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Digital Light Process 3D Printing of Magnetically Aligned
Liquid Crystalline Elastomer Free—forms

Jeremy A. Herman, Rodrigo Telles, Caitlyn C. Cook, Samuel C. Leguizamon,
Jennifer A. Lewis, Bryan Kaehr, Timothy J. White,* and Devin J. Roach*

1. Introduction

Liquid crystalline elastomers (LCEs) are anisotropic soft materials capable of

large dimensional changes when subjected to a stimulus. The magnitude and
directionality of the stimuli-induced thermomechanical response is associated
with the alignment of the LCE. Recent reports detail the preparation of LCEs by
additive manufacturing (AM) techniques, predominately using direct ink write
printing. Another AM technique, digital light process (DLP) 3D printing, has
generated significant interest as it affords LCE free-forms with high fidelity and
resolution. However, one challenge of printing LCEs using vat polymerization
methods such as DLP is enforcing alignment. Here, we document the
preparation of aligned, main-chain LCEs via DLP 3D printing using a 100 mT
magpnetic field. Systematic examination isolates the contribution of magnetic
field strength, alighment time, and build layer thickness on the degree of
orientation in 3D printed LCEs. Informed by this fundamental understanding,
DLP is used to print complex LCE free-forms with through-thickness

variation in both spatial orientations. The hierarchical variation in spatial
orientation within LCE free-forms is used to produce objects that

exhibit mechanical instabilities upon heating. DLP printing of aligned LCEs
opens new opportunities to fabricate stimuli-responsive materials in form
factors optimized for functional use in soft robotics and energy absorption.
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Liquid crystalline elastomers (LCEs) are
lightly cross-linked polymer networks that
retain liquid crystallinity. The assimilation
of anisotropy and viscoelasticity underpins
the potential functional utility of LCEs
in soft robotics,[*?l impact resistance, 38
optics,® 1?1 and energy.!***) Numerous
prior reports detail the synthesis, align-
ment, deformation mechanics, and physics
of LCEs.'”"2% The recent resurgence in
LCE research is largely attributable to the
introduction of facile materials chemistries
that not only allow for straight-forward
preparation of LCEs, but are also amenable
to surface-enforced alignment,*) me-
chanical alignment,??l and rheological
alignment.[2>-26]  Rheological alignment
typically refers to the preparation of LCEs
via direct ink write (DIW) 3D printing. In
this method, a viscous LC oligomer melt is
extruded through a nozzle onto a print bed
where it is typically photopolymerized. The
shear forces involved with extruding the ink
through the nozzle impart alignment on the extruded filament,
and subsequent photopolymerization locks in that alignment.
Since the introduction of this method, there has been a surge
in publications on DIW printing of LCEs. While DIW printing of
LCEs has produced more complex alignment and shape changes
than anything seen in these materials previously, most exam-
ples still are limited to flat films that actuate into 3D structures
(2D to 3D shape transformation). Recent publications have de-
tailed methods of printing 3D structures using DIW; however,
these methods utilize pre-built-in support structures!?’! or em-
bedded printing in a gel media.?8! Nevertheless, DIW is a more
accomplished technique and remains the fastest and most versa-
tile method of preparing thick LCE actuators with complex direc-
tor profiles. The complexity of larger 3D structures achievable by
DIW is its biggest downside and this is where vat polymerization
technologies such as digital light processing (DLP) are advanta-
geous. There is an excellent review article that describes the dif-
ferences in extrusion and vat polymerization techniques for the
3D printing of LCEs.[*]

