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short depth through which a command surface induces
alignment. For instance, surface-aligned LCEs are limited to
thicknesses less than 50 μm unless lamination or direct
stacking of LCE films is used to prepare thick, high-force
output actuators.14,22 In the last several years, direct ink write
3-D printing (DIW-3DP) emerged as another widely studied
method for spatially patterning LCEs.23−34 In DIW-3DP of
LCEs, viscous inks composed of oligomerized LCE precursors
are extruded from a nozzle and subsequently polymerized into
solid materials. Shear and extensional forces experienced by
LCE inks during extrusion cause the nematic director to align
along the print path.35 This allows for spatial programming of
LCEs without the inherent thickness limitations of surface
alignment, making this an effective approach to create thick +1
disclination LCE actuators printed in concentric circles or
square paths.23,24,31

Numerous recent reports describe DIW-3DP cones that
result from actuated +1 disclination LCE sheets,23,31 yet to
date, there are few examples of LCEs with complex
orientations that produce alternative out-of-plane actuator
geometries or are incorporated into multimaterial DIW
devices.36 Recent theoretical work predicts numerous out-of-
plane geometric transformations as alternatives to cone
geometries that are imminently accessible with multimaterial
DIW.37 These include isotropic elastomer (IsoE) squares,
letter shapes, or even feedback interfaces that are driven out-of-
plane by an adjacent LCE region for haptics applications.38−42

These shapes are expected to emerge despite geometric
incompatibilities at the active/inactive interfaces.19 While
Gauss curvature at the cone tip is eliminated in these contexts,
spatially distinct material properties like those of the IsoE and
LCE regions are known to produce new regions of positive and
negative Gauss curvature that evolve on either side of
interfacial boundaries.43 Ultimately, flat, elevated surfaces,
once experimentally validated, are particularly promising for
their greater capability to balance loads, which is not possible
without arrays of +1 disclination actuators.

Here, we investigate the thermomechanical properties of one
class of these alternative predicted shapes with a series of DIW-
3DP cuboidal actuators that develop from heated multimaterial
LCE elements. In these, an LCE is printed in azimuthal
rectilinear patterns around a central region of an analogous
IsoE (e.g., in a concentric square geometry). Upon heating
above the TNI of the LCE region, the IsoE region is driven out
of plane but itself does not undergo active shape change. Using
optical profilometry, we spatially map differences in thermally
driven deformation of the multimaterial elastomer elements

based on the relative size of the isotropic and anisotropic
regions as well as the overall geometry and regions of curvature
that emerge at the material interfaces. We find that the
multimaterial elements printed with the smallest IsoE regions
approximate cone geometries, while the largest IsoE regions
produce cuboidal shapes with elevated flat surfaces capable of
balancing load.

Finite element analysis (FEA) is used to determine whether
the distinct cuboidal shapes resulting from varying spatial
composition are a manifestation of local stress gradients. The
FEA method is based on an approximation of LCE materials,
wherein we ignored the actual mechanism of mesogen
alignment and modeled the LCEs as homogeneous materials
with an anisotropic coefficient of thermal expansion. Further,
we find that conjoining concentric square geometries yield
complex, multistable states that provide insights into how
stress gradients drive actuation outcomes. Finally, the
thermomechanical properties of the cuboidal actuators are
explored as insulating tactile feedback elements via thermal
imaging, quantitative force measurements, and human touch
experiments.

■ RESULTS AND DISCUSSION
Cuboid Deformation. A series of multimaterial cuboidal

actuators are fabricated by DIW-3DP by varying the relative
spatial distribution of the LCE and IsoE compositions. The
two inks (LCEI and IsoEI) used to make the multimaterial
composite elements are prepared as oligomer/monomer
mixtures via a sequential thiol-Michael/thiol−ene chemistry
(Figure 1a).44,45 The principal difference between the LCEI
and IsoEI compositions is the diacrylate monomer. LCE
regions are prepared from the ink LCEI formulated by mixing
two classical LC diacrylate mesogens (C3M, C6M) in a 3:2
mass ratio.31 IsoE regions are prepared from the ink IsoEI,
which is formulated with a non-LC diacrylate monomer
(BPAEDA). Blue dye is added to visually distinguish the IsoE
region in the multimaterial composite elements. Both ink
compositions are melt-mixed and then subjected to base-
catalyzed thiol-Michael addition reactions. The inks include a
tetrafunctional allyl ether cross-linker (GDA), which does not
participate in the thiol-Michael addition reaction. The inks are
then extruded via DIW-3DP into a prescribed geometry.
Initially, we prepared concentric squares (Figure 1b) of the
same overall area with increasing areal density of IsoE
(Supporting Information S1). During printing, exposure to
low-intensity (2 mW cm−2) 365 nm ultraviolet (UV) light
preserves alignment by initiating the thiol−ene reaction of

