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Coaxial Direct Ink Writing of Cholesteric Liquid Crystal

Elastomers in 3D Architectures
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Elaine Lee,* and Shu Yang*

Cholesteric liquid crystal elastomers (CLCEs) hold great promise for
mechanochromic applications in anti-counterfeiting, smart textiles, and soft
robotics, thanks to the structural color and elasticity. While CLCEs are printed
via direct ink writing (DIW) to fabricate free-standing films, complex 3D
structures are not fabricated due to the opposing rheological properties
necessary for cholesteric alignment and multilayer stacking. Here, 3D CLCE
structures are realized by utilizing coaxial DIW to print a CLC ink within a
silicone ink. By tailoring the ink compositions, and thus, the rheological

1. Introduction

Mechanochromic strain sensors are being
widely developed in the form of anti-
counterfeiting devices,[2] smart textiles,?!
health monitoring devices,! and soft
robotics>®! to improve quality of life.
Color changes provide visual cues that
are easily detected by the human eye.
Colors in mechanochromic sensors can

properties, the cholesteric phase rapidly forms without an annealing step,
while the silicone shell provides encapsulation and support to the CLCE core,
allowing for layer-by-layer printing of self-supported 3D structures. As a
demonstration, free-standing bistable thin-shell domes are printed. Color
changes due to compressive and tensile stresses can be witnessed from the
top and bottom of the inverted domes, respectively. When the domes are
arranged in an array and inverted, they can snap back to their base state by
uniaxial stretching, thereby functioning as mechanical sensors with memory.
The additive manufacturing platform enables the rapid fabrication of 3D
mechanochromic sensors thereby expanding the realm of potential

applications for CLCEs.
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be chemical”l or structural-based.l®'?]
Compared to chemical-based chromogenic
materials, such as pigments and dyes, struc-
tural colors have longer lifetimes and are
more environmentally friendly. Cholesteric
liquid crystal elastomers (CLCEs) are
unique  structural-based chromogenic
materials. CLCEs are produced by lightly
crosslinking reactive cholesteric liquid crys-
tal (CLC) monomers and oligomers. Due
to their anisotropy and elasticity, CLCEs
can passively and reversibly respond in
real time to mechanical stress, temper-
ature, or other external stimuli. Their
color-changing behavior is of interest for
potential applications in cryptography,!”]
smart wearables,>%) and soft robotics.1+1]
The cholesteric (also known as chiral
nematic) phase of CLCEs is produced by the spontaneous self-
assembly of LC mesogens and chiral dopants into a periodic he-
lical structure. The reflected wavelength of light, 4, is directly pro-
portional to the average refractive index, (n), and the helical pitch,
P, as defined by the Bragg equation:

A=(n)Pcosh (1)

where 0 is the angle of incidence between the light source and
helical axis. The pitch is inversely proportional to the concentra-
tion of chiral dopant, ¢, as shown in the equation for helical twist-
ing power, HTP = é . Hence, CLCEs can be tuned to reflect the
light by simply changing c. Mechanical stress can distort the he-
lix and alter the pitch, therefore producing a passive color change
governed by Equation 1. For example, tension applied perpendic-
ular to the helical axis causes a blue shift, due to the Poisson’s ef-
fect causing compression along the helical axis; conversely, com-
pression applied perpendicular to the helical axis causes a red
shift. Compression applied parallel to the helical axis, however,
directly compresses the pitch and causes a blue shift.
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A monodomain cholesteric phase can be achieved in several
ways. Most commonly, surface alignment>!®] and anisotropic
deswelling!'”8] are used to produce films (microns thin to mil-
limeters thick), where the CLC phase is retained in a fully
crosslinked 2D geometry, or lightly crosslinked in a film before
mechanical manipulation into different shapes such as a spiral
ribbon!*®! or a “beetle” shapel'”! and then crosslinking fully. Ad-
ditive manufacturing by direct ink writing (DIW)!?**!) shows the
most promise for advancing CLCE fabrication due to simplic-
ity, speed, and capacity for local control of alignhment with good
feature resolution. During printing, CLC inks are subjected to
shear and extensional flows that provide local control over the
extruded CLC phase, thus enabling the generation of intricate
designs(?>?3] that would otherwise be difficult to produce. De-
spite significant efforts in DIW of LCEs, only a handful studies
have reported DIW of CLCEs.[22-28] Sol et al. developed humidity-
responsive CLCE films?*l and photochromic CLCE actuators
with tilted cholesteric alighment!®] using a heated syringe at
70 °C and a heated bed at 44 or 39 °C. The photo-responsive films
are only 30-65 pum thin, hence macroscopic actuation is possi-
ble. However, an annealing time of 15 min on the 44 °C bed is
necessary for proper cholesteric alignment. Choi et al. utilized a
low-molecular-weight chiral dopant to produce solvent-free ink
and print elastic mechanochromic films with a slanted helix.[?}]
However, the ink’s high viscosity necessitated a nozzle tempera-
ture of 75 °C and an annealing step of 10 min at 40 °C to allow
for CLC alignment. Yang et al. developed mechanochromic sen-
sors by printing CLCEs onto elastomeric films via evaporation-
assisted DIW.[?’] Although they printed 2D patterns from CLCE
without using heat, a long duration (at least 10 min) is required
for the solvent-driven CLC alignment, making it challenging to
print 3D structures layer-by-layer. Li et al. fabricated mechanore-
sponsive core-shell CLCE, with a CLCE shell from solvent-driven
CLC alignment and a water-soluble polymer core that can be re-
moved to generate a hollow core with enhanced color contrast.[®]
Like other literature, the structures remain planar. Fabricating 3D
CLCE structures remains difficult due to the orthogonal rheolog-
ical property requirements for aligning CLCs and printing multi-
ple layers. Oligomeric CLC inks developed to date have high vis-
cosities due to their large mesogens and relatively long chains.
Their high viscosities hinder mesogen rotation, which is neces-
sary for their self-assembly into the cholesteric phase. Hence,
prior to UV curing to form an LCE network, an additional an-
nealing step must be performed with heat, time,?”] or both,[22-26]
to promote mesogen self-assembly into the desired helical struc-
ture. However, because the ink viscosity decreases substantially
during the annealing process, 3D CLCEs deform and concomi-
tantly lose their structural integrity.

