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CONSPECTUS: Synthetic structures that undergo controlled move-  Magnetic field engineering Fabrication

ment are crucial building blocks for developing new technologies J
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applicable to robotics, healthcare, and sustainable self-regulated

materials. Yet, programming motion is nontrivial, and particularly at e . additive

the microscale it remains a fundamental challenge. At the macroscale, e Y o © 5 manufacturing
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movement can be controlled by conventional electric, pneumatic, or & LCE Actuators © microfluidics

enabled by

combustion-based machinery. At the nanoscale, chemistry has taken R — o Magnetic D onsiveness

strides in enabling molecularly fueled movement. Yet in between, at B B 3% < S

the microscale, top-down fabrication becomes cumbersome and  orientation / U e .
expensive, while bottom-up chemical self-assembly and amplified Ax>0 Ay <0 D ))) ) E

molecular motion does not reach the necessary sophistication. Hence, ~ ©"dering X‘:{ W = 0

new approaches that converge top-down and bottom-up methods and &0 ﬂLmT i 3
enable motional complexity at the microscale are urgently needed.

Synthetic anisotropic materials (e.g., liquid crystalline elastomers, LCEs) with encoded molecular anisotropy that are shaped into
arbitrary geometries by top-down fabrication promise new opportunities to implement controlled actuation at the microscale. In
such materials, motional complexity is directly linked to the built-in molecular anisotropy that can be “activated” by external stimuli.
So far, encoding the desired patterns of molecular directionality has relied mostly on either mechanical or surface alignment
techniques, which do not allow the decoupling of molecular and geometric features, severely restricting achievable material shapes
and thus limiting attainable actuation patterns, unless complex multimaterial constructs are fabricated. Electromagnetic fields have
recently emerged as possible alternatives to provide 3D control over local anisotropy, independent of the geometry of a given 3D
object.

The combination of magnetic alignment and soft lithography, in particular, provides a powerful platform for the rapid, practical, and
facile production of microscale soft actuators with field-defined local anisotropy. Recent work has established the feasibility of this
approach with low magnetic field strengths (in the lower mT range) and comparably simple setups used for the fabrication of the
microactuators, in which magnetic fields can be engineered through arrangement of permanent magnets. This workflow gives access
to microstructures with unusual spatial patterning of molecular alignment and has enabled a multitude of nontrivial deformation
types that would not be possible to program by any other means at the micron scale. A range of “activating” stimuli can be used to
put these structures in motion, and the type of the trigger plays a key role too: directional and dynamic stimuli (such as light) make
it possible to activate the patterned anisotropic material locally and transiently, which enables one to achieve and further program
motional complexity and communication in microactuators.

In this Account, we will discuss recent advances in magnetic alignment of molecular anisotropy and its use in soft lithography and
related fabrication approaches to create LCE microactuators. We will examine how design choices—from the molecular to the
fabrication and the operational levels—control and define the achievable LCE deformations. We then address the role of stimuli in
realizing the motional complexity and how one can engineer feedback within and communication between microactuator arrays
fabricated by soft lithography. Overall, we outline emerging strategies that make possible a completely new approach to designing for
desired sets of motions of active, microscale objects.

increasing field intensity

B INTRODUCTION

Movement is central to life, yet surprisingly difficult to
coordinate. Sophisticated biological machinery commands
deformations and reconfigurations from the molecular to the
macroscale, thereby achieving complex motions—from direc-
tional movement and nonreciprocal beating patterns, to
combinations of elongation/contraction, twisting, bending,
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Figure 1. Fabrication and alignment methods for liquid crystalline elastomer (LCE) microstructures—their applicability and deficiencies: (a) An LCE
undergoes a directional deformation determined by its molecular anisotropy (director n), order parameter, and network architecture. (b) Comparison
of LC alignment methods and fabrication strategies through (i) mechanical force, (ii) topographical patterning, and (iii) magnetic fields. Magnetic field
alignment, as a volumetric method, is decoupled from the sample geometry and allows for arbitrary choice of director orientation within molded 3D

shapes (particularly at the micron scale), unlike approaches (i) and (ii).

