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STEM Degrees: STEM Participants:

Major Goals: The goal of this project is to develop a fundamental understanding of the relaxation mechanisms of
main-chain LCEs to enable the design of extraordinary dissipation behaviors of LCE materials and structures over
multiple length scales. We hypothesize that the enhanced dissipation behavior of LCEs arise from the coupling of
the relaxation dynamics of the mesogens and polymer network, and depends on the mesogen order and chain
alignment. Furthermore, the intrinsic dissipation behavior can be exploited in an architected design to produce
structures with extreme damping and energy absorption. The aims of the proposed work are:

Aim 1 Synthesize and characterize main-chain networks with tailored chain alignment and mesogen order

Aim 2: Characterize the anisotropic relaxation behavior of the mesogens and polymer network using wide-angle X-
ray scattering and LCEs with tailored structures.

Aim 3: Develop a nonlinear thermoviscoelasticity theory for LCEs.
Aim 4: Design, fabricate and characterize architected LCE structures.

Accomplishments: At the end of the fourth (final) year, we completed Aims 1 - 4. The outcomes for the Aims
have been described in the prior years' annual progress reports and published in archival journals. The report in the
uploaded PDF collates the main results of the project described in previous years' reports.

Training Opportunities: This grant partly funded and provided research projections for 4 Ph.D. students:
Nicholas Traugutt (CU Denver), Risheng Zhou, Zhejiang Wang (JHU), Beijun Shen (JHU). It also partly funded a
Masters of Science student, Cristina Martin Linares (JHU), and a postdoctoral fellow, Seung-Yeol Jeon (JHU). Dr.
Traugutt graduated and is now working at a startup for the 3D printing of LCEs. Zheliang Wang also graduated and
is not a postdoc at UT Austin. Dr. Jeon is a research scientist at the Korea Institute of Science and Technology.
Ms. Beijun Shen is a 4 year Ph.D. student.

The effort listed in the Participants section is for the period 9/1/2021-4/30/2022.
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Technology Transfer: 2021 Subaward PI, Chris Yakacki, was awarded a small business development contract
(W911QY21C0038) from DoD-Army-AMC to develop a lattice system embedded with liquid-crystal elastomers that
could fitted into an extreme combat helmet.

In 2020, Co-PI Kang and Pl Nguyen are collaborating with Drs. Robert Haynes and Todd Henry of ARL in
Aberdeen Proving Ground, regarding understanding vibration dissipation behaviors of liquid crystalline elastomers.
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Liquid-crystalline elastomers (LCEs) are soft stimuli-responsive materials composed
of stiff mesogens bound to an elastomeric network of flexible polymer chains. The mesogens
can order and disorder in response to external stimuli, such as temperature and mechanical de-
formation. This allows LCEs to undergo reversible phase transitions between the polydomain,
monodomain, and isotropic states. However, the motion of the mesogens relative to the poly-
mer network also leads to unusual behavior, including a large reversible actuation in response
to temperature and soft elasticity and enhanced dissipation. The latter includes an elevated
loss factor (tan 6) over a wide range of frequencies and temperatures, and large hysteresis that
increases with strain rate (Fig. 1). The viscoelastic properties of LCEs can be exploited to de-
sign transformative materials and structures with extreme dissipation behavior.

This project aims to develop a fundamental understanding of the relaxation mecha-
nisms of main-chain LCEs to enable the design of extraordinary dissipation behaviors of
LCE materials and structures over multiple length scales. We hypothesize that the enhanced
dissipation behavior of LCEs arises from the coupling of the relaxation dynamics of the meso-
gens and polymer network and depends on the mesogen order and chain alignment. Further-
more, the intrinsic dissipation behavior can be exploited in an architected design to produce
structures with extreme damping and energy absorption. The aims of the project are:

e Aim | Synthesize and characterize main-chain networks with tailored chain
alignment and mesogen order

e Aim 2: Characterize the anisotropic relaxation behavior of the mesogens and
polymer network using wide-angle X-ray scattering and LCEs with tailored
structures.

e Aim 3: Develop a nonlinear thermoviscoelasticity theory for LCEs.

e Aim 4: Design, fabricate, and characterize architected LCE structures.

At the end of the fourth (final) year, we completed Aims 1 - 4. The outcomes for the
Aims have been described in the prior years' annual reports and published in archival journals.
This report collates the main results of the project shown in previous years' reports.