Figure 1. (a) Reagents used in a sequential thiol-Michael/thiol−ene reaction to prepare inks LCEI and IsoEI for DIW printing. (b) LCEI (orange)
is an oligomer precursor to the liquid crystalline elastomer and is printed first with low-intensity UV. IsoEI (blue) is an oligomer precursor to the
isotropic elastomer (IsoE) and is printed sequentially then polymerized under high-intensity UV.
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GDA and thiol-capped oligomers. This partial cure step
prevents interfacial failures at the boundaries between the inks
when they are subsequently cured under high-intensity (50
mW cm−2) 365 nm UV to complete polymerization.

The thermomechanical shape transformations of the multi-
material composites are assessed relative to their proportion of
LCE (orange) and IsoE (blue) regions (Figure 2). In contrast,
elements prepared entirely from LCE are compared to
multimaterial elements with increasing IsoE area (decreasing
LCE/IsoE area ratios, Figures 2a and Supporting Information
S2). At room temperature (22 °C), both the control and
multimaterial elements are predominately flat (Figure 2b). The
slight deviation from flatness is associated with shrinkage stress
of photopolymerization. Upon heating to 130 °C, the LCE
elements form square pyramidal cone shapes (Figure 2c,
Cone0) as has been predicted and previously experimentally
observed.15 The multimaterial composites undergo thermo-
mechanical shape transformations to form cuboidal geometries
(Figure 2c, Cuboid1, Cuboid2, Cuboid3). The shapes are

quantified by profilometric scans (Figure 2d). As is evident in
these data, the LCE regions contract azimuthally along the
prescribed orientation and expand radially. The unresponsive
IsoE regions must accommodate the deformation, which is
most accentuated for Cuboid3 as the IsoE area increases (and
the LCE/IsoE areal ratio decreases). Further, significant
deformation is evident at the boundary between the LCE
and the IsoE due to geometric incompatibility. Cuboid3, with
the largest boundary and the smallest LCE/IsoE area ratio,
exhibits the greatest distortion of the IsoE region.

FEA is utilized to elucidate the stress distribution in the
Cuboidn elements. Simulations produced qualitative stress
profiles (Figure 3a−c) which were extracted, and their
accuracy is compared to the experimental three-dimensional
(3-D) shape characterization (Supporting Information S3). As
is evident in Figure 3a−c, the simulation and experiments
closely match (confirmed in root-mean-square (rms) error
analysis, Supporting Information S4).

Figure 2. (a) Scheme of LCE (orange) and isoE (blue) spatial distribution in Cone0 and Cuboidn elements. (b) 2D Cone0 and Cuboidn elements at
22 °C. (c) Square pyramidal Cone0 and Cuboidn elements at 130 °C. (d) Profilometric scans of Cone0 and Cuboidn elements at 130 °C. Scale: 8
mm.

Figure 3. FEA models of (a) Cuboid1, (b) Cuboid2, and (c) Cuboid3 showing greater stress concentrations at the edges and corners of the LCE/
IsoE interfaces upon heating. FEA simulated (red) and experimental (black) contours for each Cuboidn element show good geometric agreement.