and shearing. Developing and synthesizing soft intelligent
material systems” > mimicking this complexity promises a
materials revolution in medicine and energy technologies, as
well as human—machine interfaces and soft robotics, particularly
for hard-to-access spaces (i.e., inside tissues), complex
(unstructured) surroundings, and extreme environments.” "
Morphing active materials, in which controlled molecular
anisotropy is used to locally program deformability, constitute
an emerging and promising technology. Shape deformation in
this approach is not determined by a multicomponent
architecture as in conventional soft actuators, but by patterning
local molecular alignment across the material. Such an approach
shifts the design challenges away from how to assemble a
complex multimaterial composite architecture to how to
program molecular and mechanical anisotropy within a single
(simple) material. Recent advances in the molecular patterning

of these anisotropic materials and their actuation by directional
stimuli are providing new, innovative solutions to this problem
and demonstrate previously unachievable motional complexity
at the microscale. The potential is tremendous: at this 1—100
um length-scale, an active artificial object’ matches the sizes of
biological structures (e.g., blood vessels: diameter S yum to 25
mm, wall thickness 0.5 #m to 2 mm, cell size 10—100 gm),"® and
thus has the potential to revolutionize medicine through
innovations in disease reporting, structural monitoring, local
and minimally invasive surgery, as well as drug delivery.
Directionality in morphing materials is commonly achieved
through the use of anisotropic molecular components (e.g.,
liquid crystalline (LC) mesogens),'' ™' magnetic nanopar-
ticles/rods with directional magnetization (polarized ferromag-
netic domains),'>'® or high-aspect-ratio fillers (cellulose
nanofibers or glass fibers).'” In all approaches, the miniaturized

https://doi.org/10.1021/accountsmr.3c00101
Acc. Mater. Res. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/accountsmr.3c00101?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.3c00101?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.3c00101?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.3c00101?fig=fig1&ref=pdf
pubs.acs.org/amrcda?ref=pdf
https://doi.org/10.1021/accountsmr.3c00101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Materials Research

pubs.acs.org/amrcda

soft actuator is made from a simple (host) material, which can be
shaped by a molding process'®™*' or 3D printing.'”** Among
these anisotropic materials, liquid crystalline elastomers (LCEs,
Figure la) are of particular interest, as their deformation
performance resembles muscle fibers in actuation strain,
frequency, and modulus,”” and can be tuned to display good
biocompatibility”* and degradability.”> LCEs''~'* are cross-
linked elastomeric networks that incorporate liquid crystal
mesogen units either as part of, or appended to, the polymeric
backbone (Figure 1a) and can undergo programmable direc-
tional order-to-disorder transitions. For more details please refer
to further reviews on LCE chemistry, synthesis, and
applications.”

Three general alignment methods™® exist (Figure 1b):
alignment by mechanical force,””*"** surface patterning (topo-
graphical or chemical),”~** and magnetic fields."®'*?® An ideal
soft robot capable of multiple, sophisticated responses requires a
free choice of alignment direction that is independent of the
robot’s shape. In practice, however, the choice of the fabrication
procedure starkly limits the achievable orientations of mesogen
alignment in the final sample. As detailed below, for mechanical
force and surface-based aligning mechanisms, the directionality
is determined by the “interface” or the “boundary” given by the
sample geometry, coupling material shape and molecular
patterning (Figure 1b, i—ii). Controlling the molecular
orientation by a magnetic field, on the other hand, is a distinctly
different and highly attractive method because it removes this
constraint (Figure 1b, iii).

In this Account we will focus on the new opportunities arising
when the mesogen directionality is encoded by the magnetic
alignment of LCEs (bottom-up) and thus decoupled from the
actuator geometry, which is independently defined by soft
lithography techniques (top-down). We first briefly discuss
advantages and disadvantages of commonly adopted methods,
and then detail fabrication approaches based on magnetic
alignment and soft lithography. We show how uniformly
oriented mesogens enable rich director-determined deforma-
tions of LCE microstructures triggered by thermal actuation,
and illustrate how complexity can be further increased when
microstructures are fabricated in gradient and patterned
magnetic fields. From there, we describe how a change from a
global stimulus (such as heat) to a local and directional stimulus
(such as light) changes the resulting dynamics drastically and
offers multimodal and self-regulated motions enabled by opto-
chemo-mechanical feedback. Further leveraging soft lithogra-
phy, we highlight how the synergy between structural design
(mesoscale) and director-defined anisotropic deformation of
LCEs (molecular scale) opens new deformation behaviors,
including collective responses in microarrays, multifunctional
deformations in multisegment microstructures, and unusual
modes of mechanical deformation in interconnected meta-
structures.

Magnetic Alignment in Comparison to Other Alignment
Methods

Programming a desired LCE molecular anisotropy within an
arbitrarily shaped micron-scale object is crucial for achieving
complex movements, as they require precise control over the
directionality and extent of material deformation. Various
methods, such as mechanical force, command surfaces, and
external fields, have been developed to achieve this (Figure 1b).

(i) Mechanical force approach (Figure 1b, i), originally
developed by Finkelman,”" is used as the simplest aligning

method, particularly suitable for macroscopic samples.
Stretching of a partially cured non-cross-linked sample
induces the mesogens to align along the stretching
direction, which can be locked-in by a subsequent cross-
linking ste_;). Similarly, in 3D printing22 and micro-
fluidics,***” the shear force of the extrusion nozzle aligns
mesogens in the produced filament or droplets along the
extrusion direction; therefore each printed fiber or droplet
(with a typical diameter >100 ym) has the ability to only
deform along its geometric axis. 3D printing is, thus,
primarily applicable to macroscopic objects, where
complex director distribution is obtained by spatially

organizing the filaments into a multilayer configuration.

