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ABSTRACT: Creatures in nature possess unique smart material

systems that can sense environmental changes with evolved self-
responsible architectures. For example, the Japetella heathi octopus ‘
exhibits a remarkable ability to change its appearance to evade the
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architectures by multimaterial three-dimensional (3D) printing, |  imspatonfor ematsensing | Multi-Material Vat Photopolymerization
where both conventional acrylic-based ultraviolet resins and Nemaﬁc""”""”' sotronic < | I-
reactive liquid crystals (LCs) are photocured to form an object | ——.— Y, i o S e il
with desired patterns. The levels of orientational and positional | == IAN[% W e i 8-
orders of LCs in unique thermodynamic phases (e.g.,, nematic and == i i
) ) Lower T Higher T i1 < 77/ i 1]
isotropic phases) can be modulated by the local temperature of the — i £ e soceturs

quid crystal (LC) i
material. As a result, the 3D printed liquid crystalline materials
(within the printed multimaterial object) possess a unique optical property that can reversibly transition from opaque (in the
nematic phase) to transparent (in the isotropic phase) in response to external thermal stimuli. The multimaterial 3D printing process
provides a versatile manufacturing tool that enables the design and fabrication of bioinspired smart materials with complex 3D
shapes for various potential applications, such as soft robots, flexible sensors, and smart anticounterfeiting devices.
KEYWORDS: 3D printing, vat photopolymerization, liquid crystal, multimaterial, temperature sensor

1. INTRODUCTION Therefore, the exemplary optical appearance change
mechanisms from nature provide a promising design template
for the development of smart materials with unique sensing
capabilities under external stimuli. However, the inherently
complex designs and hierarchical architectures seen in nature
are difficult to replicate using current fabrication methods.
Recent progress in additive manufacturing (AM) technologies
has shown to greatly ease these developmental challenges
because of their capability to manufacture fully functional
devices with complex geometrical morphologies inspired by
nature.' For example, a maskless lithography 3D printing
approach was utilized to fabricate high-resolution structural
color patterns inspired by periodic nanostructures seen in
peacocks and butterflies.” Different structural colors were
achieved through magnetic field manipulation of the
nanostructures followed by permanently fixing the photonic
crystals in a polymer matrix through photopolymerization
using projected mask images.® Similarly, bioinspired 3D

Over the span of millions of years, creatures have evolved to
create a multitude of complex materials and structures that
possess superior physical properties." Biological constructs
have been optimized for a broad range of functional
requirements such as gathering food using mechanically
reinforced appendages,” signaling,’ and evading predators
using camouflage” through minuscule changes in the
surrounding environment. Consequently, naturally occurring
structures and biological materials provide a rich source of
inspiration for the design of next-generation multifunctional
devices with bioinspired architectures due to the remarkable
properties exhibited by different organisms. For example, self-
responsive architectures in the Japetella heathi octopus exhibit
the ability to reversibly change its appearance from totally
transparent to partially opaque in order to evade predators
(Figure 1a).” Moreover, different external stimuli have been
shown to influence optical properties in the cuticles of the
Hercules beetle, leading to alterations in nanoporous structures
for the development of self-sensors in response to humidity Received:  February 23, 2022
levels in the environment.® These microstructures are typically Accepted:  March 16, 2022
colloidal multimaterial systems that can show dynamic Published: March 24, 2022
structural colors depending on the arrangement and /
orientation of biological materials, which in turn determine osan
their refractive indices and light scattering effects.”
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Figure 1. Smart optical materials fabricated using a thermotropic LC mixture. (a) Appearance changes of the Japetella heathi octopus under external
stimuli. (b) Design of smart optical materials using (non) reactive liquid crystals that exhibit a change in transparency near the nematic-to-isotropic
transition temperature and (c) appearance changes of the MVPP-printed artificial octopus under a temperature change. Adapted with permission

from ref S. Copyright 2011 Elsevier.
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Figure 2. Schematic diagram of the MVPP-based 3D printing platform for the fabrication of smart optical materials. (a) Schematic diagram of the
prototype machine of MVPP, (b) multimaterial printing process planning showing the formation of a single layer composed of photocurable acrylic
resin and the LC material, and (c) flowchart of the MVPP process to fabricate the multimaterial functional optical part using photocurable acrylic

resin and the LC material.

artificial eye structures with a highly efficient array of hexagonal
shapes were produced using nanoscale laser writing-based 3D
printing to achieve a distortion-free wide field of view, large
numerical aperture, and low surface roughness.” This work
demonstrates that recent advancements in AM technologies
can be an attractive tool in order to fabricate functional optical
devices with biomimetic materials and structures.'® Further-
more, this can be further expanded upon for the design of
future smart materials for various applications that were
previously unachievable through conventional fabrication
methods."'