To date, CLCE structures also lack physical memory: when
the stimulus — heat, humidity, light, or mechanical strain — is
removed, the CLCEs return to their original state. This lim-
its CLCEs to applications as sensors in which stress does not
fluctuate. One approach to attain physical memory would be to
use bistable structures with multiple stable equilibrium states,
i.e., thin-shell domes. This simple geometry exhibits bistability,
i.e., two stable states,!?*3!! but it is difficult to construct with-
out wrinkles when starting with a 2D film. Bistable domes have
been used as robotic morphing grippers,*%! spatiotemporally pro-
grammed surfaces,®”) and mechanical sensors with varying elec-
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trical resistance.’*** Their different stable states can lock the
triggered stress state and color change in place until the structure
is manually reset, resulting in a memory effect. We note that this
type of memory is different from shape memory effects, which
can hold a deformed shape when mechanical stress and heat are
applied simultaneously.*’]

To fabricate mechanochromic strain sensors with memory, we
develop a coaxial DIW method for printing CLCE-silicone into 3D
structures and prepare bistable thin-shell domes as a demonstra-
tion of our method’s capabilities. The rheological requirements
for DIW of 3D structures are met by utilizing two inks: a fast-
aligning, low-viscosity CLC ink as the core material and a trans-
parent, yield-stress silicone ink as the shell material. Coaxially
printing these inks allows the CLCE core to be supported by the
silicone shell while enabling the cholesteric phase to rapidly self-
assemble as printing ensues. Importantly, both inks are solvent-
free, can be printed at room temperature, and do not require a
post-annealing step. To explore the effects of the silicone shell
on CLC alignment and color change, we created core-shell CLCE
elastomer architectures at varying shear rates and characterized
their print fidelity, mechanical properties, and mechanochromic
sensitivity. Finally, to highlight the versatility of our additive man-
ufacturing platform, we freeform printed monostable domes and
conformally printed bistable domes. The bistable domes are ar-
ranged into an array capable of strain sensing with memory.

2. Results and Discussion

2.1. Printable CLC and Silicone Inks

One criterion for DIW is that the inks should be shear thin-
ning, which allows them to be extrudable through fine nozzles.
To build 3D structures, the inks also need to possess a sufficiently
large shear yield stress to maintain a solid-like structure under
quiescent conditions. To successfully print the low-viscosity CLC
ink, we used a viscoelastic silicone ink to create an encapsulat-
ing shell that mechanically supports the CLCE core (Figure 1a,b).
In the absence of this silicone shell, the CLCE filaments cannot
maintain the structural integrity needed for multilayered archi-
tectures. In this configuration, the CLC ink only needs to pos-
sess an appropriately low viscosity to promote the desired he-
lical director alignment without the use of an organic solvent
or heat. Notably, the viscosities of previously reported CLC inks
are greater than 100 Pa s at shear rates of 1071-10' s! over the
temperature range of 25-75 °C,[232% which greatly hinders direc-
tor alignment under ambient conditions. To overcome this lim-
itation, we leveraged multiple strategies. First, we synthesized
short CLC oligomers via an aza-Michael addition[®*! with an acry-
late:amine molar ratio of 0.75:1 coupled with a short oligomer-
ization time (50 min). The aza-Michael addition is chosen for its
slower reaction time compared to the thiol-Michael addition, ¢!
allowing the ink to be printable for several hours without a no-
ticeable change in viscosity. In addition, the chain extender (n-
butylamine) is used as a primary amine (Figure 1c), which results
in shorter chains compared to thiol chain extenders. This strategy
leads to enhanced mesogen rotation[*’! thereby diminishing the
need for an organic solvent. To further reduce ink viscosity, a ne-
matic small molecule, 4-cyano-4'-pentylbiphenyl (5CB), is used
as a diluent. Since 5CB is mesogenic, it does not affect the liquid
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Figure 1. Coaxial 3D printing of silicone-supported CLCE filament. a) Schematic of the coaxial DIW setup, where the ink is composed of a transparent
silicone shell and a CLCE core. Inset: Illustration of CLC alignment within the filament. b) Printed bars of bare CLCE, silicone, and coaxial CLCE-silicone
of various chiral dopant concentrations to achieve red, green, and blue colors. c¢) Chemical structures of main components in the CLC ink. d) Log-log
plot of the storage modulus, G’ (filled symbols) and loss modulus, G” (open symbols) as a function of oscillation stress for the silicone ink. Scale bars,

5 mm.

crystallinity of the mixture.[*>38] 5CB also does not need to be re-
moved from the ink, since any potential leakage is contained by
the silicone shell. Next, excess acrylate monomers are added to
the oligomers (final acrylate:amine molar ratio of 1.06:1) to fur-
ther reduce the ink viscosity and to promote UV crosslinking.
Lastly, some mesogenic crosslinker (acrylates) is replaced with
a liquid acrylate crosslinker, 1,6-hexanediol diacrylate (HDDA).
The non-mesogenic properties of HDDA allow for a slight reduc-
tion of the ink viscosity while providing some acrylates needed for
the UV crosslinking step. To further enhance the color contrast
of the CLC inks, 0.1 wt.% carbon black is added to the ink. After
combining the oligomers, monomers, and photoinitiators, the
ink can then be crosslinked under UV light to form a CLCE. The
CLCE color can be blue-shifted by increasing ¢ (Figure 1b), which
decreases the pitch and shortens the initial reflected wavelength
atd = 0°, as expected from the HTP equation. In this case, “ini-
tial” denotes a state where no stress is applied. This wavelength
is referred to as 4,.