(ii) Topographical alignment”> > makes use of a surface

layer patterned either using a photomask, patterned
electrodes for electric fields, mechanical rubbing (creating
nano- or microgrooves), or inscribed by nanoscribe, to
align the material conforming to the surface textures by
minimizing LC elastic energy (Figure 1b, ii.a). Similarly,
utilizing as an alignment layer a chemically coated
substrate comprised of polyimide or poly(vinyl alcohol),
can also induce LC alignment, either perpendicularly
(known as homeotropic) or parallel to the substrate
surface (known as planar; Figure 1b, ii.b). Additionally,
splay alignment,* in which in a sandwich cell one surface
is inducing homeotropic and the other surface planar
orientation of the LC mesogens, is a broadly used
approach to form films with enhanced bending
deformations. The in-plane orientation of parallel align-
ment can generally be programmed without restrictions”®
and be patterned by photoalignment with high spatial
resolution.”® Since the alignment layer’s ability to instill
directional order decreases rapidly with increasing
distance from the surface, both topographical and
chemical methods are limited to producing only thin
films (typically <50 um-thick, with notable exceptions™”).

(ili) In contrast, external fields acting on the bulk of the material
allow for larger sample thickness (up to millimeter and
centimeter within a reasonable field strength and
alignment time) and less constraint with respect to
achievable alignment orientations, decoupling material
anisotropy from material geometry (Figure 1b, iii).
Importantly, a rather weak magnetic field (<~0.1 Tesla) is
sufficient to orient the mesogens into ordered mesophases,
usually nematic, as it is applied to small molecules within the
(often molten) liquid crystalline monomer mixture (typically
placed in a mold that determines any desired final 3D shape),
before locking it in during polymerization.

While mechanical and surface alignment approaches are most
widely practiced, using magnetic fields, we argue, has been
underappreciated, though it provides an extremely powerful and
convenient approach for patterning molecular anisotropy within
complex 3D shapes (as opposed to thin films, fibers or droplets),
especially at the microscale.'*™*"*>*! In principle, the extent of
alignment (order parameter) and its directionality can be
defined precisely at each point (voxel) of the 3D volume,
independently of the sample geometry.

Magnetic Alignment (Bottom-up) Meets Soft Lithography
(Top-down)'#~2°

Magnetic alignment of mesogens seamlessly integrates with
fabrication approaches such as replica molding, microfluidics, or
additive manufacturing to generate intricate 3D (micro)-
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Figure 2. Magnetic alignment of LC mesogens enables arbitrary director orientations in LCEs, thereby significantly expanding achievable
microactuator deformations. (a) The molecular structure of the mesogens and magnetic field strength affect the mesogens’ propensity for alignment.
(b) Various magnetic field patterns are accessible through changing arrangements of magnets. (c) Magnetic field alignment is compatible with a wide
range of geometries and manufacturing methods. (d) Fabrication is easily scalable to multiple shapes and (micro)structure arrays. (e) Region-specific
alignment by multistep polymerization and discontinuous director fields. (f) Through chemical modifications, LCEs can be actuated by various stimuli.

structures, in which one can independently customize geometry
and the local molecular alignment (Figure 2).

At the molecular level, LC mesogen chemistry and network
architecture shape the relationship between the alignment
director and the resulting deformation. Most aromatic calamitic
mesogens display a positive diamagnetic susceptibility (Ay =
— 1, Ay > 0) and tend to align parallel to the magnetic field B
(Figure 2a, left), often in practically easily accessible magnetic
field strengths (e.g., commercial Neodymium magnets) in their
monomeric, liquid state prior to polymerization.'***~** This
anisotropic diamagnetic susceptibility stems from a zero-net
spin and dispersed electron distribution associated with the
delocalized charge, for example, from phenyl rings. In contrast,
purely alicyclic mesogens display negative diamagnetic aniso-
tropy Ay < 0 (Figure 2a, right),” which causes them to orient
randomly within a 2D plane. Directional alignment can be then
obtained by rotating magnetic fields, the so-called precision
alignment method.” The time frame of reorientation depends
on the size of the object and occurs within a second for small
molecules.*” It is worth noting that diamagnetic mesogens have
a relatively low magnetic susceptibility, which may pose
limitations for applications requiring extremely weak magnetic
field strengths. To address this limitation, incorporation of ferro-
or ferrimagnetic materials or doping rare earth metal ions into
liquid crystal mesogens has been explored.*”*” The network
architecture matters too; calamitic mesogens are commonly

used as main chain, side-chain side-on, and side-chain end-on,
and can adopt a prolate or oblate ellipsoid chain configuration
(Figure la, right). Note that the alignment of oligomers or polymers
requires much higher magnetic field strengths and longer relaxation
time than the alignment of small molecules, and therefore it is most
practical to use the magnetic field to orient LC monomers before
polymerization.