Aim 1.1 Synthesize and characterize the main-chain networks with tailored net-
work and mesogen order.
A cornerstone of this research effort was to produce three sets of LCE networks
with tailored network chain and mesogen order:
1. LCE 1 - Polydomain LCEs with randomly aligned chains and randomly aligned
mesogen domains
2. LCE 2 - Monodomain networks with aligned chains
3. LCE 3 - Monodomain networks with unaligned chains
An illustration of the chemistries we've developed is shown in Fig. 1. This method
gives us the option to create tailored LCE networks based on the spacer chosen. If the
first spacer propanedithiol (C3) is chosen, polydomain LCEs (LCE 1) and monodomain
networks with aligned chains (LCE 2) can be synthesized. In both cases, an excess
amount of acrylate is used such that a sample can initially be synthesized through a
Michael addition reaction and then photo-crosslinked to control alignment. For the
LCE 1 sample, photo-crosslinking is performed in an unstretched state, while for the
LCE 2 sample, photo-crosslinking is performed in a stretched state. The stretching pro-
cess aligns both the mesogens and polymer chains, which are then stabilized via photo-



crosslinking. The LCE 3 sample can be synthesized by simply switching to spacer to
allyl-dithiol, which enables reversible addition-fragmentation chain-transfer (RAFT).
In this scenario, when the sample is stretched and photo-crosslinked, the RAFT reaction
relaxes the polymer chains while the mesogens stay in an aligned state — thus producing
the LCE 3 sample. The advantage of this chemistry is that LCEs can be synthesized in
three unique states using virtually the same chemistry. The only difference between the
spacers is an extra C=C double bond to enable the RAFT reaction in the LCE 3. This
allows us to explore the influence of LCE structure with minimal variations in chemis-
try from sample to sample.
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Figure 1. Chemistry used to create three LCE networks used in this study.

We can compare the behavior of these two approaches using dynamic mechan-
ical analysis (Fig. 2). In this experiment, both C3 and RAFT chemistries were tested
before photo-crosslinking in the unstretched state. These results demonstrate that both
spacers yield networks with very similar starting behavior.

We also discovered that the influence of liquid-crystal and network structure
plays a significant role in the dissipative behavior of the networks (Fig. 3). In this ex-
periment, we compared the thermomechanical response of a polydomain sample (LCE
1) to a monodomain sample with increasing chain alignment (LCE 2). If we focus on
the behavior at Ti, the dynamic soft elasticity dip becomes more pronounced, and a
secondary peak in the tan delta develops with increasing strain amounts. Although this
plot is normalized from the glass transition (0) to the isotropic transition (1), these re-
sults demonstrate that the tan delta can approach a value of 2 at temperatures 60 to
70°C above the glass transition. These values of damping are unprecedented for elas-
tomeric networks in the rubbery regime.
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Figure 2. DMA showing storage modulus and tan delta as a function of time for unstretched LCE net-
works using two different spacers. The glass transition for both networks is identical, while the dynamic
soft elasticity dip (an indication of Ti) is within 14°C.
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Figure 3. Compare a polydomain LCE network (LCE 1) to an LCE network with aligned mesogens and
chains (LCE 2). The LCE 2 networks were tested at two levels of programmed strain, 30 and 90%, and
in two orientations — perpendicular or parallel to the direction of alignment.

Aim 1.2 Characterize the effects of chemical structure, mesogen order, and net-
work structure on the damping properties of LCE networks

In the prior year, we developed a uniaxial tensile test to measure the rate-de-
pendent load-unload stress-strain response and investigate the effect of mesogen re-
laxation. We have completed testing of the C3 LCE networks prepared with different
pre-strains, 0%, 30%, and 90%. The 30% strain corresponds with the onset of the pol-
ydomain-monodomain (P-M) transition, and the 90% strain corresponds with the end
of the P-M change. In the following, we will refer to the 0%, 30%, and 90% pre-
strained materials as polydomains, lightly aligned polydomains, and monodomains.
Thin sheets of the polydomain networks were prepared as described in Aim 1.1. The
strips were pre-stretched between 2 clamps to different strain levels,
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Figure 4. The rate-dependent uniaxial tension stress-strain response for representative for different pre-
stretched LCE networks and loading directions relative to the pre-stretched direction: (a) 0% polydo-
main, (b) 30% parallel, (c) 90% parallel, (d) 30% perpendicular, and (e) 90% perpendicular.