By contrast, the silicone ink must exhibit a shear-thinning,
viscoelastic response with a sufficiently large shear yield stress
to support the CLCE core. It must also be optically transpar-
ent to allow the CLCE color to be visible. Silicone is typically
cured with heat, but CLCs are heat sensitive and may experi-
ence an order-to-disorder phase transition or red shift at higher
temperatures.l!#340] Adhesion between the core and shell is
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also critical to ensure the success of layer-by-layer printing.
Hence, we use a photocurable silicone ink based on the thiol-ene
chemistry,*!l which meets the rheological, optical, and chemi-
cal requirements. It is prepared with a commercial polydimethyl-
siloxane (PDMS) base, Sylgard 186, thiol crosslinkers, and a pho-
toinitiator (Figure S1, Supporting Information). The silicone ink
is shear thinning with shear yield stress (z,) of 168 Pa (Figure 1d),
which is on the lower end of values (r, = 101-5000 Pa) reported
for other silicone inks,[“>*¥ yet sufficient to support multiple
layers of CLCE. This ink is also thixotropic and recovers its vis-
cous state within 11.6 s (Figure S2, Supporting Information). Al-
though this recovery is slightly slower than inks presented by
Suriboot et al.,l**] the loss factor, G”/G’, where G” is the loss mod-
ulus and G’ is the storage modulus, reaches a minimum of 0.63
-a G"/G’ < 0.8 is recommended to prevent slumping.[*! The
combined yield stress and thixotropic properties of the silicone
ink enable the encapsulating shell to fully support the CLCE core
during printing. However, the silicone shell does lower the to-
tal volume fraction of CLCE in a final printed part and hence,
the intensity of reflected light (Figure S3, Supporting Informa-
tion). Nevertheless, the CLCE color is vibrant and more uniform
when printed with a silicone shell (Figure 1d). Using Image],
we measure the saturation of the green CLCE-silicone sample
shown in Figure 1b, which is 57.2% for the entire bar and 68.7%
for just the CLCE portion, in contrast to literature, 36.2% (for
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Figure 2. Formation of the cholesteric phase under shear. a) Schematic of the optical rheology setup. b) Viscosity of a red CLC ink as a function of the
shear rate, with the power law index indicated for the different shear regimes (top) and polarized optical microscopy (POM) images in reflection mode
(viewed through the CLC ink and the glass plate interface) at shear rates of 0.1, 1, 10, 100, and 500 s~' (bottom), respectively. c) Red (from RGB) values
of the CLC ink after shearing on a glass plate or a silicone film for 30 s and reaching equilibrium. Scale bars, 100 um.

the green CLCE film).[*] With our coaxial DIW, we can increase
the color saturation beyond this by printing multi-layered CLCE
films.

2.2. Optimizing Print Parameters

The simplest way to increase the reflectance of the CLCE core is
to increase the amount of CLC ink being extruded. This trans-
lates to increasing the volumetric flow rate if all other printing
parameters are the same, leading to an increase in shear rate (see
Supporting Information Text) — which affects CLC alignment.
To determine how the CLC alignment is affected by shear rate,
we shear a red CLC ink on a glass plate and observe temporal
changes to color using a theometer equipped with in-situ polar-
ized optical microscopy (POM) in the reflection mode (Figure 2a;
Figure S4, Supporting Information). The viscosity curve indi-
cates that there are three flow regimes, as seen in some ne-
matic LCE inks,[*#3] representing different power-law indices,
n (Figure 2b). The indices are used to calculate the wall shear
rate, y¢;c, generated from various printing pressures (see Sup-
porting Information Text). The CLC ink is sheared for 30 sec-
onds at a designated shear rate (0.1, 1, 10, 100, or 500 s~!) and
then shear is stopped to observe the cholesteric formation over
time (Movies S1 and S2, Supporting Information). The POM im-
ages in Figure 2b are taken at the end of the 30 s shearing stage.
We will first discuss the alignment during the shearing stage. For
7crc = 0.1 871, the ink looks red under POM, which signifies the
presence of the cholesteric phase. There is negligible movement
or color change in the ink, meaning the ink is already cholesteric
without any shear. However, ink that has not been sheared ap-
pears polydomain at a macroscopic level, implying that at least
0.1 57! of shear is required to generate uniform alignment. For
7cre = 1871, the ink still reflects red, but the color intensity is
greater than that of the 0.1 s™' shear-indicating the formation
of a more monodomain structure. At 7., = 10 s71, the color
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starts to shift to orange, suggesting that the cholesteric phase
is still present but now slanted.??) At 100 and 500 s, bright
and dark flashes are seen during the shearing stage, indicating
that a flow-induced nematic phase is present*! instead of the
CLC phase (Figure S5, Supporting Information). Although the
nematic phase is present during y-,- = 100 and 500 s7!, the
cholesteric phase quickly forms upon flow cessation. Character-
izing the presence of different phases during the shearing stage
helps us understand and control the formation of the CLC phase
after shear is stopped.