Smart devices have gained increased attention due to their
numerous applications for wearable sensors,'” smart win-
dows,”> and display devices.'* Emerging smart materials
facilitate modifications of microstructures and consequently
changes of properties exhibited by the material under a variety
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of external stimuli."> For example, modulation of mechanical
stress was demonstrated to control light transmission and
structural colors of composite films by tuning periodic
microstructures.'® However, conventional manufacturing
methods such as milling or casting have significant limitations
in the fabrication of smart optical materials where complex
designs and unique configurations are often costly and difficult
to achieve." Rising AM technologies have become feasible
approaches in developing smart optical materials that can
incorporate highly accurate controlled distribution of trans-
parent and opaque materials for use in detectors.”” Addition-
ally, self-assembly methods containing materials such as
copolymers, colloids, and liquid crystals (LCs) to create
microstructures with tunable optical properties provide a vast
source of unique material systems for AM approaches to
develop smart optical devices.'” Integration of LCs with the

https://doi.org/10.1021/acsapm.2c00322
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Figure 3. Curing characterization of nematic and isotropic LCs. (a) Effect of isotropic and nematic phases of thermotropic LCs on the light
penetration of the exposed light beam and curing depth (b) and exposure time (c) characterization of thermotropic LCs at different temperatures

ranging from 25 to 50 °C.

advanced 3D printing process could potentially lead to the
fabrications of smart materials with sensing capabilities due to
the nematic and isotropic phase transitions of LCs."*™*" As
shown in Figure 1b, thermotropic LCs, such as 4-cyano-4'-
pentylbiphenyl (SCB) and chain-extended RM257 (CE-
RM257), have a unique and prolate rodlike structure that
reversibly changes its bulk spatial orientation when modulating
the local temperature of the molecules. When brought below
the nematic-to-isotropic transition temperature,21 the LCs can
transition from a randomly oriented state in the isotropic phase
to an aligned state in the nematic phase, resulting in a switch
from a transparent appearance to an opaque appearance. When
LCs are brought above the nematic-to-isotropic transition
temperature,”’ the LCs will lose orientation order and recover
the transparency. However, there is not much research on
fabrication of smart optical devices using AM techniques with
LC-based multimaterials with a tunable transparent appearance
under the influence of thermal or electric fields.”’

We would to achieve materials that are capable of changing
their transparency in response to external thermal stimuli. The
presented research aims to fabricate Japetella heathi-inspired
smart optical materials through multimaterial vat photo-
polymerization (MVPP). The nematic and isotropic phases
of SCB and CE-RM257 in a photocurable matrix are initiated
through control of the local temperature of cured films
fabricated during the photopolymerization. Based on the
results from this study, it was demonstrated that the MVPP
approach can be used to fabricate smart optical materials with
complex design geometries and functionalities that show
promise for potential optical applications in various fields.
Moreover, the proposed research will help facilitate a better
understanding of how to manipulate the orientation of LCs for
designing functional devices with enhanced thermal, electrical,
and optical performance.
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2. RESULTS AND DISCUSSION

2.1. Multimaterial 3D Printing of Functional Optical
Materials. An LC-based material consisting of a nonreactive
mesogen (SCB), reactive mesogens (i.e., chain-extended
RM257 and CE-RM257), and photoinitiators was prepared
for vat photopolymerization. Neat RM257 was chain-extended
using dithiol to form CE-RM257 oligomers, which can further
be readily cross-linked to form a network of polymer chains in
the presence of ultraviolet (UV) light of 405 nm wavelength.
As illustrated in Figure 2a, the MVPP process was used to
selectively cure a conventional acrylic-based UV resin and an
LC-based photocurable material in a layer-by-layer manner to
form high-resolution geometries and complex 3D shapes. The
interface between two different photocurable materials is
robust, and the bonding of two materials can be further
improved by designing the intertwined infills in the interface.””
The viscosities of LC-based materials were evaluated through
rheological measurements at different concentrations of SCB
and CE-RM257 (Figure S1 in the Supporting Information).
Experimental results show that pure CE-RM257 is a highly
viscous reactive mesogen that exhibits non-Newtonian fluid
behavior. Pure CE-RM257 was diluted using the nonreactive
mesogen, i.e, SCB, to achieve the modification of the phase
transition temperature. A mixture of 80% (w/w) SCB and 20%
(w/w) CE-RM257, namely, the 80/20% SCB/CE-RM257
mixture, was identified as the most optimal composition to
fabricate 3D printed thermal sensing devices compared to 50/
50% SCB/CE-RM257 and neat CE-RM257 because of the
viscosity. To avoid leakage of nonreactive SCB and make the
printed objects stable, a layer of robust UV photocurable
acrylic-based resin was printed around the LCs so that the
nonactive SCB can be encapsulated inside the printed acrylic-
based photocurable polymer.