0%, 30%, or 90% before being exposed to the second stage polymerization process to
lock in the degree of alignment. Thin strips were cut from the pre-stretched sheets, and
the strips were thermally rejuvenated at 125°C for 30 minutes before cooling to the test
temperature and annealed for 15 minutes before being mounted in an MTS Insight 5
testing machine equipped with a 1 kN load cell. The central section of the specimen
was speckled for 3D digital image correlation (DIC) by drawing a random pattern of
dots using a black permanent marker.



The networks were stretched to different maximum stretch levels to measure
the rate-dependent stress response. The maximum stretch levels were determined from
preliminary tests to failure. The strips were subjected to displacement-controlled load-
unload tests at different engineering strain rates ranging from 0.01%/s to 10%/s. One
specimen was prepared for each network and loading direction relative to the pre-
stretched direction and tested at all strain rates to reduce the effect of specimen-to-
specimen variability. The force response was measured by the MTS load cell and di-
vided by the undeformed cross-sectional area of the strip to calculate the engineering
stress. The engineering strain was calculated from the grip-to-grip displacements. The
Young's modulus was calculated by fitting the slope of the engineering stress-strain
curve for strains less than 10%. The hysteresis was computed by numerically integrat-
ing the area under the engineering stress-strain curve.

The specimens were imaged during loading by two monochrome cameras ar-
ranged in stereo. A commercial 3D-DIC program, VIC-3D (Correlated Solutions), was
used to analyze the images of the deforming specimen to calculate the 3Ddisplacement
field and the in-plane strain fields. These were used to examine the development of
heterogeneities in the strain field from mesogen relaxation.

The stress response of all LCE networks loaded both parallel and perpendicular
to the alignment direction exhibited noticeable strain rate-dependence and inelastic de-
formation upon unloading (Fig. 4). The polydomain and aligned networks loaded per-
pendicular to the alignment direction displayed a soft stress response, characterized by
a rate-dependent initiation stress, followed by a strain-softening response, and a strain-
stiffening response. For the 90% pre-stretched material loaded at 0.01%/s strain rate,
we did not detect a linear region before the initiation of the soft stress response.

The Young's modulus and hysteresis for all LCE networks and loading direc-
tions exhibited a power-law increase with strain rate (Fig. 5). The power-law exponent
was obtained by linear regression of the log-log plot with respect to strain rate. The
Young's modulus and hysteresis for the monodomain had a noticeably smaller power-
law exponent than the polydomain and lightly aligned network. The modulus of the
monodomain was larger and less rate-dependent along the alignment direction. The
hysteresis was higher along the perpendicular direction. These results indicated that
alignment stiffened the material and decreased the sensitivity to strain rate.
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Figure 5. The (a) Young's modulus and (b) hysteresis of the uniaxial tension stress response for the
different networks and loading directions exhibit a power-law dependence on the strain rate. Plotted are
the averages over the repeated tests, and the error bars indicate the variation between repeated tests.
The m is the slope of a linear fit of the log-log plot.
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Figure 6. The Green-Lagrange axial strain Eyy from 3D-DIC for representative tests of the polydomain
samples at (a) 10%/s and (b) 0.01% strain rates showing the development of heterogeneities in the strain
field from mesogen relaxation.

Results from 3D-DIC showed that all specimens experienced the development
of a non-uniform strain field during the uniaxial tension test. Fig. 6 shows the axial
Green-Lagrange strain field measured using 3D-DIC for representative tests of poly-
domain specimens at the highest and lowest strain rates. For all strain rates, the strain
field appeared uniform until the initiation of the soft stress response. At the lower strain
rates, 0.01%/s and 0.1%/s, the initiation of the soft-stress response corresponded to the
appearance of a band of higher strains in the middle of the specimen. Subsequent strain-
softening of the stress response was accompanied by the development of additional
bands of lower strains, producing a pattern of alternating bands of higher and lower
strains towards the end of the soft stress region.

To more quantitatively characterize the development of strain heterogeneities,
we calculated the standard deviation of the Green-Lagrange axial strain. We plotted for
all specimens and strain rates the standard deviation in strain normalized by the average
strain (Fig. 7). For the polydomain, the standard deviation was initially small, indicat-
ing a uniform strain response. The normalized strain variation began to grow after the
initiation of the soft stress response and became maximum near in the soft-stress region
before decreasing back to near zero. Larger strain variability was measured for slower
strain rates, which confirmed that the strain variability was caused by domain relaxa-
tion. Little strain variability was observed for the 10%/s strain rate, which suggests that
the characteristic relaxation time for domain relaxation was on the order of 10-100s.