To quantify the relative LC ordering due to j,, the average
red value (from RGB) is calculated after the color stabilizes. This
is referred to as the red equilibrium value, R,,. To visualize the
colors during and after shear, the RGB values are extracted from
each frame and mapped in Figure S6 (Supporting Information).
Numerical RGB values are plotted against time in Figure S7
(Supporting Information). The R, is found to be highest for y;
= 10 s7! and decreases with increasing shear rate. The time to
reach equilibrium, #,,, is determined as the time at which the av-
erage R value of following frames is within 0.05% of R,,. The t.,
is quickest at 500 s~! but R is the lowest, meaning the alignment
is lowestat 500 s™". R, and t,, values are summarized in Table 1.
The t,, is likely fastest at j;c = 500 s™" because the nematic

Table 1. Summary of the equilibrium time, ¢
(from RGB) values, R

eq» and the equilibrium red

eqr Of a red CLC ink sheared at various shear rates.

Glass Silicone
Shear rate teq [s] Req teq [5] Req
157! 309s 0.64 283s 0.64
105! 21.8s 0.57 220s 0.65
100 57! 330s 0.51 27.7 s 0.61
500 57" 15.6 s 0.49 14.4s 0.48
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Figure 3. Shear rate effects on print fidelity. a) Schematic of a CLCE-silicone bar with a layer height, y, and road width, w. b) Silicone bars printed with
different road widths, using a 22-gauge needle (0.406 mm inner diameter). c) Left and right: optical images of the CLCE-silicone bars printed with y =
0.4 mm, w = 1.4 mm, at a constant silicone shear rate 7.n. = 18 s~ and increasing CLCE shear rate 7, ¢ (left), and CLCE-silicone bars printed with y
=0.4 mm,w= 1.4 mm, ¢ c =85 s~ and increasing 7o (right). Scale bars, 5 mm. Middle: transmission microscopy images of the cross-section of
the CLCE-silicone bars with shear rates y¢, ¢, ¥iicone |ndicated, respectively. Scale bars, 400 um.

phase is obtained during shear (regime III in Figure 2b), which
is an entropically stable state for LCs. After shear stops, twisting
occurs (due to the chiral dopant), but the difference in entropy
between the cholesteric and nematic phases may not be great
enough to overcome the viscosity recovery, thus resulting in a
frozen intermediate phase in the innermost ink (farthest from
the cone and plate). POM images of the inks at t,, and various
shear rate are shown in Figure S8 (Supporting Information).
In coaxial DIW of CLCE-silicone, the CLCE is in contact with
silicone rather than with glass, so we repeat the shear test on a
silicone-coated glass plate to verify the effect of silicone on R,
and t,,. Compared to the control experiment on glass, the R,
on silicone generally increases (Figure 2c) and the t,, generally
decreases, which indicates that the silicone film improves the
CLC alignment. Looking only at the values of the test performed
on silicone, the highest R, value is found at 10 s™!, which also
results in the second fastest t,,. Although the next highest R,
value is found at y¢;c = 157, the R, value for 7, = 100 s~
is not very different and the ¢, values are similar as well. Thus,
based on R, and t,,, the optimal range of shear that can be used
to print CLCE-silicone is between 1 and 100 s7'. y;- = 0.1 s7!
is not used for these comparisons because the color changes
minimally throughout the test, making it difficult to gauge when
equilibrium is reached (Figure S6, Supporting Information).
The effects of the CLCE and silicone ink shear rates are also
evident on a macroscopic scale. To be consistent, we printed the
CLCE-silicone bars with a nozzle speed of 120 mm min~", simi-
lar to those used in literature.l”1] Due to the low viscosity of the
CLCink, a slanted helical axis is not observed at this nozzle speed.

Adv. Mater. 2025, 2416621 2416621 (5 of 11)

The longest reflected wavelength is observed normal to the print
surface and a blue shift in color is observed when printed bars are
viewed at different angles (Figure S9, Supporting Information).
Layer height, y, is chosen such that the instabilities that arise
from over and under extruding are mitigated. The road width,
w, (Figure 3a) is chosen by eye to minimize gaps between rows.
Increasing w leads to reduced overlap, causing the interstitial
spaces to scatter light and thus resulting in a less uniform sam-
ple. This is most evident in a printed silicone sample (Figure 3b).
When w is too large in a CLCE-silicone print, the increased
scattering results in glare and obstructs the reflected CLCE col-
ors. The CLCE-silicone samples printed with higher ., - have a
longer pitch and appear more inhomogeneous (Figure 3c). In-
creasing j.;c is achieved by increasing the volumetric flow rate
while maintaining the same nozzle speed, which extrudes more
CLC ink and leads to filaments with higher CLCE to silicone vol-
ume ratio. As seen in the cross-sectional geometry of samples
printed with the same y and w, this leads to an increasingly asym-
metrical core. The CLC ink starts to sink within the silicone be-
cause the silicone has a slightly lower density (1.088 g cm™ vs
1.136 g cm™) and cannot support large amounts of CLCE. Since
the bars are printed with the same layer height and road width, a
larger core also leads to more overlap between the rows. The sili-
cone from the newly printed row squeezes the previous rows, re-
sulting in a deformed teardrop shape (Figure 3c). If a more sym-
metric core is desired, we can increase 7., and decrease y;
to provide a greater distance between the CLCE cores, but the
cores end up cylindrical and appear thinner than the teardrop-
shaped cores from the top, making it more difficult to view the
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Figure 4. Mechanochromic properties of the printed CLCE-silicone bars. a) Optical images of a red CLCE-silicone bar under uniaxial tension and the
corresponding illustrations of the helix deformation. Scale bars, 5 mm. b) Reflectance spectra of the red CLCE as a function of stress. c) Reflectance
spectra of the red CLCE-silicone as a function of stress. d) Peak wavelengths of the bare CLCE and CLCE-silicone bars as a function of stress. e) Stress—
strain curves of the bare CLCE, silicone, and CLCE-silicone bars (with y¢ ¢ = 386 and 30 s~") under uniaxial tension.