The magnetic field itself can be tuned by the arrangement of
magnets; a variety of configurations with resulting patterned
magnetic fields are accessible with little effort (Figure 2b). In
addition, the correlation of magnetic field strength and resulting
order parameter of the LCE opens the possibility to program not
only local director, but also magnitude of deformation response,
constituting, in effect, grayscale encoding, by changing the
position and orientation of the sample in the magnetic field.

At the fabrication level, the material can be made into any shape
through various techniques including simple replica molding: a
negative mold is filled with LC monomers, heated to the
isotropic state and slowly cooled within a static magnetic field
below the Ty, followed by polymerization.'*™*° In principle,
any”' arbitrary patterned mold generated by soft lithography,
two-photon additive manufacturing or 3D printing can be used
(Figure 2c). An arbitrary director field may be encoded within a
molded object, whose size can range from ~10 ym (size limited
due to the conflicting effect of the surface alignment induced by
the walls of the mold'?) to centimeter scale, and both free-
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Figure 3. New types of deformations result from the combination of magnetic alignment and soft lithography: (a) Fluorescence confocal microscopy
images of deforming single LCE microplates (250 X 50 X 200 ym) with different director orientations, when heated >125 °C (left), and corresponding
finite element simulations for the in-plane and out-of-plane bending (right). (b) Correlation of magnetic field strength during fabrication and the
resulting extent of mechanical deformation for a z-aligned microplate, in experiment and theory. (c) The magnetic field direction can be continuously
modulated by changing position of the sample or arrangement of permanent magnets, affecting the tilting angle. Left: Calculated polar angles
(COMSOL) of the director as a function of the distance d from the magnet center. Right: Experimentally measured microplate tilting angles
confirming this trend. (d) Gradual change in tilting angles is experimentally illustrated in an array of microplates. Images adapted with permission from
refs 19, 41. Copyright (2018) National Academy of Sciences and Copyright (2021) Wiley, respectively.

standing objects or arrays of structures can be formed (Figure
2d)."7**%% Ror discontinuous director fields, multistep
polymerization is recommended, in which different regions of
the object are encoded with different magnetic director fields
(Figure 2e). Furthermore, this multistep approach enables facile
access to complex 3D architectures at the sub-100 ym scale,
which are not possible to make by other techniques.

At the operational level, patterned LCE 3D objects are not
limited to solely thermal actuation (Figure 2f). Chemical
modification of LCE mesogens or the backbone and
incorporation of additional responsive species, can induce
LCE deformation upon application of stimuli other than
temperature, including light, sound, humidity, pH, electric or
magnetic fields, small molecules, solvent-induced swelling, or
chemical reactions.

Director-Determined Deformation of LCE
Microactuators—Magnetic Field Engineering

In 2018," our group programmed microstructures with an
arbitrary uniaxial director orientation in 3D by simply changing
the relative orientation of the mold and the static magnetic field.
Note that molecular anisotropy and microstructure geometry
are fully decoupled, which enables director-structure config-
urations that are not accessible by other aligning methods. For
example, as shown in Figure 3a,"” an extremely rich deformation
palette can be achieved from side-chain side-on LCE micro-
structures of a simple plate geometry: expansion/shrinkage
along different directions, bending, or twisting. Of particular
note is the in-plane tilting, which is a mechanically strongly
disfavored type of deformation—the in-plane bending stiffness
(Figure 3a, blue box) of the microplate is ~24-times higher than
that of the out-of-plane bending (Figure 3a, green box) for a 250
X 50 X 200 pm plate in this example. Moreover, the twisting is as
unusual as it is interesting, since it creates chirality from an a
priori non chiral microstructure.'” We note that such atypical
deformations originate from the order-to-disorder transition of
the underlying molecular assembly and are considered strongly

energetically unfavorable, if at all possible, in common passive
structures and force-based deformation mechanisms (e.g.,
magnetic-field-triggered elastomers with embedded ferromag-
netic nanoparticlesls’16 or arrays of passive microstructures
embedded in actuatable hydrogel>®).