The normalized strain variability was initially high for the aligned specimens.
The pre-straining process caused the development of a non-uniform domain structure
that led to a non-uniform strain response upon unloading. For the samples loaded in the
perpendicular direction, the normalized variability decreased until the initiation of the
soft stress response, where it increased and became maximized in the soft-stress region.
The development of the strain variability was less sensitive to the strain rate for the
monodomain specimens, and the normalized variability for the 0.01%/s was nearly



identical to that for the 10%/s loading rate. This suggests that mesogen relaxation is

characterized by smaller relaxation times.
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Figure 7. The standard deviation of the Green-Lagrange axial strain Eyy from 3D DIC normalized by
the specimen-averaged Eyy for representative tests at different strain rates for the different LCE network
structures and loading directions: (a) 0% polydomain, (b) 30% parallel, (c) 90% parallel, (d) 30% per-
pendicular, and (e) 90% perpendicular.

Aim 2: Characterize the anisotropic relaxation behavior of the mesogens and pol-
ymer network using wide-angle X-ray scattering and LCEs with tailored struc-
tures.

A major emphasis of Aim 2 was to determine the amount of order established
in networks with tailored alignment. This helps us to determine the amount of strain
we should use when (a) programming alignment of mesogens and (b) determining



relaxation behavior. Wide-angle X-ray scattering (WAXS) 2D plots can be seen in Fig.
8. For both chemistries tested, unstretched polydomain samples show diffuse halos.
With increasing amounts of strain, both chemistries go from a diffuse halo to showing
2 distinct bright spots separated by 180°, which indicates nematic order in liquid crys-

tals.

Strain 30% 60% 920% 120% 150%
Figure 8. 2D WAXS plots showing the chemistries transition from polydomain mesogen ordering to
nematic monodomains with increasing amounts of strain.

We can quantify the amount of nematic order by using the 1D WAXS profiles
(Fig. 9). Order parameter (S) can be calculated by fitting these curves and integrating
them using the following equation.
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Overall, 30% strain induces a limited amount of order with S = 0.43, while 90% strain
yields an order parameter of S = 0.58. Further increasing strain does not improve the
order parameter of the liquid crystals. This finding is important to this study, so we can
systematically link low, moderate, and high amounts of liquid crystal order to strain.
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Figure 9. The orientation distribution of scattering intensity for polydomain networks subjected to dif-
ferent stretches.

Aim 3 Develop a nonlinear viscoelastic theory for LCEs (Nguyen)



Experiments in Aim 1 showed that the large deformation uniaxial tension be-
havior of the acrylate main-chain LCEs was highly anisotropic, rate-dependent, and
exhibited large hysteresis and inelastic strain upon unloading [1]. Stretching a
monodomain in a direction perpendicular to the director produced an initial linear vis-
coelastic response, followed by a peak stress and strain-softening, which indicates
mesogen rotation towards the loading direction, then strain stiffening, which indicates
stretching of the polymer network. The linear region, soft stress region, and large-de-
formation strain-stiffening were highly rate-dependent. Stretching parallel to the di-
rector produced a highly viscoelastic elastomeric response that exhibited significant
rate-dependence and hysteresis.

To capture these features of the viscoelastic behavior, we developed a nonlin-
ear viscoelastic micropolar theory for nematic elastomers that incorporated the mech-
anisms of viscous director rotation and viscoelastic network deformation. We focused
on the case of nematic elastomers with a monodomain microstructure and assumed
that the order parameter is unaffected by deformation, such that the microstructure is
described by a director d in the current configuration and d, in the reference nematic
configuration. This allows us to conceptualize the material as a micropolar continuum
characterized by a deformation field and a single director field d(x) in the current
configuration. Following the developments of Del Piero,! we can derive the balance
of linear momentum for the Cauchy stress tensor o and the balance of angular mo-
mentum for the stress couple tensor M,