DLP is an increasingly widespread vat polymerization
method for producing complex 3D structures using additive
manufacturing.*3% In this method, a liquid crystal (LC)(7):69
oligomer resin is poured into a vat and then photopolymerized
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layer by layer until a 3D structure is made. This method has
been used to print 3D LCE lattice structures with exceptional
resolution.l**] These LCE lattices have shown strong potential
as energy-absorbing materials because of their combination of
viscoelasticity and mesogen reorientation, also known as soft
elasticity. Both polymer chain viscoelasticity and soft elasticity
of LC mesogens provide mechanisms of dissipating energy.
In traditional elastomers, only polymer chain viscoelasticity
contributes to their energy dissipation mechanism. In previous
examples of DLP printing LCEs, toluene is included in the resin
to reduce its viscosity for room-temperature printing. This is
a necessary step but is not ideal as toluene disrupts LC inter-
actions. The most notable drawback of DLP printing for LCEs,
however, is that the printed structures are typically unaligned,
eliminating many of the primary advantages offered by LCEs.[3!l
Some researchers have attempted to solve this challenge by
using a specialty-made printer that shears an entire layer of
LC resin and then subsequently photopolymerizes it.*] In this
example, only bending actuation was seen in the shear-aligned
and DLP-printed LCE films instead of the classic linear actua-
tion response. Nevertheless, an alignment method that can be
integrated into DLP printing and that is easily adjustable to form
more complex shapes and actuation properties would open the
door to a myriad of functional LCE structures.

Other procedures exist to achieve more complex alignment in
LCEs, including photopatterned alignment!323* and electric field
alignment.[3>-38] Electric field alignment could potentially be in-
tegrated with DLP printing but is hindered by the need for high-
strength electric fields (0.3 V um™") which has only been used to
print very small structures (100 um).[**] One alignment method
that has garnered much less attention, but is suitable for integra-
tion with DLP printing is magnetic field alignment.3*#°! Liquid
crystals have an inherent diamagnetic susceptibility with the ma-
jority of mesogens aligning their long axis parallel to a magnetic
field. The alignment of LCEs via a magnetic field has been mini-
mal compared to other alignment methods and has mostly been
used to align side-chain LCEs!*'~*] with some examples shown
to align a main-chain LCE using high-strength magnetic fields
and long alignment times.[***! For this work, our studies focus
on main-chain LCE formulations as they achieve greater length
changes in their actuation and possess superior viscoelastic prop-
erties as compared with side-chain LCEs.[*¢]

Motivated by the potential to prepare free-form LCEs with
spatial and hierarchical variation in director orientation and in-
formed by a recent report,[*’! we demonstrate the preparation of
very thick aligned LCE free-forms, up to 70 layers and 7 mm
tall. The LCEs are aligned by a low-strength magnetic field (100
mT) generated by a Halbach array that can be integrated with a
commercially available DLP printer. The LCEs are prepared via
a dual-stage thiol-acrylate/thiol-ene materials chemistry placed
in a liquid crystalline solvent 4-Cyano-4'-pentylbiphenyl (5CB).
The association of director orientation and variables relating to
magnetic field alignment such as field strength, alignment time,
and layer thickness are systematically explored. This fundamen-
tal understanding is the basis of subsequent studies to prepare
3D-printed free—forms to include LCEs with spatial and hierar-
chical variance in director orientation. In this way, this contribu-
tion is an advance in demonstrating that LCEs can be prepared
by DLP printing to prepare complex 3D free—forms with poten-
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tial for paradigm-shift in soft robotics, dynamic structures, and
energy absorption.

2. Results and Discussion

LCEs were prepared via sequential thiol-Michael oligomeriza-
tion and thiol-ene photopolymerization.*s>°1 The LCE com-
position was based on the commercially available liquid crys-
talline (LC) monomer C6M (Figure 1a). The polymerizable LCE
composition was mixed with the non-reactive LC molecule 4-
Cyano-4’-pentylbiphenyl (5CB, Figure 1a) in a 1:1.5 weight ra-
tio. Thiol-Michael oligomerization of C6M with the chain extend-
ing dithiol 2,2'-(Ethylenedioxy)diethanethiol (EDDT, Figure 1a)
was catalyzed with dipropylamine (DPA, Figure 1a). The for-
mulation contains a molar excess of thiols and accordingly, the
thiol-Michael addition reaction produces thiol-terminated C6M
oligomers. The oligomeric composition is viscous and retains lig-
uid crystallinity, also known as the nematic phase. In a compara-
tive study, non-liquid crystalline oligomeric compositions did not
align with a magnetic field (Table S1, Supporting Information).
5CB is included in the mixture to reduce the viscosity of the resin,
increase the robustness of the nematic phase, and improve the
affinity of the mixture to magnetic field alignment. SCB and C6M
both possess positive values of diamagnetic susceptibility, mean-
ing they will both orient their long axis parallel to the applied
magnetic field.5! Overall, the resin with 5CB included will have
a stronger diamagnetic response than if a non-liquid crystalline,
isotropic solvent (such as toluene) was included.