color (Figure 3c). The flatter, ellipsoidal geometries are also better
for printing multiple layers, as discussed later. We therefore find
the optimal printing conditions for multilayer and vibrant CLCE-
silicone multi-filament thick films arise from a silicone shear rate
of 5-26 s7! when w = 0.4 mm. From these results, we can also
refine the optimal range of ;- further to be 10-100 s™! since we
can tell from the CLCE-silicone bars printed with y; = 10 s7!
that further decreasing y ., will make the color difficult to see.
We can also observe from printing that utilizing a silicone shell
prevents defects from growing. When CLC ink is printed by it-
self, rows bleed into each other, and air bubble defects spread on
the glass to become larger defects (Figure S10, Supporting Infor-
mation). When CLC ink is printed inside silicone, the air bub-
bles do not spread due to the non-wetting behavior of CLC ink
on silicone, which has a lower surface energy. This is confirmed
by measuring the contact angle of the CLC ink on glass (25.18
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+ 1.72°) and on silicone (64.81 + 0.99° for uncured silicone and
56.64 + 0.54° for cured silicone). The contact angle of our CLC ink
on glass is similar to that reported in literature (22°),12’) using the
same LC monomer and chiral dopant (RM257 and LC756). The
contact angle of ink on uncured silicone is the largest of the three
substrates (Figure S11, Supporting Information), which indicates
that the enhancement of CLC alignment inside the uncured sil-
icone shell is due to non-wetting behavior driving the mesogens
to assemble into a favorable arrangement: the cholesteric phase.

Next, we investigated the mechanochromic properties
of the printed CLCE-silicone bars. To characterize the
mechanochromism, the samples are loaded into a tensile tester
with a spectrometer probe pointing normally to the sample
surface (Figure S12, Supporting Information). Uniaxial tensile
testing is performed at 5 mm min~! while the spectrometer reads
at intervals of 0.5 s. As seen in Figure 4a—c, 4, increases with
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Table 2. Summary of mechanochromic sensitivity of the bare CLCE and the
CLCE-silicone printed bars at different CLCE shear rates.

Mechanochromic sensitivity [nm kPa™']

CLCE 0.13
305! 2.39
7557 1.87
110s~! 1.35
156 57! 1.21
386s7! 0.79

increasing y¢; and cured prints show a blue shift when tensile
stress is applied. The blue shift is caused by lateral compression
accompanying uniaxial tension, which reversibly compresses
the pitch. The reduction in pitch is accompanied by reversible
deformation of the helical structure, leading to a reduction in
reflectance.['*% The mechanochromic sensitivity is defined
as where is the shortest peak wavelength measured and is the
corresponding stress at this wavelength. Bare CLCE exhibits a
sensitivity of 0.09 nm kPa~! whereas the CLCE-silicone sensi-
tivity is higher and ranges from 0.79-2.4 nm kPa~' (Figure 4d).
As yc;c increases, the mechanochromic sensitivity decreases
(Table 2), which further agrees with the optimal range of y; =
10-100 s~!. Cyclic tensile testing of a green CLCE-silicone bar
with 7., = 85 s7! shows that a blue shift in color is visible by eye
and reversible for at least 100 cycles under 20% strain. At 30%
and 40% strain, some plastic deformation occurs (Figure S13
and Movie S3, Supporting Information). Therefore, 20% strain
is chosen for cyclic testing.

We also examined the mechanical properties of CLCE, sili-
cone, and CLCE-silicone printed bars (Figure 4e) to validate the
role of the silicone shell. The cured silicone has Young’s modu-
lus of 202 kPa with a fracture strain of 165%. The cured CLCE
is stiffer and less elastic than silicone with a Young’s modulus
of 1.647 MPa and fracture strain of 19.1%. The Young’s mod-
ulus and fracture strain of CLCE-silicone depend on y;. since
it influences the CLCE volume fraction (if all other print condi-
tions are kept the same). Accordingly, increasing y, . results in
an increased Young’s modulus of the CLCE-silicone print. Thus,
the samples printed at a larger ., equire more applied force to
reach the same magnitude of wavelength shift as those printed

Table 3. Young’'s modulus and fracture strain of the CLCE, silicone, and
CLCE-silicone bars.

Young's modulus Fracture strain

[kPa] [%]
CLCE 1647 19.1
Silicone 202 165
CLCE-silicone (30/18) 338 49.1
CLCE-silicone (75/18) 375 60.3
CLCE-silicone (110/18) 472 53.8
CLCE-silicone (157/18) 468 69.5
CLCE-silicone (386/18) 748 48.2

*Indicating the CLCE and silicone shear rates in s~".
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at lower shear rates (Figure 4d; Figure S14, Supporting Informa-
tion). The CLCE-silicone prints all have a much greater fracture
strain (48.2-69.5%) than the pristine CLCE samples (Table 3),
which is attributed to the softer and more elastic silicone shell.
The poor elasticity of the CLCE is a tradeoff from the short
oligomerization time and non-reactive 5CB, however, the silicone
shell mitigates some of the negative effects.