Vi +b =0,
ViM + ¢+ 2w° = 0,
where b is the body force, c is the body force couple, and wj, = %ei jkOijk 1s the axial

vector of the skew of the Cauchy stress.
To describe the time-dependent viscoelastic behavior, we assume that the de-
formation gradient can be decomposed into elastic and viscous parts,
F = F¢F?,
where FV is treated as the internal state variable of the material system.
The free energy density, in general, is assumed to be a function of the external
and internal variables as,
W = W(F,F¢d,vd,d,).
Note that W depends on the internal variable F” through F and F¢. Furthermore, we
assume that the stress and stress couple can generally be split into a quasistatic com-
ponent that does not depend on the objective rate of d° nor the objective rate of Vd°
and a viscous component that can depend on both,
o = o°(F,F¢d,Vvd,d,) + o”(F,F¢,d,Vd,d’,vd°, d, ),
M = M°(F,F¢,d,vd,d, ) + M”(F,F¢,d,vd,d’,vd’,d, ).
Following the arguments of Coleman and Noll?> and Coleman and Gurtin®, we can de-
velop thermodynamic restrictions for the constitutive relations for the quasistatic
stress and stress couple as,

o’ = -

T (GFF + o P - Ve 5pg

OF o0F¢ ovd
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skew[o?] = —lskew [G_W Rd+ a—WVdT]
] ad ovd ¢ |
MO = l(d X a—W)
7\% " ova)
sym[c”] = 0.

Some interesting results arise from this general formulation. First, the viscous stress
for director rotation is skew. For the case of a homogenous director field, Vd = 0 and
Vd° = 0. Then, from the above constitutive relations, M® = 0. It can be shown from
the thermodynamic restrictions that MY = 0, which causes skew([6°] = 0 from the
angular momentum causes. The constitutive relations above reduce to

o’ = 1<a_WFT +a_WFeT)'

7 \oF OF¢
kew[] = —skew[o?] = —~sk [6W®d]
SKew|o = SKew|o = ]S ew ad .

To satisfy the positive dissipation inequality, we choose the following constitutive
equations for the viscous director stress,

skew[e’] = np(d @ d°), d°=d-Wwd,
where W is the spin tensor. The rate of dissipation from viscous director rotation is

then n7p||d°||?. Noting that sym[6”] = 0, the total stress can be written as,
- 1(aVVFT+ GWFGT)+170 A d —d ®d)
7= 7\oF OF¢ 2 '
Combining the above equations for skew[oV] and skew[6°] and rearranging terms
gives an evolution equation for the director,
d=wWd— — <aw (aW a)a)
B Jnp\ad \ad '

The np is the viscous resistance to director rotation, and we will refer to it as the di-
rector viscosity. Similarly, we choose the following constitutive equation for the vis-
cous velocity gradient to satisfy the positive dissipation criteria,
LV = i FeT a_W

NN dF¢
The 1y is the viscous resistance to the elastomeric network deformation, and we will
refer to it as the network viscosity. At equilibrium, F¢ = 1,d° = 0 and 6¥ = 0. Then
we recover the constitutive relations for the equilibrium elastic behavior of the mate-

rial.
_ 1<6WFT)
o= 7\r " )
O—aW(I d® d)
~ad

To demonstrate the capabilities of the theory, we apply the following free energy den-
sity,

eq_ I _3 neq_ Ie_3
w=_H Aln(l—N}_L )—“ Aln(l—Ni )—,u“eqln(]e)—p(]—l),

2 2
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where J=det[F] is the volumetric deformation, p is the Lagrange multiplier of the in-
compressibility the constrain J=1. The I, = trace[l,FT17'F] is the mechanical
stretch of the network and IS = trace[l,F¢T1-1F¢] is the elastic part responsible to
the time-dependent response. The remaining are model parameters: A is the locking
stretch, which marks the onset of rapid strain-stiffening; ¢ is the equilibrium shear
modulus; and u®9 + u"®9 is the instantaneous shear modulus. The step length tensors
in the current and reference are given by,

1 2
I=r31-d®d) +73d Q d,
1 2
lo = T_g(l - dO ® do) + T§d0 ® do,

where 7 is a material parameter related to the order parameter. Finally, we assume an
Eyring-type (i.e., stress-activated) model for the director viscosity based on experi-
mental measurements of the strain-rate dependence of the peak stress®,
c: 0
TIp = Mpo €Xp <_ k_)
s
where 1p, is the intrinsic directory viscosity and kg is the activation energy.