Aligned, main-chain LCEs were prepared from this compo-
sition by exposure to a magnetic field. The magnetic field was
produced from magnets arranged in a Halbach array (Figure 1b)
where cubic magnets were integrated into a 3D-printed housing.
The magnetic poles were aligned to produce a uniform magnetic
field that is unidirectional. The red arrows on each magnet point
toward their north pole. Collectively, the magnets of the Halbach
array produce a magnetic field of 100 mT that points in a single
direction marked by the nematic director, n (Figure 1b). The con-
sistency in the orientation of the magnetic field is visualized in
the alignment of magnetic particles in Figure S1a (Supporting In-
formation). The diamagnetic susceptibility of LC molecules and
monomers results in alignment parallel to the magnetic field
(Figure 1Db). The inclusion and concentration of 5CB are criti-
cal in enabling alignment as compared to formulations using
toluene as the solvent or formulations where the 5CB content
is increased or decreased (Figure S2, Supporting Information).
Upon magnetic field alignment, the oligomeric composition is
photopolymerized by reacting excess thiol groups with unreacted
tetrafunctional vinyl cross-linker glyoxal bis(diallyl acetal) (GDA,
Figure 1a) which arrests the alignment. The result is an LCE that
retains uniaxial alignment.

This alignment is evident as seen using wide-angle X-ray scat-
tering (WAXS) and in the material’s thermomechanical response
(Figure 1c). Upon heating and under isostress conditions, the
LCE film contracts parallel to the aligned axis (negative strain)
and expands orthogonal to the aligned axis (Figure S3, Sup-
porting Information). The aligned LCE film repeatedly exhibits
25-30% strain over many cycles (Figure S4, Supporting Infor-
mation). Comparatively, an LCE film prepared without magnetic
field alignment does not exhibit directional actuation (Figure 1c).
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Figure 1. a) Chemical structures of liquid crystalline diacrylate (C6M), liquid crystalline solvent (5CB), dithiol (EDDT), tetraene (GDA), and amine (DPA)
are illustrated. b) A viscous mixture of the oligomers and LC solvent is aligned by placing into a magnetic Halbach array. The arrangement of the cubed
magnets produces a uniform 100 mT field. Upon alignment, the mixture is photopolymerized to form an aligned LCE. Red arrows points toward the north
pole on each magnet of the Halbach array while the black arrow corresponds to the nematic director. c) The alignment of the LCE results in films that
exhibit directional actuation associated with orientational order. WAXS scan (inset) is shown of aligned sample with calculated orientation parameter
(S). d) The Halbach array can be integrated with a bottom-up DLP printer to 3D print aligned structures. e) A lotus flower composed of LCE is printed as
an illustration. f) A single octet truss unit cell is printed. 3D printed LCEs have been identified as low-density energy-absorbing materials and alignment

integrated with a lattice structure should enhance dissipation in these materials.

This alignment of the LCE is evident in the WAXS pattern shown
in Figure 1c. The Herman's orientation parameter (S) for this
LCE was calculated to be 0.33, which is comparable to prior re-
ports of aligned LCEs where orientation parameters between 0.3—
0.6 are typically reported.’>>3] The composition and magnetic
field alignment were then integrated with a commercially avail-
able DLP printer (Figure S5, Supporting Information). The DLP
printer exposes the material with 385 nm light projected from the
bottom of the vat filled with the LC composition. The Halbach ar-
ray is placed around the vat to align the resin before the build
layer is printed (Figure 1d). This approach allows for the printing
of complex 3D free—form objects that take advantage of the fi-
delity of DLP, such as a lotus flower (Figure 1e) and an octet truss
lattice unit cell (Figure 1f). The combination of an anisotropic
material like aligned LCEs with lattice geometries like an octet
truss could lead to enhanced energy absorption properties in low-
density, soft materials.