2.3. Printing 3D CLCE-Silicone Structures

The pristine CLC ink, when printed by itself in more than two
layers, starts to lose its shape and resolution (Figure 5a). The sil-
icone ink can be printed into hollow 3D structures on its own
(Figure 5b) because of its yield stress. The support from the sili-
cone shell allows us to print a multi-layer CLCE-silicone cylinder
(Figure S15, Supporting Information). For ease of comparison,
the same nozzle size (22-17 gauge, or core diameter = 0.406 mm,
shell thickness = 0.180 mm) is used for all samples. The success
of a multi-layer print depends on the layer height, as too large of a
print height can cause the cylinder to collapse in the middle. This
happens because the silicone cannot recover its viscous state fast
enough to maintain a cylindrical cross-section while more layers
are being printed on top, so gravity pulls the layers in toward the
center of the cylinder, resulting in a hyperbolic shape. This may
be mitigated by printing much slower or utilizing in-situ UV-
curing, however, this will start to cure the CLCE core before ¢, is
reached, so either different photoinitiators could be used or the
alignment and curing speeds could be tuned and optimized. Us-
ing a smaller layer height of 0.25 mm to obtain flatter filaments
results in a successful print of a 5 mm tall cylinder (Figure S15,
Supporting Information). We can see that the top of the cylinder
is also starting to cave in, which is likely due to the viscoelastic
nature of the CLC ink, causing more ink to flow after a few min-
utes of continuous extrusion. This could be fixed by increasing
the yield stress of the silicone ink, by periodically stopping the
CLC ink flow, or by decreasing y, at increasing print times.

The effect of gravity can also be seen when we attempt to print
freeform thin-shell dome structures. First, we attempt to print
CLCE-silicone domes without the use of a substrate. Due to grav-
ity, printing a shell in a freeform manner results in domes with
increasing thickness toward the base, rather than a consistent
thickness throughout the cross section (Figure 5c). This makes
a dome monostable: the inverted state is unstable, and the dome
quickly snaps back to its original state when the external force
is removed (Movie S5, Supporting Information). In order to suc-
cessfully print a complete dome without the use of a substrate, a
small layer height (y = 0.25 mm) is utilized. This causes the lay-
ers, and thus the CLCE cores, to be flattened (Figure 5c¢). The flat-
tened cores show an obvious angle dependence of the color that
is similar to CLCE films. As the angle of incidence of a dome in
its unstressed state increases from 0° (top view) to 90° (side view),
we see a blue shift in color. The tensile stress at the bottom face
of an inverted, initially red dome causes a blue shift as well, as
seen in the green spot on the face (Figure S16, Supporting In-
formation). When inverted, a majority of the dome loses its color
because the flat CLCE cores are turned sideways, allowing light to
transmit through (similar to window blinds). The inverted dome
lip also blue shifts to green due to the hoop stress.
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Figure 5. Domes printed from CLCE, silicone, and CLCE-silicone, respectively. Top panels: print paths of domes with radius R, height H, and layer height
y. Middle panels: optical images of the representative samples. Bottom panels: optical images of the cross-sections of a) a bare CLCE printed without a
substrate (freeform), b) freeform silicone, c) freeform CLCE-silicone, and d) conformally printed CLCE-silicone. Scale bars, 5 mm.

To minimize the effect of gravity on the CLCE-silicone and
achieve bistable domes with clearly visible color change, we
then conformally print the CLCE-silicone on a domed substrate
(Figure 5d), which allows us to print steeper overhangs and thin-
ner domes with uniform thickness. To prepare the domed sub-
strate, we use fused deposition modeling (FDM) with acryloni-
trile styrene acrylate (ASA) filament and vapor smooth the prints.
A smooth substrate helps minimize scattering from the silicone
shell since the silicone will pick up the detail from the visible
layer heights. Substrates can also be printed via stereolithography
(SLA) and then sanded. We find that the smoothest substrates
are obtained with the combination of FDM and vapor smooth-
ing. The CLCE-silicone domes can be carefully peeled off the
substrate after curing. Since there is no organic solvent in the
CLCE and silicone inks and the ASA filament is UV-resistant,
the substrates are not damaged and can be reused many times.
The conformally printed CLCE-silicone domes have a more uni-
form thickness compared to the domes that were printed with-
out a substrate (Figure 5c,d). However, there is also increased
iridescence due to the difficulty in perfectly centering the print
on the substrate (Figure S17, Supporting Information). A pos-
sible solution for this is to fabricate molds with guides for the
nozzle starting position. Color nonuniformity is also due to the
residual stresses from printing and curing on a substrate, but
perfectly centering the print on the substrate would minimize
these defects. For this reason, it is inadvisable to print CLCE di-
rectly onto the substrate since the silicone also acts as a buffer be-
tween the CLCE and substrate. Compared to the freeform domes,
the conformal domes can be printed accurately into domes with
curvatures of 0.12 mm™! and are thin and tall enough to exhibit
bistability.>!] Thus, the two stable states (0 and 1, correspond-

Adv. Mater. 2025, 2416621 2416621 (8 of 11)