We next chose representative material parameters for the model based on our
previous work's rate-dependent uniaxial tensile tests.> The anisotropic step length ra-
tio r=5.83 was determined from the monodomain's wide-angle x-ray scattering
(WAXS) measurement. The 1p, =40 MPa's and kg = 0.7 MPa? were fit to the draw
stress at strain rates 0.1/s and 0.01/s. The instantaneous shear modulus p°d +p"¢4=1.5
MPa was determined from the Young's modulus assuming incomprehensibility, while
1 =0.25 MPa, 1 = 5.7, nn = 800 MPa-s was fit to the large deformation network re-
sponse.

We applied the model to simulate the uniaxial tension stress response. Figure
10 shows a comparison between experiments and simulations. The model captured
the loading curve at a strain rate of 10-!/s and the rate-dependence of the linear and
soft stress region. However, the model over-predicted the peak stress at the begin-
ning of the stress response and underestimated the hysteresis. This is likely because
we only used one relaxation process for director rotation and one for network defor-
mation.
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Figure 10. Uniaxial tension response of LCE at 0.1/s and 0.01/s, with director perpendicular to ap-

plied loading initially. In general, the modeling results showed good agreement with experimental

measurements of the uniaxial tension stress response

Finally, we performed a parametric study to determine the effect of the mate-
rial parameters on the stress response (Fig. 11). The parameters r, 6, for the angular
orientation of the reference director relative to the loading direction, locking stretch 4,
director viscosity 17, and network viscosity 1,, were varied one by one. The results
shown in Figure 2 clearly show the physical significance of each parameter and their
distinct effects on the uniaxial loading and unloading stress response of the nematic
elastomer. The anisotropic ratio of the step lengths » determines the end strain of the
soft stress region and the permanent strain upon unloading. The locking stretch A de-
termines the strain at which significant strain stiffening of the network response oc-
curs. The network viscosity 17,, controls the hysteresis of the network stress response.
Furthermore, the director viscosity 77, and the activation energy ks determine the rate-
dependent soft-stress plateau and the strain for the onset of the stress response. Fi-
nally, the stress overshoot is determined by 7p, &, and the initial orientation of the di-
rector relative to the loading direction.
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Figure 11. From upper left to lower right, increasing r increases the end strain of the soft stress re-
sponse and the permanent strain upon unloading. Decreasing the reference director orientation from
0, = 90° decreases the initial stress overshoot. Increasing the locking stretch A increases the strain at
which strain stiffening occurs. Increasing the network viscosity increases the network relaxation time.
For this range of ny, the network changes from an equilibrium response with little hysteresis (N =
80) fo an instantaneous response also with little hysteresis (), = 8e10). The largest dissipation oc-
curs for ny = 800. Increasing np, increases the stress in the semi-soft regime and the onset strain of
the semi-soft region.

The study thus far shows that the nonlinear viscoelasticity theory can reproduce many
key features of the loading and unloading response. The results demonstrated that the
network viscoelastic deformation and director viscoelastic rotation affect different re-
gions of the load-unload stress response. The model has a small number of parame-
ters, most of which have distinct effects on the stress-strain curve.

Aim 4: Design, fabricate and characterize architected LCE structures (Kang,
Yakacki)

Based on the previous findings that architected LCEs show intriguing power-
law relations between the specific energy absorption and strain rate and the power-
law exponent can be modulated by controlling the mesogen alignment, we pursued a
deeper understanding of the interaction between LCE units by vertical stacking of
unit cells. We investigated stacked LCE structures by arranging polydomain LCE
units as 2xn arrays (2 columns, n rows). Figure 12a shows a series of experimental
snapshots of a 2x2 stacked structure with polydomain LCE under compressive



loading at a strain rate of 2.38x1072 (1/s). Firstly, both layers collapse downward sim-
ultaneously until a certain point ((i) to (ii)). Then, the bottom layer slightly recovers
while the top layer keeps collapsing downward ((ii) to (iii)). Lastly, both layers col-
lapse downward till fully deformed ((iii) to (iv)). The reaction force as a function of
displacement of 2x2 stacked LCE structures at different strain rates is given in Figure
12b. For each strain rate, two force peaks correspond to the collapse of two vertical
layers. As the strain rate increases, the reaction force increases correspondingly, indi-
cating a strong strain rate dependency. We also studied taller 2x3 and 2x4 stacked
structures. The specific energy absorption of stacked LCE structures from 2x1 to 2x4
are plotted at different strain rates (Figure 12¢). The specific energy increased with
the stacking number, which was not observed for elastic materials, and it is beneficial
for impact protection applications. The dependence on strain rate and the stacking
number originates from the viscoelastic behavior of LCEs.