Prior reports have employed comparatively high-strength mag-
netic fields (500-1000 mT) to align LC precursors before poly-
merization. We fabricated additional alignment arrays to pro-
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duce fields of 50 and 200 mT to better understand the associ-
ation of magnetic field strength and alignment. In a previous
report where side-chain LCEs are magnetically aligned, maxi-
mal alignment is achieved at a 100 mT field strength,“!] which
corresponds well to the results for our system (Figure 2a). The
film aligned with the 200 mT field reaches the same actuation
amount. However, when the magnetic field strength is reduced
to 50 mT, the material does not align to the same amount and
reach the same actuation (Figure 2a). A Frederiks threshold is
the field strength necessary to align a liquid crystalline director
and this threshold is dependent on the system being studied.l>!]
For this system, a 100 mT field strength results in the full align-
ment we achieve when alignment time and film thickness are
held constant.

A higher-strength magnetic field, however, can work to align
thicker samples and, by extension, offers the opportunity to print
thicker build layers and accelerate the printing of large architec-
tures. To show this, the oligomeric resin was aligned in the 100
and 200 mT arrays for 5 min and the film thicknesses were var-
ied (100, 250, 500, and 750 pm). For simplicity, the maximum
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Figure 2. a) The thermomechanical response of LCEs depends on the field strength. All samples were aligned for 5 min and are 100 um thick. b) Summary
of experiments examining the thermomechanical response of LCEs prepared over a range of thicknesses subject to alignment at 100 and 200 mT. All
samples were aligned for 5 min. c¢) Thermomechanical response of LCEs subject to 100 mT magnetic field alignment for time ranging from 10 s to 10
min. All samples are 100 um thick. d) Thermomechanical response of the LCE with 5CB as plasticizer or after washing.

actuation strain of each material versus their thickness is plotted
and shown in Figure 2b (full examination shown in Figure S6a,b,
Supporting Information). Increasing the field strength allows for
better alignment of thicker LCEs.

The time to reach alignment of our LCE system was also con-
sidered and studied using the 100 mT Halbach array. As shown
in Figure 2¢, 5 min of alignment time was necessary to reach the
maximum alignment (maximum uniaxial actuation) for this sys-
tem. A 10-min alignment time did not offer any additional actua-
tion as seen in the overlapping 5-min and 10-min curves. Going
below 5 min, however, saw a decrease in the alignment and re-
duced the actuation contraction of the materials. A similar align-
ment time study was done using the 200 mT array and shown
in Figure S6c¢ (Supporting Information). While the 200 mT array
offered minor improvements to the alignment compared to the
100 mT array, we saw a similar overall trend and concluded thata
5-min alighment time using the 100 mT Halbach array was suffi-
cient for the rest of our studies and integration with DLP printing.

The inclusion of the low molar mass LC 5CB is critical for en-
abling alignment but also affects the thermomechanical proper-
ties of the LCE, as evident in Figure 2d. Explicitly, the nonreactive
SCB acts as a plasticizer to the LCE after cross-linking. Compar-
atively, the thermomechanical response of the LCE plasticized
with 5CB occurs at lower temperatures than when 5CB is re-
moved by solvent exchange and drying (with DCM). The washed
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material exhibits a higher Ty, (Figure S7a, Supporting Informa-
tion) and an increased modulus (Figure S7b, Supporting Infor-
mation) than the unwashed material. Even with the removal of
5CB, the alignment is retained as evidenced by the thermome-
chanical actuation behavior shown in Figure 2d. Scanning elec-
tron microscopy (SEM) on the washed and unwashed films indi-
cated that the removal of 5CB did not leave any porosity in the
film (Figure S8, Supporting Information). We also measured the
volume and mass change of these samples when 5CB was re-
moved and noticed that the density of the material stayed the
same (Table S2, Supporting Information).