ing to the base and inverted configurations respectively) can be
locked in without requiring additional energy to maintain them
(Figure 6a). When a dome is inverted, the top face undergoes
compression (red shift in the color) whereas the bottom face un-
dergoes tension (blue shift). For a dome printed on a substrate
with radius R = 8 mm and height H = 8 mm, finite element
analysis (FEA) shows that when the dome is inverted, the bottom
and top faces experience a maximum tangential tensile stress of
0.189 MPa and a maximum compressive stress of 0.140 MPa,
respectively (Figure 6b). The difference in the type of stress re-
sults in different visible color shifts when the inverted domes are
viewed from the top versus the bottom (Figure 6a; Figure S18,
Supporting Information). The difference in color on the two faces
is another degree of freedom that thin CLCE films do not exhibit.
Some CLCE films are so soft that a backing layer (typically col-
ored black for maximum CLCE reflection) is needed, which pre-
vents color from being seen from both sides. Although freestand-
ing CLCE films also experience tensile and compressive stresses
when bent, the nature of the planar geometry makes it difficult
to see the face undergoing compression. The dome dimensions
also influence the mechanochromic response. Theoretically, de-
creasing the dome height decreases the magnitude of stress im-
parted on the dome in its inverted state, leading to a smaller shift
in color. Experimentally, the domes show the same trend such
that shorter domes experience a smaller blue shift under com-
pression (Figure S19, Supporting Information). More significant
differences in stress and the corresponding color change could
be achieved by also varying the dome thicknesses. To highlight
how to fabricate a strain sensor with memory, we arrange domes
printed on molds of the same radius (8 mm) and varying heights
(6, 7, and 8 mm) into an array and connect them with a UV-
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Figure 6. A passive and untethered mechanochromic sensor array with memory. a) Top-view photos of a conformally printed CLCE-silicone dome. The
numbers, 1and 0, indicate whether the dome is inverted or not, respectively. The colors of the insets represent the colors of the dome centers. Scale bars,
5 mm. b) Simulation of the compressive and tensile stresses (indicated with white arrows) applied to an orange CLCE-silicone dome under inversion,
with red depicting compression and green depicting tension. The legend indicates the magnitude of engineering stress on an inverted dome, with
negative values for compression and positive values for tension. c) Three domes printed on dome substrates of the same radius (8 mm) but different
heights (6-8 mm) are arranged on a silicone sheet as the substrate for stretching, which is viewed from the top (left) and side (right) to track the dome

reversions at different strains. Scale bars, 1 cm.

cured silicone film. The dimensions of the domes are presented
in Table S1 (Supporting Information). The film is then clamped
in a linear stage and the domes are inverted to state 1 by man-
ually pressing them (Movie S5, Supporting Information). Since
the domes are bistable, they maintain state 1 (red) until tension
is applied. When an increasing strain is applied uniaxially to the
array, the domes begin to revert to state 0 (yellow), from short-
est to tallest dome sequentially, where the increasing height cor-
responds to an increasing energy barrier to overcome for snap-
through (Movie S6, Supporting Information). The snap-through
acts as the “save” function, such that the array can remember
the strains at 4.4, 7.4, and 10.2%, respectively (Figure 6¢). Even
if the applied strain is removed, the domes remain in their saved
states and corresponding colors. Thus, the maximum strain level
reached by the sensor is stored in the mechanochromic memory
of the sensor. For example, if the array is stretched and released
before the tallest dome reverts (strain >7.4% and <10.2%), the
first two domes stay in the same reverted stable state 0. Stretch-
ing the array cannot invert the domes from state 0 to state 1,
which indicates that state 1, though stable, exists at a higher en-
ergy minimum than state 0. In this array, the domes are spaced
one diameter length (16 mm) apart, which is sufficient to pre-
vent one dome reversion from triggering another. Using differ-
ent distances and non-linear patterns would change the snap-
through responses.*% If different patterns are combined with
domes of different heights and radii, the response could poten-
tially be tuned such that only the right amount of stress will de-
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code a message—which may have possible uses in cryptography
and anti-counterfeiting. Other multi-stable structures could also
be printed to generate arrays with greater memory storage.

3. Conclusion

In summary, we established a coaxial DIW method for fabricat-
ing 3D CLCE-silicone structures. The CLCE and silicone inks are
synthesized without the use of organic solvents and do not re-
quire an additional annealing step for the cholesteric phase to
form. The silicone shell not only supports the CLCE core to en-
able layer-by-layer printing, but it also increases the elasticity and
mechanochromic sensitivity of the CLCE. As an exemplar, we
printed bistable mechanochromic domes and arranged them into
a strain sensor capable of physical memory that is sequentially
activated at 4.4%, 7.4%, and 10.2% strain. Looking ahead, coax-
ial DIW offers a facile platform for patterning mechanochromic
inks in the form of logic gates, microactuators, and gradient col-
ors for potential applications in smart wearables, soft robotics,
and cryptography.

4. Experimental Section
Materials: LC monomers 1,4-bis-[4-(3-acryloyloxypropyloxy)benzoyl-

oxy|]-2-methylbenzene (RM257, 98%) and 4-cyano-4’-pentylbiphenyl
(5CB, 98%) were purchased from AmBeed. Chiral dopant
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monomer, hexahydrofuro[3,2-b]furan-3,6-diylbis (4-((4-(((4- (acryloyloxy)
butoxy)carbonyl)oxy) benzoyl)oxy)benzoate) (LC756, 97%) was pur-
chased from Chemfish Tokyo and Synthon. Chain extender, n-butylamine
(nBA, 99.5%), inhibitor, butylated hydroxytoluene (BHT), and non-
mesogenic monomer, 1,6-hexanediol diacrylate (HDDA, 80%) were
purchased from Sigma-Aldrich. Carbon black (Super P Conductive,
>99%) was purchased from Alfa Aesar. Photoinitiators, phenyl bis(2,4,6-
trimethylbenzoyl)phosphine oxide (1-819, 97%), 2,2-dimethoxy-2-
phenylacetophenone (1-651, 99%), and 2-hydroxy-2-methylpropiophenone
(1-1173, 97%) were purchased from Sigma-Aldrich. Sylgard 186
was purchased from Dow Corning. Crosslinkers, [4-6% (mercapto-
propyl)methylsiloxane] — dimethylsiloxane copolymer (SMS-042) and
[13-17% (mercaptopropyl)methylsiloxane] — dimethylsiloxane copolymer
(SMS-142), were purchased from Gelest. All chemicals were used as
received.