Figure 4. (a) 2:1 Aspect ratio rectangular conjoined Cuboid1, Cuboid2, and Cuboid3 elements with decreasing LCE/IsoE ratios at 130 °C. (b)
Right angle conjoined Cuboid1, Cuboid2, and Cuboid3 elements with decreasing LCE/IsoE ratios at 130 °C. (c) Multistable states of Cuboid2 at
130 °C due to eversion of right angle conjoined regions. Scale: 8 mm.
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Stress Gradients in Conjoined Cuboids. Computational
predictions of shape transformation in multimaterial compo-
sites suggest that the cuboidal deformation can be spatially
programmed.19 Unfortunately, the experimental manifestation
of these predictions deviates due to the stress gradients at the
boundaries between IsoE and LCE compositions. To illustrate
and isolate this deviation, we used DIW-3DP to conjoin two
multimaterial cuboids into rectangles with a 2:1 overall aspect
ratio. The conjoined cuboid series consists of LCE perimeters
and IsoE interiors prepared with a uniform total area and
decreasing LCE/IsoE area ratios (Figure 4a). Upon heating,
these multimaterial elements buckle into curved geometries for
which the degree of interior curvature is highest when the
relative LCE area is greatest (Figure 4a-1). When three
cuboids are conjoined at right angles, again with uniform total
area and decreasing LCE/IsoE area ratios, the curvature
becomes even more complex (Figure 4b) and the elements
fold upon themselves. The elements with the highest degree of
interior curvature contain the greatest relative LCE area.
Generally, it is clear from the comparison of the deformation of
square and rectangular cuboids that pattern asymmetry results
in geometric incompatibility. As observed previously in arrays
of voxelated LCE defects,46 the conjoined rectangular cuboids
can adopt multiple (meta)stable states. This is illustrated in
Figure 4c, which shows a right angle conjoined Cuboid2 with
one and two regions selectively everted.

Insulated Thermomechanical Actuation and Haptics.
Extensive prior examination of LCEs as material actuators has
examined the thermomechanical deformation of cones and
arrays of cones prepared from spatially patterned LCE
elements. While the force output of these low-density soft
actuators is compelling, it is often difficult to utilize the shape
transformation due to the difficulty in balancing load at the
cone apex. This is illustrated in Figure 5a with the deformation
of the Cone0 LCE element. Here, the load (e.g., a glass
microscope slide) is not balanced and slips during deformation
(Figure 5a). One potential advantage of the flattop
deformation of cuboidal multimaterial actuators is the
capability to better balance load. This is illustrated in Figure
5b, where Cuboid1 actuates and balances the applied load
(Figure 5b). Cuboid2 and Cuboid3 also readily balance and lift
similar loads when heated to 85 °C (Supporting Information
S5).

Cone0 and Cuboidn geometries each thermally actuate to a
particular height, dependent on applied load. This relationship
is quantified with isostress force−displacement experiments
wherein a set point force is applied and element height is
measured with heating to 130 °C. Intersample variability is
accounted for with multiple samples of each geometry across a
range of force set points from 0.01 to 0.75 N. These data are
plotted in full in Supporting Information S6. Maximum
measured values for each element are summarized in Figure
5c. We found that all Cone0 and Cuboidn geometries support a
substantial force of at least 0.2 N while maintaining an actuated
height of at least 2 mm. LCE Cone0 geometries buckle in a
fashion consistent with what has been reported,18 with the
nearly 5 mm tip height buckling subcritically with only 0.05 N
applied load. Cuboidn geometries all perform similarly to one
another, with somewhat shorter heights before load is applied
relative to the Cone0 geometry, but with consistently improved
height retention (1.5−2 mm Cuboidn vs 1 mm Cone0) at loads
as high as 0.4 N. We attribute this outcome in part to the
geometric incompatibility at the interface between the LCE
and IsoE regions.

The relationship between storage and loss modulus also
changes with temperature, impacting the mechanical gradient
at the interface between the LCE and IsoE regions. These
values were quantified for both materials through oscillation
temperature ramp experiments from −50 to 150 °C
(Supporting Information S7). Peak tan delta values occur at
−4.5 °C for the LCE and −18 °C for the IsoE, corresponding
to the glass transition temperature of each material. Above this
temperature, the storage and loss moduli for the IsoE are
effectively constant (∼0.06 and 0.02 MPa, respectively), and
the LCE storage and loss modulus values vary with
temperature (0.2−1.7 and 0.7−0.2 MPa, respectively).