The strength of the local magnetic field directly correlates
with the LCE’s local scalar order parameter S and hence
magnitude of response. Such grayscale encoding provides a
powerful means to pattern the local response and expand the
range of possible deformations. We have shown®' that the
shrinkage strain of z-aligned microplates along the z-axis, ¢, (¢, =
(h; — hy)/hy, where hy and h; are the microplate heights in the
nematic and isotropic phases, respectively) monotonically
increases with the intensity of the magnetic field (Figure 3b).
When using multiple magnets,"”*" one can create magnet
assemblies of different geometries and symmetries to encode
local field information. For example, when two permanent
magnets are placed adjacent with north (N) and south (S) pole
upward, the magnetic field on the surface will tilt gradually: at
the center where the magnets meet, the orientation will be
horizontal, and with distance (d) from the center, this angle will
tilt upright (Figure 3c). Taking advantage of these features
makes it possible to create arrays of microstructures, in which
each member will have a slightly different director orientation;
for instance, this can easily be observed in a molded array of
microstructures placed during the fabrication process on top of
three magnets (Figure 3d). Upon thermal actuation, at one side
of the array, pillars bend along the x-axis, in the middle of the
array pillars elongate, and at the other side they bend along the x-
axis in opposite direction. Such continuous modulation of
directionality across the sample could facilitate screening for
ideal conditions, encoding phase differences or wave-like
behaviors in arrays. With these advantages, the magnetic
alignment method is far superior in its versatility compared to
other alignment methods, allowing an almost “dial-in” approach
to encoding mechanical responses of LCE actuators.
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Figure 4. A directional stimulus such as light can create transient, dynamically changing bimorphs of activated and nonactivated regions.
(a) Illustration of the underlying opto-chemo-mechanical feedback in an LCE micropost with noncollinear geometric axis (G), molecular anisotropy
(M), and light direction (L) (1). As light penetrates (2), only a part of the material becomes activated (3), which deforms along the director (4). The
deformation changes the subsequent activation step (S), which is made possible by induced transparency (inset top right, in which activation (i and ii)
makes the material partially transparent to the activating light, causing deeper penetration and activation (iii and iv) ). Depending on the light intensity,
the feedback loop can either be completed (gray flow arrow, high intensity), or stopped at the initial deformation (green flow arrow, low intensity).
(b) Out-of-plane UV-irradiation of a square micropost (30 X 30 X 150 um) with tilted director alignment causes a characteristic and finely tunable
power stroke. Depending on the light-direction, the same pillar can sway into opposite directions. (c) Motion trajectory as a function of light intensity.
Images adapted with permission from ref 48. Copyright (2022) Springer Nature.

Multimodal Deformation—Adding a Directional Stimulus

Typically, calamitic mesogens form thermotropic liquid
crystals;'* that is, the LCE deforms with temperature along
the director. Incorporation of stimuli-responsive molecular units
into the elastomers can provide responsiveness to other external
stimuli (Figure 4). For example, molecular photoswitches can be
used as light-sensitive cross-linkers.”"”>* Upon light-exposure,
these molecules either exert a photomechanical force, pullin§ on
the polymer backbone and disrupting the molecular order,™ act
as photothermal heaters,”® facilitating the thermal phase
transition,”” or act as photoplasticizers to introduce free volume
from the continuous oscillating isomerizations.” Similarly, use
of mesogens with a strong dipole or embedding mesogens in a
dielectric matrix allows deformation of the LCE within a
changing electric field.”® Further means of activation include
humidity,57 chemicals,”® and magnetic fields™ (for LCEs with
incorporated superparamagnetic nanoparticles).

Much more complex behaviors can be achieved, if the
stimulus is applied directionally, allowing for sequential
activation as the stimulus (i, light) propagates through the
material over time.***”®" While many reported thin film LCE
systems are generally activated globally due to either their
inherent thinness or a low concentration of absorbing species,”’
thicker samples or samples with a higher concentration of light
absorbent effectively generate a bimorph structure upon
illumination, which consists of an activated region (where the
light penetrates into) and a nonactivated region (where light
does not reach). The resulting bimorph resembles closely a
traditional multilayer composite, with a crucial difference
originating from the microstructure being made of a single
material: light activation is usually reversible as thus are the
activation and transient bimorph formation. For a micro-
structure (e.g., a micropost) with a director aligned along its
principal axis, phototropic behavior results, in which the
structure bends toward the light.'” Related (isotropic) systems
of gold nanoparticle-containing hydrogel beams behave
sirnilarly.62 If the director orientation, however, is different
from the beam’s axis, the deformation behavior changes

significantly and various light direction-dependent deformations
result: bending toward light, bending away from light, and
twisting in clock- and counterclockwise directions, notably all
from the same structure and same material throughout."®**
Complex multimaterial constructs and hybrid structures would
be needed, if traditional fabrication approaches were applied.