To understand the energy absorption density increase, we simulated the
stacked structures and evaluated the contributions of the stored energy and dissipated
energy to the specific energy absorption for different stacks. The specific energy, dis-
sipated, and stored energy are plotted as a function of the number of stacks at a strain
rate of 2.27x10 (1/s), as shown in Figure 12d. As the number of stacks increases, the
dissipated energy keeps increasing while the stored energy remains roughly constant.
Therefore, the specific energy (the sum of dissipated and stored energy) increased
with the number of stacks. The buckling of one layer caused the other layers to re-
cover (i.e., straighten) and then buckle again after the initial buckled layer collapsed.
This load-unloading cycle increased the viscoelastic dissipation without changing the
stored energy.

To investigate whether energy absorption can be further enhanced by varying
geometry of stacked LCE structures, the beam thicknesses were gradually increased
from top to bottom layers while keeping the overall volume the same as the uniform
thickness cases (from top to bottom: thinnest to thickest, thickness variation between
adjacent layers was 0.05 mm). Figure 12e plots the reaction force as a function of dis-
placement for the 2x8 structures with uniform beam thickness and varying beam
thickness. The variation in the beam thickness causes the layers to collapse layer-by-
layer from top to bottom, producing 8 peaks in the force-displacement curve. In con-
trast, the layers collapsed simultaneously when the beam thickness was uniform, and
the force response did not have 8 distinct peaks corresponding to 8 vertical layers.
The area underneath the force-displacement curve (energy absorption) shows that the
structure with varying thickness absorbed more energy than with uniform thickness.
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Figure 12. Mechanical energy absorption through stacked LCE structures. a) Experimental snapshots
of a 2x2 stacked LCE structure (two unit cells in series) under compressive loading at a strain rate of
2.38x107 (1/s): (i)-(ii) initially both layers collapse simultaneously, (ii)-(iii) the bottom layer slightly
recovers back while the top layer keeps collapsing, (iii)-(iv) both layers collapse till fully deformed. b)

Force-displacement curves of 2x2 stacked LCE structures at different strain rates. Different curves for
the same color represent multiple samples. c) Specific energy absorption of stacked LCE structures plot-
ted as a function of strain rates at a different number of stacks from 2% 1 to 2%4. d) Specific total, dissi-
pated, and stored energy of stacked LCE structure and specific stored energy of stacked elastic structure
plotted as a function of a number of stacks at a strain rate of 2.27 <107 (1/s). For the elastic material,

the modulus was equal to the equilibrium part of the polydomain LCE. e) Force-displacement curves of
2x8 stacked LCE structures for both uniform and gradient beam thickness at a strain rate of 2.27 (1/s).

1) Specific energy difference between gradient and uniform cases for 2%2, 2x4, and 2 x8 stacked LCE
structures plotted as a function of strain rates. The horizontal dash line passing through zero indicates
the case where the specific energy of the gradient case is equal to that of the uniform case.

To quantitatively compare gradient with uniform structures, the specific en-
ergy difference between gradient and uniform cases at different strain rates is given in
Figure 12f. For both 2x4 and 2x2 structures, the specific energy difference between
gradient and uniform increases with strain rates and stays above zero, indicating that
gradient structures absorb more energy than uniform cases at higher strain rates. This



is because the layers of the uniform structures tended to collapse simultaneously at
higher strain rates. In contrast, the layers of the gradient structures collapsed sequen-
tially. The sequential collapse of the layers caused the LCE beams to unload and re-
load, which produced more viscous dissipation. The difference in the specific energy
between gradient and uniform structures increased with the number of stacks from
2x2 through 2x4 to 2x8§ at higher strain rates. It implies that more dissipation from
more loading cycles was generated with a larger number of stacks.
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Figure 13 A liquid crystal resin is created using the chemical structures shown in (a), starting with a Mi-
chael addition reaction using the liquid crystal mesogen, RM257, flexible dithiol spacer, EDDET, and addi-
tion catalyst, TEA, in a melt with an organic solvent, toluene. The photoinitiator, PPO, is added to allow
photocuring during printing, and the photo-absorptive dye, Sudan 1, is used to prevent overexposure during
printing so high-detailed print features can be achieved. A rendering of the printer setup is shown in (b). A
sample print is shown in (c) and shows the LCEs can be nematic at room temperature (left) and isotropic
when heated (right). An illustration of the oligomer solution before (left) and after (right) photocuring are
shown in (d). Photocuring the oligomers during printing creates cross-linking bonds between acrylate ter-
minal groups.