The force−displacement characteristics of cuboidal actua-
tors and anisotropic thermal conductivity of LCEs47 are
promising for tactile applications such as haptics.48,49 Touch of
surfaces with temperatures exceeding 43 °C may cause
discomfort in these contexts, so the temperature of the
actuated cuboid surfaces is characterized by infrared imaging.
Because heat is supplied by contact with a heated plate, the
actuated elements exhibit large thermal gradients with surface
temperatures between 52 and 65 °C when they are heated to
130 °C (Figure 5d). Cone0, with the largest deformation, has

Figure 5. (a) A glass microscope slide on Cone0 does not balance on the element upon heating to 85 °C. Scale 12 mm. (b) A glass microscope slide
on Cuboid1 balances on the flat surface of the element. (c) Isostress measurements showing force−displacement profiles for Cone0 and Cuboidn
elements from 0.01 to 0.75 N of load. (d) Infrared images of Cone0 and Cuboidn elements showing large temperature gradients throughout the
actuators on a 130 °C surface. Scale: 8 mm. (e) Cone0 and Cuboidn elements are safe to the touch on a 130 °C surface. Scale: 12 mm.
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the largest difference in temperature. We attribute the large
thermal gradients apparent across all of the cuboidal elements
to the low thermal conductivity of elastomers as well as the
small contact area with the heated surface. With these surface
temperatures, it is feasible to apply haptic pressure for short
times (Figure 5e). Supporting Information S8 shows that these
elements achieve comparable extent of actuation and force−
displacement performance at 85 °C. When heated to 85 °C,
the cuboidal elements have surface temperatures that range
from 41 and 47 °C, spanning the threshold temperature
associated with comfort. This aspect, combined with the
force−displacement properties of this series of cuboidal
elements, suggests that these materials may serve as haptic
surfaces under certain conditions.

■ CONCLUSIONS
Using multimaterial DIW-3DP, thermotropic LCEs are
incorporated into a series of multimaterial cuboid elements
capable of lifting flat surfaces out of plane with heating. The
geometric incompatibility between the LCE and IsoE regions
results in deformation at the edges of the cuboid elements.
FEA confirms that stress concentrates at the edges and corners
of the LCE/IsoE interface. Complexity of the developed
curvature limits the functional design space of these actuators,
which is explored by heating conjoined cuboid surfaces
(rectangles and right angles). The flat surfaces of the
multimaterial cuboid elements naturally balance load better
than cones. Further, these elements resist deformation under
loads that are on the order of those exerted by human fingers
in haptic contexts. Due to the small contact area with the
heated surface and the low thermal conductivity of the LCEs,
the actuators can be touched even when placed on a 130 °C
surface, suggesting applications in haptics or feedback surfaces.

■ METHODS
Preparation of LCE and Isotropic DIW Inks. Oligomers are

prepared through the reaction of a dithiol monomer EDDT (2,2′-
(ethylenedioxy) diethanethiol, Aldrich) with diacrylate monomers
C6M (1,4-bis-[4-(6-acryloyloxy-hexyloxy)benzoyloxy]-2-methylben-
z ene , W i l s h i r e Techno log i e s ) , C3M (1 , 4 - b i s (4 - [3 -
acryloyloxybutyloxy]benzoyloxy)-2-methylbenzene, Wilshire Tech-
nologies), and BPAEDA (Bisphenol A ethoxylate diacrylate, MW ∼
512 g/mol, Aldrich). Included with these monomers are base catalyst
DPA (dipropylamine, Aldrich), radical inhibitor BHT (butylated
hydroxytoluene, Acros Organics), and photoinitiator I369 (Irgacure
369, IGM Resins). Nonliquid crystalline oligomers are dyed blue by
the inclusion of dichroic dye AB4 (Nematel). After DIW-3DP,
oligomers are cross-linked by reaction with the four-functional cross-
linker GDA (glyoxal bis(diallyl acetal), Aldrich). All reagents are used
as received.

Diacrylate monomers, BHT, and I369 are melted and vortex-mixed
inside a glass vial using a heat gun at 99 °C. Cross-linker-ene GDA,
base catalyst DPA, and dithiol EDDT are added to the vial in order,
and the mixture is again vortex-mixed. The molar ratio of acrylate/
thiol/ene functional groups is 0.8:1:0.2 for all materials, with masses
of components in oligomer synthesis included in Supporting
Information S9. Oligomers made with BPAEDA as the diacrylate
monomer also contain 0.05 wt % of AB4 added during this step.
Following mixing, the vials are sealed and placed on a 65 °C hot plate
for 3 h for the thiol-Michael addition reaction to occur. After 3 h, the
vials are transferred to an 80 °C oven for 1 h to ensure complete
conversion of acrylate groups.