Self-Regulated Complex Deformation—Enabling
Propagating Stimulus

In some cases, photoactivation of the light-responsive species
causes induced transparency,’”®’ when the activated and
isomerized photoswitch absorbs little at the wavelength of
activation and thus allows the light to penetrate deeper into the
material. What results is an intensity-dependent traveling front
of order—disorder transition across the material. This effect has
been well-known for highly absorbing thin films, in which upon
irradiation, the film first bends toward light (as only one side
becomes activated), followed by a reversal of motion, as
activation propagates through the film and finally activates it
globally.®”®" For nonflat 3D structures with off-axis director
alignment, this leads to the emergence of complex motion
trajectories controlled by an intricate opto-chemo-mechanical
feedback loop (Figure 4a), in which the activated region
reshapes and becomes increasingly complex because of the
continuous reorientation of the microstructure and local
director upon deformation in the static light field."® Take for
example a square micropost with tilted director alignment
subjected to out-of-plane irradiation: initial transient bimorph
formation causes the activated slab to shear, inducing a twisting
deformation of the post. Once twisting motion ensues, new
facets of the post are exposed and others shadowed, which
changes the activated region and thus influences the subsequent
movement. What results is a stroke-like deformation trajectory
that resembles the movement of cilia,®* which is direction-
(Figure 4b) and light-intensity-dependent (Figure 4c).

The scope of possible and programmable deformations and
actuation trajectories of the same microstructure is practically
limitless, even for simple architectures and uniform (but
oblique) director alignments. One can capture and predict
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Figure S. Emergence of communication and coordinated movements in arrays of microactuators. (a) Ilustration of how shadowing causes a domino
effect in ensembles of LCE microposts when slight off-axis illumination exposes the subsequent pillar unevenly. (b) Experimental observation (left)
and modeling (right) of the resulting zigzag self-sorted pattern. (c) Experiment (left) and modeling (right), showing interpillar communication when
illuminated along the array (top), and absence thereof when illuminated in a diagonal direction (bottom). (d) In more complex cases, programmable
“metachronal” waves emerge. Images adapted with permission from ref 48. Copyright (2022) Springer Nature.

these deformation trajectories quantitatively with theoretical
models.**** Interesting next steps will be to expand these studies
to more complex material geometries, in which various segments
have a locally different director alignment with respect to their
segmental principal axes. Theoretical predictions suggest a wide
range of microstructure behaviors including stirring, catching,
and releasing."®

We emphasize again that the oblique director alignment,
which is necessary for these nonreciprocal, stroke-like
deformations, is only attainable through magnetic alignment
of the mesogens. Surface alignment is generally limited to either
homeotropic or planar alignment and to thinner samples. Use of
mechanical force to align mesogens in a tilted fashion within
pillars is nontrivial at microscale and has not been demonstrated.
The use of 3D-printing and shear forces for alignment along the
3D-printed thread is also not feasible at the 10—100 ym size
range described above.

Collective Deformation—Microarray Engineering by Soft
Lithography

The combination of facile fabrication of arrays of micro-
structures through magnetic alignment and molding together
with the complex deformations arising from directional
activation open new avenues for creating ensembles of
microstructures with coordinated deformation behaviors.*® In
the biological context, coupled motion of arrays of micro-
actuators—take for instance metachronal waves in cilia
carpets”*—are essential for directional transport and highly

interesting for soft robotics. The light-induced deformation
trajectory of each LCE micropost in a closely packed multipillar
system influences the light exposure of neighboring structures
enabling interpillar communication. As a result, in strings of
microposts, an unusual (if not unprecedented) self-sorting
behavior is observed (Figure 5). For example, by engineering a
slight misalignment between the illumination direction and the
string axis, the off-axis bending of the first pillar causes
asymmetric exposure of the second pillar and its out-of-string
bending, which further triggers a cascade of “self-avoiding”
actions progressing along the string like a domino (Figure Sa,b).
The communication is highly direction-dependent and sensitive
to interpillar distances, which causes interesting self-sorting
behaviors in 2D arrays, illuminated along different symmetry
axes (Figure 5¢).

For larger 2D arrays of microposts more complex traveling
wave patterns can be programmed by varying local molecular
alignment, interpillar distance, or irradiation direction. As a
result, each deforming pillar contributes to an overall
“metachronal” wave across the array (Figure Sd). Enabled by
computational modeling and based on the versatility, pro-
grammability, and the vast design space for individual and
collective motions, many user-defined applications for such soft
robotic carpets become possible. In particular, these ensemble
motions, when coupled with the stroke-like behavior of each
individual pillar, may allow for locally controlled “walking”-type
movements, or controlled transport more generally, as currently