CLC Ink Preparation: The CLC ink was prepared by combining CLC
oligomers and a monomer mixture, resulting in a reactive CLC ink with
an acrylate:amine molar ratio of 1.06:1. The CLC oligomers were first pre-
pared by melting RM257, LC756, and 1 wt.% BHT in a 90 °C oven. For
red, green, and blue CLC inks, LC756 made up 8.5, 9.1, and 10.6 wt.% of
the total LC content, respectively. The total LC content included the RM257
and LC756 used to prepare the ink as a whole (oligomers and monomers).
Carbon black was added to 5CB at 0.1 wt.% and sonicated for 15 min be-
fore the mixture was added to the melted monomers at a 1:2 (5CB:total LC
monomer) mass ratio. nBA was then added to make a total acrylate:amine
molar ratio of 0.75:1 (acrylates from RM257 and LC756), and the mixture
was left to oligomerize in a 60 °C oven for 50 min. To prepare the CLC
ink for printing, a mixture of RM257, LC756, HDDA, 0.5 wt.% 1-819, 1
wt.% 1-651, and 0.5 wt.% BHT was melted in a vial in a 90 °C oven. The
HDDA:amine molar ratio was 0.025:1. CLC oligomers were then added
to this monomeric mixture to make a final acrylate-to-amine molar ratio of
1.06:1. Here, acrylate content included the oligomers, monomeric RM257,
monomeric LC756, and monomeric HDDA.

Silicone Ink Preparation: Sylgard 186 (89 wt.%), SMS-042 (9 wt.%),
SMS-142 (1 wt.%), and 1-1173 (1 wt.%) were added to a container and
mixed for 30 s at 2000 rpm and defoamed for 30 s at 2200 rpm using a
centrifugal mixer (Thinky, ARE-310). The density of silicone ink was calcu-
lated by loading the ink into a 1 mL syringe, centrifuging the syringe, and
extruding the ink onto a balance (Sartorius, BCE223-1S).

Printer Setup: The inks were prepared, loaded into syringes, and cen-
trifuged to remove air bubbles. A 22-17-gauge coaxial needle (ramé-hart)
was used for printing. Printing was performed with a nozzle speed of
120 mm min~! at 25 °C. A custom 3-axis stage motion control stage
(Aerotech) equipped with a pressure box (Nordson) and a Hyrel 30M were
used for controlling the print movement. The open-source MeCode was
used to produce G-code for the Aerotech, and a custom Python script was
used to produce G-code for the Hyrel. Prints fabricated with the Aerotech
were cured in a chamber (XYZprinting, UV Curing Chamber) at level 3 for
20 min. Prints fabricated with the Hyrel were cured with a handheld 365 nm
UV light (Thorlabs, CS20K2) for 6 min. The CLCE-silicone bars for char-
acterization were printed with the Aerotech setup and the CLCE-silicone
domes were printed with the Hyrel setup. The CLC ink shear rates were
calculated by measuring the mass flow rate at different extrusion pres-
sures (Figure S20, Supporting Information). The domed substrate design
(array of three domes with radii 8 mm and 6, 7, and 8 mm heights) for
conformal printing was prepared in SolidWorks. UltiMaker Cura was used
to slice the file and UltiMaker 2+ was used to print the substrate using
ASA filament (Polylite ASA, Polymaker). The layer height was 0.1 mm and
the print speed was 60 mm s~'. Then, vapor smoothing with acetone was
performed in 15 min intervals until the layer lines were not visible.

Rheology and Color Analysis:  Optical rheology was performed with a
TA Instruments Discovery Hybrid Rheometer with a 20 mm 1° cone ge-
ometry and gap height of 29 um. A glass plate (TA instruments, Modular
Microscope Accessory) was used so that a camera (Imaging Development
Systems, UI-3250CP) could record the ink through the glass (Figure S4,
Supporting Information). Crossed polarizers were added to the light path
to perform POM. All videos were taken with the same white balance, ex-
posure time, and frame rate. The videos were then analyzed with openCV
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to extract RGB values, which were normalized by dividing by 255. The
silicone-coated glass was prepared by depositing silicone ink onto a glass
slide, sandwiching the ink with another glass slide, and curing. The second
glass slide was then removed.

Mechanochromic Characterization: Tensile testing was performed with
an Instron 5564 Tabletop Universal Testing Machine equipped with a
10 N load cell. The extension speed was 5 mm min~! and the strain
is defined relative to the initial length. Cyclic testing was performed at
5 mm min~". For mechanochromic characterization, a bifurcated reflec-
tion probe connected to a spectrometer (OceanOptics) and broadband
light source (Thorlabs SLS201L) was aimed at the sample 5 mm away to
measure the reflectance during tensile testing at intervals of 0.5 s.

Optical Microscopy:  Optical microscopy was performed on a Keyence
VHX-7000 using bright field transmission.

Finite-Element Analysis:  Finite-element analysis was prepared in
COMSOL to calculate the stress in a conformally printed CLCE-silicone
dome in the inverted state, using quadrilateral elements with axial symme-
try. For simplicity, the CLCE-silicone material was modeled as an isotropic,
linear elastic material with Young’s modulus 748 kPa, corresponding
to Yere/Tsiicone = 386 s71/18 s71. The dome dimensions were radius
9.15 mm, height 8.2 mm, and thickness 0.985 mm (Figure 6b).

Optical Imaging: Optical images and videos were taken with a Nikon
D5600 camera and Nikon AF-S DX NIKKOR 18-55 mm f/3.5-5.6G VR lens.

Contact Angle: The contact angle of CLCE precursor on various sur-
faces was found by utilizing a dispenser (Nordson Ultimus 1) and a go-
niometer (ramé-hart Model 250). Image) was used to measure the contact
angle.
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