With the purpose of fabricating a thermal sensing quick
response (QR) code using the MVPP process, a set of mask
images were generated by slicing the digital model, and each
pixel of sliced images was marked with the material index
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corresponding to the two photosensitive materials (LCs and
acrylic resin) (Figure 2b). 2D light beams were further formed
by a digital mirror device (DMD), and the focused 2D
patterned light beam was exposed onto the surface of the resin.
The first and last layer of the QR code was fabricated by curing
the acrylic-based UV resin to seal the nonreactive SCB. A layer
thickness of 200 ym and an exposure time of 1.5 s were used
for the fabrication of each layer. The printing platform was
moved upward after one layer’s fabrication, and the newly
solidified layer was washed thoroughly with alcohol to remove
any residual uncured material before switching the resin tank
containing the remaining material. To fabricate the LCs and
acrylic resins in the same layer, the printing platform was
lowered to the same thickness from the previous layers forcing
the new material to permeate the remaining uncured areas
where different types of materials were designed. The LCs
were printed at room temperature in the nematic phase, and
the exposure time and layer thickness were set based on the
study of the curing characterization of LCs. The multimaterial
printing process is automated, and various types of multi-
material sensing devices with flexible design of material
distributions can be fabricated into a single functional
component using the MVPP process.”” The flowchart of the
MVPP process to fabricate the multimaterial functional optical
part using photocurable acrylic resin and the LC material is
shown in Figure 2c.

2.2. Investigation of Curing Characteristics. The curing
characteristics of the photosensitive LC material at different
phase states were studied. The curing characteristics of the LC
material and the printing resolution of MVPP were heavily
influenced by the spatial orientation and the phase state of the
LCs. As shown in Figure 3a, when a 2D patterned light beam is
projected on LCs in the nematic phase, the nematic director is
aligned parallel to the projection direction of the incident light
beam so that the tightly packed LCs allow the light beam to
penetrate the material. In terms of LCs in the isotropic phase,
the randomly directed LCs scatter the 2D patterned light
beam, leading to the reduction of the light penetration.
Consequently, LCs in the nematic phase promote the
photopolymerization process and subsequently affect the
energy penetration depth of the projected UV light beam
since the mean number of pathways in which photons can
penetrate the photocurable material becomes significantly
increased.”> For LCs in different phases and molecular
orientations, the exposure time of the projected 2D patterned
light beam must be adjusted in order to promote photo-
polymerization of the reactive mesogen to produce LCs with a
desired geometry.

Curing depths of the thermotropic LCs in the nematic and
isotropic phases were characterized and studied for the
fabrication of smart optical components using MVPP. The
nematic phase of LCs, of which the molecular orientations are
parallel to the projection direction at room temperature, allows
the UV light beam to facilitate the photopolymerization
process of LCs more easily when compared to LCs in the
isotropic phase. The formation of closely arranged calamitic
molecules, with bulk alignment perpendicular to the 2D light
pattern in the isotropic phase, will increase light scattering due
to agglomerations of LC domains that are directly adjacent to
one another. A relationship between light penetration and
energy distribution was used to formulate an accurate
expression for determining the curing depth of the photo-
sensitive LCs. The curing model of thermotropic LCs in the
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MVPP process can be determined through the basic working
curve by Jacobs, using the following equation:***

EO
Ecr (1)

where D, is the penetration depth in the LC mixture at which
the light intensity decreases to 1/e of the light intensity at the
surface, E, is the energy received by the LC mixture, and E, is
the critical energy necessary to initiate photopolymerization of
the LC mixture.