In summary, the study shows that vertically stacking LCE units with uniform
beam thickness can increase specific energy absorption as the number of stacks in-
creases, which is not observed in elastic materials. The stacking effect originates from
specific dissipated energy increasing with the number of stacks due to partial unload-
ing or recovery and oscillations of deformed beams. In addition, we could further en-
hance the energy absorption performance of stacked LCE structures by introducing a
gradient in the beam thickness to produce a sequential collapse of the bilayers. In this
work, we used LCE to fabricate tilted beams for a simple one-dimensional meta-
structure, but further enhancement of energy absorption is expected through



systematic structural design in the future. We envision our findings contribute to the
fundamental understanding of the nonlinear energy absorption mechanisms of archi-
tected LCE structures and applications where lightweight and extreme energy absorp-
tion are desirable, such as aerospace and automotive vehicles and personal protection.

We developed a method to 3D print architected designs using light processing
(DLP). An illustration of the DLP setup can be seen in Figure 13. Using this technique,
we can produce polydomain structures with micron-sized features (Figure 13c). It
should be noted that this is the first demonstration of bulk LCE structures being 3D
printed with DLP. We compared the rate dependence of two elastomeric material test
cubes, one made from LCEs and the other from TangoBlack (Figure 14). The DLP-
printed LCE samples maintained a high degree of rate dependence compared to the
TangoBlack elastomer. The Tg's of the LCE sample was measured at -6.6°C, while
TangoBlack was measured at ~14°C. Figure 13b showed that even though the Tan-
goBlack had a Tg closer to ambient test conditions, the LCE materials demonstrated a
more significant increase in rate dependence when increasing the compressive defor-
mation rate from 0.02 mm/s to 20 mm/s.
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Figure 14 - DLP 3D printed LCE and TangoBlack cubes were tested under uniaxial compressive loading. The
stress-strain results for testing on the z-axis are shown in (a), where you can see an increased stress response in
the LCE cube as the loading rate is increased. Comparatively, the TangoBlack appears to follow the same stress
responses, regardless of loading rate. The normalized stress at 50% strain of each cube was observed to quantify
rate dependence for the two materials in (b). By comparison, the LCE exhibits a greater rate dependence than
TangoBlack. The print direction doesn't significantly impact the material properties of either sample.

As a next step, a DLP-printed lattice structure was printed to demonstrate the feasibil-
ity of this approach. A representative Kelvin lattice is shown in Figure 15d. This lattice was
scaled in a way to demonstrate anisotropic behavior. The lattice was then compressed along
all 3 axes individually to show a difference in test direction and rate dependence. Finally, we
characterized the energy absorption properties of 3D-printed LCE lattices. Figure 16 compares
the LCE lattice from Figure 15 to an equal TangoBlack lattice (designated Lattice 1). The en-
ergy under the load-unloading curve was calculated at a loading rate of 20 mm/s. Overall, the
LCE lattice demonstrated a large hysteresis response compared to TangoBlack for all orienta-
tions tested. Overall, our success in DLP printing of LCEs gives us greater control to design
and fabricate architected structures.
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Figure 15 - Compressive stress-strain data for a DLP printed LCE lattice structure (Lattice 1). Tests were done
on each axis at four different speeds, beginning at 0.02 mm/s and increasing an order magnitude up to 20.0
mm/s. Testing shows that the material exhibits stiffer mechanical responses with greater rates of strain. The
stress-strain curves for the z-axis (a), y-axis (b), and x-axis (c) show that the lattice structure exhibited different
stress-strain responses to the uniaxial testing for each axis. (d) Photo of a representative sample of Lattice 1
measuring ~10 mm in height.
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Figure 16. (a) A representative plot of how the energy absorbed by the LCE lattice was calculated using

the loading-unloading curve. (b) A comparison of Lattice 1 compressed in the X, Y, and Z axes for LCE and

TangoBlack materials. Lattices 2 and 3 are alternative lattices that have been fabricated but not yet com-

pared to TangoBlack.
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