already being explored with ferromagnetic elastomers.®>%°
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Figure 6. Multimodal deformations in jointed compositionally uniform microactuators. (a) Cross-shaped LCE microactuator with different anchoring
spots displays different deformation behaviors: (i) when center-anchored, symmetric inward and outward twisting can be invoked for different arms,
(ii) while with asymmetric anchoring of one arm, the twisting of the vertical arm couples to the twisting/rotation of the horizontal segment, enabling
amplification of the sway motion. Experiments, center; simulations, right. (b) Diverse motions can be also obtained by changing illumination directions
(simulations). Photoactuation is depicted by the blue-to-yellow transition. Images adapted with permission from ref 48. Copyright (2022) Springer
Nature.
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Figure 7. Deformations of base-attached cellular LCE microstructures. (a) Different director alignment causes different deformations both in
simulation (top) and experiment (bottom). (b) Domain walls (indicated by the blue dashed line) in the form of a second order buckling pattern in a
first-order buckling square lattice. (c) Two-step polymerization enables encoding area-specific buckling patterns. (d) Optical microscopy images
(bottom) and transmitted light intensity profile (right) at T = 135 °C > Ty; by an LCE square lattice with mesogenic director gradually changing from
—20° to 90°. (e) Combination of multiple stimuli for deforming z-aligned diamond-shaped cellular LCE structures. Images adapted with permission
from refs 41, 49. Copyright (2021) Wiley and Copyright (2021) Springer Nature, respectively.

Multisegment Multimodal Deformation—Engineering
Geometry by Soft Lithography

In the above sections, we introduced how a single micropost can
be programmed with various asymmetric mechanical deforma-
tions by choice of (magnetic) director alignment and irradiation
conditions. Figure 6 further showcases how symmetry breaking
in molded jointed shapes can enable structural communication to
unlock unusual mechanical deformations. For example, in LCE
structures with uniform director orientation, molded in the form

of V-, X-, or T-shapes, as well as “multihand” configurations,
each segment will have a different relative orientation between
its own principal symmetry axis and the bulk director, causing
each segment to simultaneously undergo its own (different)
deformation. For instance, an X-shape LCE with uniform
oblique alignment can display twisting of opposite handedness
for the two diagonals when center-anchored, or sway motion
when base-anchored (Figure 6a)," promising applications as
multifunctional soft robots in versatile environments. Similarly,
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irradiating a T-shaped actuator from different sides will cause it
to undergo different motions, as illustrated by finite element
simulations (Figure 6b).

Expanding to Mechanical Metamaterials—Cellular Lattice
Engineering by Soft Lithography

Spatial confinement of the deforming structure, from anchoring
or connection to neighboring structures, strongly influences
preprogrammed deformations and enables new, previously
inaccessible deformation modes. For example, base-attached
cellular geometries, readily accessible with soft lithography, such
as a square lattice with magnetically induced molecular
alignment, display various types of cell-to-cell or node-to-node
communications and directional patterns of buckling (Figure
7a), including (i) isotropic buckling, (ii) global shearing
(opposite from the director tilt), (iii) single direction buckling
(vertical plates undergoing buckling and horizontal plates under
high tension), and (iv) square-to-diamond lattice trans-
formation. In contrast, conventional mechanical metamaterials
usually undergo only isotropic buckling, unless multilayer composites
are used, which are impractical at the microscale.’” The points of
connectivity modulate communication between cells as is
illustrated by a z-aligned staggered square lattice (Figure 7b):
upon phase transition, a new buckling pattern, in which adjacent
nodes rotate in alternating manner to avoid local stress
concentration, appears. If domains of such patterns are out-of-
phase (depicted in orange or gray in Figure 7b), second-order
buckling is seen at domain walls.

Nonuniform, local or gradient molecular alignments across
the sample give rise to area-selective deformations. For example,
if only a section of the lattice has molecular alignment produced
by multistep polymerization of the masked region (see Figure
2e), upon heating the aligned part undergoes buckling and the
nonaligned part remains inactive (Figure 7c).*" If the director is
spatially varied across the lattice, the resulting deformations in
the metamaterial spatially modulate the lattice’s light trans-
mission profile. Figure 7d shows an LCE strip with mesogenic
director gradually changing from —20° to 90° by positioning the
sample off-center in the magnetic field. The lattice appears
bright at T < Ty, yet above Ty; the transmitted light shows a
dark-bright-dark-bright pattern following the spatially varying
lattice deformation. Hence, magnetic alignment of LCEs brings
new opportunities for designing unexplored deformation modes
in mechanical metamaterials with lattice geometries.