Informed by experiments assessing the alignment of LCE
films in a magnetic field, we subsequently explore the voxela-
tion of LCE free—forms by DLP printing. For consistency, we
use the 100 mT Halbach array for magnetic alignment, aligned
each build layer for 5 min, and prepared build layers of 100 um
thickness. Given the differences in the processing environment,
the DLP-printed LCEs exhibit a slight increase in modulus and
a higher temperature thermomechanical response (Figure S9,
Supporting Information). Subsequently, we prepared multi-layer
DLP prints of LCEs. As shown in Figure 3a, a two-layer print is
prepared of a uniaxially aligned layer printed on top of an un-
aligned layer. Upon heating, the bilayer LCE print curls due to the
alignment mismatch between the material layers and through
the material thickness. WAXS scans of the varying individual
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Figure 3. a) A bilayer LCE was 3D printed where half of the film is aligned and half of the film is unaligned. WAXS scans illustrate the anisotropy in
the aligned side and isotropy in the unaligned side. The originally flat film curls when heated. b) The thermomechanical response of the LCE bilayer
is summarized by measured bending angle as a function of alignment time. Again, increasing the time for magnetic field alignment enables greater
orientation and enhanced response. c) The deformation of the bilayer elements are visualized in photographs as a function of magnetic field alignment

time.

layers indicate anisotropy in the aligned layer and an isotropic
halo scattering pattern in the unaligned layer (Figure 3a). To il-
lustrate the influence of alignment time in preparing multi-layer
DLP LCEs, we prepared elements in which the alignment was fa-
cilitated by 100 mT exposure for 10 s to 10 min. The influence of
alignment time on director orientation is evident in the summary
of the bending angle (Figure 3b) taken from the stimuli-response
of the DLP LCE evident in the photographs in Figure 3c.

A variety of complex free—form LCE objects are printed in
Figure 4. Each of these free-forms was subjected to uniaxial
alignment by subsequent printing and alignment in numerous
build layers. In the first example, we printed a 1 mm thick ob-
ject in the shape of a manta ray. The LCE was aligned laterally
across the manta ray. Accordingly, upon heating, the free—form
object contracts laterally, resulting in the wings flapping upward
(Video S1, Supporting Information). We also printed a 2.5 mm
thick LCE snake (Figure 4b). Here, we consecutively printed 25
layers, where alignment is along the length of the snake. No-
tably, the geometry of the snake and the alignment are decou-
pled, which is not achievable in the 3D printing of LCEs by DIW.
When heated, the snake contracts. Given the orientation of the
LCE and the geometry of the shape, this manifests as coiling with
the head and tail lifting (Video S2, Supporting Information). As
a final illustration, we then printed a 7 mm thick LCE flower-
like structure that is mirrored on the top and bottom (Figure 4c).
The bottom of the flower was not subjected to alignment while
the top of the flower was aligned. This free—form object was pre-
pared in 70 build steps. When heated, the top half of the flower
(e.g., aligned) contracts to result in the petals folding in along the
alignment direction. Notably, the bottom half of the flower (un-
aligned) does not deform (Video S3, Supporting Information).
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Close observation during the heating of the printed free—forms
in Figure 4 indicates that the stimuli actuation response seems
less as the number of build layers increases. To isolate this, we
printed simple rectangular strips with uniaxial alignment from
1 to 70 build layers. For samples less than or equal to 30 layers,
strain was measured in tension by DMA. For the 70-layer printed
block, the actuation was measured from the change in its length
when it was heated. Indeed, as the number of build layers in-
creases, the magnitude of the stimuli-response (e.g., strain) de-
creases from approximately 25% to 10% (at >30 layers) (Figure
S10, Supporting Information). We hypothesize that this decrease
is potentially associated with either a change in the magnitude of
orientation in subsequent polymerization steps or due to interfa-
cial mechanical losses between build layers.

The studies to this point describe using a single Halbach ar-
ray arrangement that produces a unidirectional magnetic field
(Figure Sla, Supporting Information). Adjusting the orientation
of the cube magnets in the Halbach array can generate magnetic
fields with complex 2D variance in polarization. This is visual-
ized again with magnetic particles for an additional Halbach ar-
ray prepared in Figure S1b (Supporting Information). The spa-
tial variance in the magnetic field of this Halbach array is il-
lustrated in Figure 5a. Given the association of magnetic field
directionality and alignment, we use this array to prepare DLP
LCE films with spatial variance in orientation. A single layer DLP
LCE was prepared and exhibits an expected saddle-like deforma-
tion in Figure 5a. The single-sided (directional) heating and ac-
companying actuation into a saddle-like configuration are shown
in Video S4 (Supporting Information). Spatial variations in di-
rector orientation were confirmed with localized WAXS scans
(Figure S11, Supporting Information). In the areas where the
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Figure 4. Aligned and DLP printed LCE objects a) A manta ray where the
alignment is along the wings. Upon heating, the wings flap. b) A snake
where the alignment is parallel to the length of the body. Upon heating,
the snake contracts into an attack-like position. ¢) A 7 mm thick mirrored
flower is printed where the bottom half is unaligned and the top is aligned.
When heated, only the top of the flower closes.