Multimaterial DIW Printing. DIW-3DP is performed with a
Hyrel3D System 30 M printer equipped with two KR2 printheads.
Prior to printing, oligomers are heated to 65 °C for 5 min and then
cooled to ambient temperature. Prints are performed in two layers at a

speed of 6 mm s−1 with a layer height of 250 μm for the first layer and
200 μm for the second layer. C3M/C6M Ink LCEI is printed first in
printhead 1, followed by printhead 2 filled with the ink IsoEI. LCEI
oligomers made with C3M/C6M are exposed to ∼2 mW cm−2 365
nm UV light during printing to begin polymerization immediately
upon deposition. After DIW-3DP, samples are polymerized under 50
mW cm−2 365 nm UV light for 10 min to complete polymerization.
Polymerized samples are removed from poly(vinyl alcohol) (PVA)-
coated glass slides by heating to 120 °C, at which point the samples
actuate and delaminate from the glass. Samples are then coated with a
thin layer of corn starch to eliminate residual surface tackiness (this
can cause artifacts during thermal actuation) and improve imaging of
surface contours with structured light interference.

3-D Imaging of Actuators. Topographic scans of actuators are
measured with a Keyence VR-3200 optical profilometer that uses
structured light interference to measure surface contours. Samples are
placed on a ceramic heater (Thorlabs) and imaged at set increments
of voltage supplied to the heater. A thermocouple is used to correlate
this voltage to the sample temperature. At each voltage, samples were
allowed to equilibrate for 5 min before scanning.

Finite Element Analysis. To predict deformation of the LCE
elements, a finite element model is prepared in Abaqus Explicit using
deforming shell elements with an anisotropic coefficient of thermal
expansion and a linear elastic material assumption. The undeformed
part model, shown in Supporting Information S10, consists of two
squares, with the inner square representing the IsoE regions and the
outer representing the LCE regions. The control sample Cone0
contains no IsoE region. To best match the orientation of the layers
laid down by using DIW-3DP, the outer portion is sectioned into four
parallelograms. This part model is meshed with S4R shell elements
using the advancing front algorithm for quad-dominated mesh types,
which begins with seed points on the outer edges of the part. This is
used to provide symmetry in meshing the four parallelograms, since
the overall geometry is quadrilateral. For each simulated sample,
gravity is active and contact modeling with a ground plane supporting
the LCE is enabled. A uniform temperature load described by a ramp
function from 0 to 130 °C is prescribed, which ties into the structural
deformation without bidirectional coupling between deformation and
thermal expansion material properties. The ramp is prescribed over an
appropriately slow time scale (1 s) to prevent inertial effects from
impacting the results. The coefficients of thermal expansion for each
sample are taken from experimental results for linear expansion,
transformed to account for anisotropic volume expansion, and slightly
tuned (by a factor of 0.89) to provide a better simulation to reality
match. This factor is constant for all samples, showing that the
experimentally derived linear coefficients extend to area effects well.
Reported values for these coefficients and the mapping relation are
listed in Supporting Information S11.

Thermomechanical Quantification of Cuboidal Elements.
Thermomechanical isostress experiments are performed on a TA
Instruments RSA-G2 dynamic mechanical analyzer equipped with a
25 mm diameter stainless steel compression clamp. Samples are
loaded onto the bottom plate at 20 °C, at which point a fixed
downward axial force is applied to the top plate. After allowing
temperature to equilibrate for 1 min, the temperature is ramped to
100 °C at a rate of 3 °C min−1 and the height of the top plate is
measured.

Storage modulus and loss modulus measurements are performed
for the IsoE material and parallel to the aligned director of the LCE
material on a TA Instruments DMA-850. Measurements are
conducted in a two-step process consisting of an isostrain
conditioning step to −50 °C followed by an oscillation temperature
ramp to 150 °C at a frequency of 1 Hz and a ramp rate of 5 °C‑1.
Aspect ratios are 1:4 with a preload force of 0.02 N applied to
maintain tension on the samples.
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