Instead of light or heat, LCE microstructures (and in fact any
polymeric structures®) can be deformed through solvent-
induced swelling and capillary assembly (Figure 7e).*” For
example, cellular LCE structures when exposed to acetone
undergo isotropic swelling of the transiently softened elastomer
and concomitant buckling of the walls. As the solvent
evaporates, the receding meniscus in the lattice voids exerts a
force that allows assembly of the softened walls into new
structures. Due to the glassy state of the LCE polymer
(conformational kinetic trapping) and the interfacial adhesion,
the assembled lattice stays stable even after drying. The
assembled structure can be disassembled in a solvent mixture,
that softens the polymer and introduces drastic swelling to peel
apart the assembled plates.”” Figure 7e illustrates this for a base-
attached diamond lattice that undergoes solvent-induced
topological transformations into a hexagonal lattice, useful for
tunable acoustic, optical, electrical, and mechanical properties,
as well as heat, fluid and particle transport.”” If the mesogens in
the LCE are magnetically aligned, these assembled lattices will

undergo further deformations upon heating, as exemplified by
the heat-triggered hexagonal-to-brick transformation, giving rise
to a cascade of different transformations of the same structure by
applying different stimuli.

In Context—Comparison to Deformations of Magnetic
Elastomers

LCEs are active materials that can respond to external stimuli
and provide substantial directional actuation strain of up to
400%."" We emphasize again that the magnetic field is only used
for the alignment of the LC monomers during fabrication, but
not as a stimulus for the actuation of the created LCE
microstructures. In contrast, (hard-)magnet (soft) elastomers'”
(that is, polymeric host matrices with embedded well-dispersed
polarized ferromagnetic nano/microparticles), are passive and
the magnetic field acts as an external force on the ferromagnetic
domains defined by the local polarization. In the latter case,
mechanically unfavored deformation modes—thin plate twist-
ing or bending along the long axis, global shearing of honeycomb
lattices, as described here—are not observed. Moreover,
magnetic elastomers are intrinsically limited by their stretch-
ability and the local force strength obtained thrqugh the magnet,
leading to a low deformation strain of <25%,'”'® compared to
400% achievable by the LCEs. As a result, a “normal”, out-of-
plane bending of such magnetic elastomers is employed most
often.'® We further note that magnetic elastomers show
superfast actuation (<0.1 s),"* while LCEs often exhibit longer
response times.

B CONCLUSION AND OUTLOOK

Magnetic alignment of liquid crystalline mesogens at low
magnetic field strength prior to polymerization, as described in
this review, enables free programming of LC director
orientations, many of which have previously been impossible
to achieve by other methods, such as surface alignment or
alignment by mechanical stretching. The newly gained freedom
in controlling both the local direction and magnitude of active
material deformations directly translates to vastly expanded
possibilities for designing more complex actuation patterns in
easy-to-fabricate single-material soft robots, particularly at the
microscale. In this Account, we described the principles of
magnetic alignment, suitable LC mesogens, and resulting
advantages. We then discussed examples of thermally triggered
active mechanical deformations of microstructures and lattices
and showed that the magnetic alignment approach is scalable
and therefore compatible with mass-production of micro- to
macroscale actuators of desired 3D shapes. We then showed
how directional stimuli, ie., light, enable completely new,
previously unthinkable user-programmable motions, including
an unlimited range of actuation trajectories that the same
microstructure can exhibit as a function of temperature, light
direction, and light intensity, when the orientation of the
director oblique to the microstructure geometrical axis is
encoded by magnetic alignment. In addition, solvent-controlled
swelling—softening/deswelling—stiffening and elastocapillary
assembly are demonstrated as means to further expand
deformational complexity, particularly in cellular lattices.*"*’
The described approaches, each on their own, but even more so
when combined, provide a range of breakthroughs in materials
science and enable highly complex, programmable mechanical
deformations displayed by a single material, introducing ways for
communication and propagation of patterns within free-
standing, attached, and cellular arrays of microstructures.
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Underlying opto-chemo-mechanical feedback™ gives rise to
self-organization of coordinated motion and holds promise for
much more complex ensemble behaviors. Our proof-of-concept
studies just barely scratch the surface of the advanced potential
applications these approaches bring into the realm of what is
possible.

Ultimately, the motional freedom opened by magnetic
alignment provides a fundamentally new approach to rational
design of user-controlled deformations based on simple,
chemically versatile polymers. Beyond the presented materials,
many other liquid crystalline mesogens, backbone chemistry,
and LCE architectures” remain to be explored and their
capacity to align within magnetic fields and yield deformations
further studied. These polymer networks may not need to be
fixed: chemical reprogramming of the local director based on
dynamic covalent networks”>’’ that go beyond erasing or
reprocessing warrants further exploration. In addition, such
adaptable networks may aid in fabrication and combination of
multiple components.71’72 Moreover, other stimuli such as
electric fields, mechanical force, chemical concentration
gradients, humidity, or sound may be used for triggering
(local) phase transitions and may be combined in additive or
orthogonal fashion to enable multiple material responses, signal
integration, and rudimentary computation.
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