magnetic strength and directionality are expected to be higher
(and where the maximum actuation occurs), WAXS shows clear
anisotropy. In the middle of the film, the scan shows an un-
aligned pattern. Indeed, measuring the magnetic field strength
at these locations shows a stronger field at the top and bottom
corners and a much weaker field strength in the middle (Figure
S11, Supporting Information). Subsequently, we prepared multi-
layer DLP LCE free—forms with rotation of this alternate Hal-
bach array. Fundamentally, the DLP LCEs have rotation in the
nematic director through the material thickness to prepare voxe-
lated free—forms. The printing schematic and stimuli-response
of these free—forms are visualized in Figure 5b—d (Supporting
Information). Notably, variation in the through-thickness orien-
tation of these materials produces films that can exhibit one or
more mechanical instabilities when subject to single-sided (di-
rectional) heating. These instabilities are evident in Videos S5-S7
(Supporting Information). These evolving geometries and me-

Adv. Mater. 2024, 36, 2414209

2414209 (6 of 9)

www.advmat.de

chanical instabilities illustrate the versatility of using well-defined
and switchable magnetic fields afforded by Halbach arrays.

3. Conclusion

Up to 7 mm thick, aligned LCE free—forms were printed by DLP.
The LCE materials chemistry reported here is advantageous in
that it is readily amenable to magnetic field alignment and uses
main-chain mesogens that significantly enhance the magnitude
of the achievable stimuli-response. This report characterizes the
fundamentals of magnetic field alignment in both film and free—
form elements. From this basis, many layers thick LCE free—
forms were prepared by DLP in which alignment was varied
between aligned and unaligned, fully aligned, or with through-
thickness variance in director orientation. The resulting voxe-
lated LCE free—forms exhibit distinctive stimuli-response includ-
ing mechanical instabilities. This work advances the opportunity
to utilize emerging tools in materials and processing techniques
to prepare LCEs in distinctive free—forms that could pilot their
functional use in robotics, healthcare, or consumer products.

4. Experimental Section

Materials: The compositions examined here were based on the diacry-
late liquid crystalline monomer 1,4-Bis-[4-(6-acryloyloxyhexyloxy)-
benzoyloxy]—2-methylbenzene (C6M, Wilshire). C6M was oligomerized
by thiol-Michael addition with the dithiol 2,2'- (ethylenedioxy) diethanethiol
(EDDT, Aldrich). The thiol-Michael reaction was catalyzed by 1 wt.% of
the base catalyst dipropylamine (DPA, Aldrich). Subsequently, the thiol-
terminated oligomers were subject to photoinitiated cross-linking by the
inclusion of the tetrafunctional vinyl cross-linker glyoxal bis(diallyl acetal)
(GDA, Aldrich). Photopolymerization was initiated by 2 wt.% of 2-benzyl-
2-dimethylamino-1-(4-morpholinophenyl)-butanone-1 (Irgacure 369, IGM
Resins). The radical inhibitor 4-methoxyphenol (MEHQ, Aldrich) was
included at 1 wt.% to suppress polymerization before light exposure. The
viscosity of the polymerizable compositions was modified by the inclusion
of the small molecule liquid crystal 4-Cyano-4’-pentylbiphenyl (5CB, AA
Blocks). The UV absorber Sudan | (Aldrich) was mixed at 0.01 wt.% to
limit polymerization to the intended build layer in DLP.

