherwise specified. During printing, LCE fila-
ments are cured in situ (Omnicure S2000 with 320-500 nm filter, Excelitas)
at ~ 30 mW cm~2 (PM100D, ThorLabs), followed by a 30-min post cure
on each side at 12 mW cm~2 (XYZprinting, Inc). Silicone prints were ther-
mally cured after printing in an oven at 150 °C for 16 h. G-code generation
and custom automation scripts were programmed using open-sourced
Python libraries (Mecode).

Mechanical Testing: Compression tests were performed on an Instron
5943 equipped with a 1 kN load cell and 50 mm diameter stainless steel
platens, and operated at strain rates 10=3, 1072, 101, and 10° s=1. Sample
dimensions were measured before each test after thermally cycling above
Ty to remove any thermal history in the LCE lattices. Elevated tempera-
ture measurements were conducted with an an environmental chamber
(3119-403, Instron). Each sample was allowed to reach thermal equilib-
rium by holding at the target temperature for 10 min. A type-] thermocou-
ple affixed to the compression platens was used to actively record the true
sample temperature versus the nominal environmental chamber reported
temperature value.

Dynamic Testing: The dynamic compression tests were conducted
with a split Hopkinson pressure bar (SHPB) testing setup. The incident
bar is solid, made of aluminum 7075 with a length of 6 feet, and diameter
of 0.75 inches. The transmitted bar is hollow, made of aluminum 6061,
with a length of 3 feet and the same diameter as the incident bar. Samples
were mounted in between the two bars and impacted by a 0.4 kg, 18 in
long solid cylindrical aluminum 7075 projectile of the same diameter as
the bars. The projectile is fired from a gas gun at 30 psi. To eliminate bar
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bending effects, both the incident and transmitted bars are equipped with
a pair of strain gauges that are mounted diametrically opposite one an-
other. Real-time images of sample deformation are acquired using a high-
speed camera (HPV-X2, Shimadzu) at capture rates up to 150150 frames
per second (fps).

Thermomechanical Characterization: The deformation of LCE thick
films (uniaxially aligned controls, Figure 1d) with approximate dimensions
of 20 mm X 5 mm x 0.5 mm as a function of temperature was measured
using a a dynamic mechanical analyzer (Q850, TA Instruments) equipped
with an ACS-3 refrigerated air supply using the controlled force method.
Using a 0.01 N preload and 0 N dynamic force during testing, samples
were heated to 200 °C to erase thermal history, held for five minutes,
cooled to 0 °C, and heated to 200 °C at a ramp rate of 10 °C min~'.
Data shown from second heating cycle. The shape change behavior of
each log pile lattice structure was measured optically (Canon EOS Rebel
T5) by marking nodes with a red marker prior to heating inside an en-
vironmental chamber (3119-403, Instron). Each sample was allowed to
reach thermal equilibrium by holding at the target temperature for 5 min.
Node tracking was performed using a custom Python script based on
OpenCV.

Wide-Angle X-Ray Scattering: X-ray measurements were performed in
transmission mode on a laboratory X-ray beamline Xeuss 3.0 (Xenocs Inc.)
equipped with a temperature control stage (HFSX350, Linkham). Scat-
tering patterns were measured at 8.04 keV (Cu-Ka source) with a beam
spot size of 1.4 mm, exposure time of 300 s, and recorded on a Eiger
2R 1M detector (Dectris). Sample-to-detector distance calibrations were
performed using a lanthanum hexaboride (LaBg, simple cubic) diffrac-
tion standard. All analysis presented used a single “stitched” scattering
pattern, comprised of measurments collected at multiple detector po-
sitions to remove detector gaps. Scalar orientational order parameters,
S =< P,(cos y) >, were calculated by extracting the mesogen scattering
peak intensity (0.7 — 2.1 A=) as a function of azimuthal angle. Data pro-
cessing and stitching were performed using custom Python scripts based
on pyFAI.[80]

Statistical Analysis: ~ All raw data were plotted and analyzed using open-
source Python libraries Matplotlib and Numpy, where applicable, averages
and standard deviations are used and reported in the figure captions along
with the sample size (n).

Supporting Information

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