Resin Preparation: C6M and 5CB were mixed at a 1:1.5 weight ratio.
Other solid components (Irgacure 369 and MEHQ) were weighed and
added to the mixture that was melted and mixed. For printed resins, Sudan
| was added. Following the addition of solid components, the liquid com-
ponents (EDDT, GDA, and DPA) were then added. This mixture was vig-
orously mixed by vortex. The molar ratios between the functional groups
were 1.0:1.5:0.5 acrylate:thiol:vinyl. After formulating and mixing, the resin
was placed at 100 °C in an oven for three hours to catalyze and expedite the
thiol-Michael reaction. The oligomeric composition had distinctive phase
behavior and was allowed to cool to room temperature overnight, where
it becomes a nematic liquid crystalline resin.

Alignment:  For alignment procedures where there is no printing in-
volved, a custom-made Halbach array was printed using fused deposition
modeling (FDM) with a platform in the middle of the array to hold the films
for alignment and polymerization. For studies with the stronger or weaker
magnetic fields, two arrays were made with permanent magnets on oppo-
site sides from each other. Magnets for all studies were purchased from
Magnet Shop. For studies where the alignment time was varied, the resin
was exposed to the magnetic field for the allotted amount of time before
it was exposed to a 385 nm light that locks in the alignment. For stud-
ies where the film thickness was controlled, various spacers of 100 to 750
um were used to control thickness. To remove the 5CB solvent from the
cross-linked materials, the films were submerged in DCM for at least 24 h
and then allowed to dry before testing.
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Figure 5. a) An alternate Halbach array was prepared that produces a spatial variance in magnetic field. The spatial variance in orientation of the LCE is
evident in the deformation of a single-layer LCE. The deformation away from the hot surface results in a slight thermal gradient (inset). Multilayer 3DP
LCE were prepared in which each layer was subsequently oriented in increments of b) 90° (bilayer), c) 180° (bilayer), and d) 90° and 180° (trilayer). The
concurrent variation in spatial and hierarchical orientation results in complex mechanical responses including mechanical instabilities. Deformation
does contribute to thermal gradients as the elements lift away from the surface (insets).

Characterization: ~ Actuation was characterized in isostress tension ex-
periments via dynamic mechanical analysis (DMA 850 — TA Instruments).
Tensile tests and oscillation temperature ramps were also conducted using
DMA. Visualization of free-standing actuation of LCE films and free—forms
were subject to heating via a heat gun or a hot plate. LCE film morphology
was characterized via scanning electron microscopy (SEM) taken on an
FEI Helios Nanolab 660 FIB-SEM. LCE samples were freeze-fractured by
razor blade after submersion in liquid nitrogen. For SEM imaging, the films
were coated with Au/Pd particles. The SEM images shown were taken from
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the cracked edges. For WAXS experiments, a Xenocs Xeuss 3.0 was used,
and scans consisted of a 120 s X-ray exposure with an energy of 8 keV and a
sample to detector distance of 43.5 mm. Magnetic field strength was mea-
sured using a LATNEX MF-30K AC/DC Gaussmeter and Magnetic Field
Indicator.

DLP Printing: A custom-made Halbach array and build stage were
FDM printed. In the original file for the Halbach array, a platform was
added to the center for film alignment studies. To integrate the array
with a DLP printer, this center platform was removed to allow the DLP
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build head to pass through the Halbach array unobstructed. The array and
build stage were integrated with a commercial DLP printer (Micro DLP,
Kudo3D). Control samples without alignment were prepared in the con-
ventional printer system. The oligomerized resin (with 5CB) was poured
into the vat. Unless otherwise noted, the resin was allowed to align in the
vat for 5 min before printing each build layer. Unless otherwise noted, each
printed build layer was 100 um thick and was exposed to a 385 nm light
for 3 s and the dwell time between each layer was set at 5 min. In DLP
prints with variation in alignment via adjustment or introduction of al-
ternate Halbach arrays, the resin was allowed to stabilize and align be-
fore printing subsequent layers. The lotus flower was designed by Jes-
sica Hogan (jessmakes90, https://www.thingiverse.com/thing:5149723),
the manta ray by Finn Clayton (ANudibranch, https://www.thingiverse.
com/thing:5314737), the snake by James Sawatsky (Indianajames, https:
//www.thingiverse.com/thing:5501261), and the mirrored flower by Luke
Johnson (Icjjohnson, https://www.thingiverse.com/thing:4881292).

Supporting Information

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