The curing depth characteristics of LCs were evaluated at
different temperatures to compare characteristics associated
with the nematic and isotropic phases. As shown in Figure 3b,
the curing depth significantly decreased as the temperature of
the photosensitive LC mixture passed the nematic—isotropic
transition temperature. For example, when the local temper-
ature of the photosensitive LCs was increased to 50 °C, the
curing depth C; of the photosensitive LC mixture drastically
decreased from 2 (nematic phase) to 1.7 mm (isotropic
phase). Moreover, as the temperature of the photosensitive LC
mixture was further increased, the curing depth remained
nearly constant before reaching the transition temperature
since the LCs remained vertically oriented. The exposure times
of the photosensitive LC mixtures at nematic and isotropic
phases, which were cured at different temperatures, are shown
in Figure 3c. It was observed that when the 2D light patterns
were projected with a constant light intensity, increased
exposure times were required to cure a single layer of the
photosensitive LC mixture near the isotropic phase compared
to the nematic phase to achieve the fabrication of materials
with the same desired geometry. For example, an exposure
time of 42 s was required to adequately cure the photosensitive
LC mixture at 25 °C (nematic phase), while 90 s was needed
for curing the photosensitive LC mixture at S0 °C (isotropic
phase). A similar tendency was observed when compared to
the curing depth of the photosensitive LC mixture. Exposure
times of the photosensitive LC mixture at temperatures
preceding the nematic—isotropic transition temperature only
increased from 42 s in the nematic phase at 25 °C to
approximately 53 s at the nematic—isotropic phase change
temperature of 39 °C. The exposure times were set to fabricate
multimaterial 3D objects with a precise spatial resolution and
accurate dimensions during the MVPP process, and the layer
thickness was set to 2/3 of the curing depth of the
photosensitive LC mixture to achieve smooth surface quality.”*
The cross-linking ratio of the photosensitive LC mixture is
determined by the exposure time and light intensity of the
projected 2D light beam. The mechanical properties of the
printed LCs can be further modulated by adjusting the cross-
linking ratio of the ghotosensitive LC mixture during the
printing of MVPP.**~**

2.3. Investigation of Shape Changing. The shape
changing properties of MVPP-printed thermotropic LCs
were investigated at different temperatures. The thermotropic
LCs are composed of molecules with rigid, rodlike structures
that can align at room temperature in the nematic phase. Upon
heating, LCs will adopt a random molecular alignment and
show isotropic properties at higher temperatures. Anisotropic
alignment of these molecules in the nematic phase results in an
anisotropic functional property, which is determined by the
nematic director. After extracting the unreacted SCB, the
aligned LC film was generated since the LCs were printed in

https://doi.org/10.1021/acsapm.2c00322
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phases during the cooling process.

the nematic phase at room temperature. Due to the alignment,
the shape changing of LCs after removing the unreacted SCB
showed anisotropy, and the LC film shrank more in the parallel
direction than the one perpendicular to the alignment.”” We
further studied the shape changing of MVPP-printed LC films
under different temperatures. Dimensions of MVPP-printed
LC films at temperatures ranging from 25 to 50 °C were
measured to identify their shape changing property. The
shrinkage percentages of the MVPP-printed LC films
throughout all tested temperatures are shown in Figure S3.
The MVPP-printed LCs shrank more with increasing of
temperatures. After heating the MVPP-printed LCs, the
shrinkage percentages became bigger in the parallel direction
than the one perpendicular to the nematic director and the
orientation of the LCs at room temperature.

2.4. Investigation of Thermosensitivity. Previous
experiments investigating the molecular thermodynamic
behavior close to the nematic-to-isotropic phase transition
temperature in LCs have been established using the Landau—
de Gennes mean field theory.””*" In general, the phase
changing properties of thermotropic LCs near the nematic-to-
isotropic phase transition temperature were weakly of the first
order and dependent on fluctuations of the order parameter
due to the free energy density of the system.’"*” Thermotropic
LCs that are heated above the nematic—isotropic transition
temperature will readily transition from a low-temperature
uniaxial nematic phase to a high-temperature isotropic phase
where the orientation of LC molecules is random with respect
to each other. Therefore, the phase changing properties of
thermotropic LCs were confirmed using cross-polarized
microscopy and rubbed polyvinyl alcohol (PVA) channels, to
define the nematic director and the orientation of the LCs,
through variations in the molecular order of the LC mixture.

As shown in Figure 4a, the phase change of the LCs was
monitored using two crossed polarizers positioned +45° from
the nematic director defined by the direction of the rubbed
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PVA channels. In this orientation, the nematic cell
configuration allowed for the full transmission of polarized
light when the local temperature of LCs was at room
temperature (25 °C). However, when the LCs were heated
to 50 °C,they failed to induce a plane change of incoming
polarized light compared to the nematic phase and were
subsequently blocked by the analyzer where no light
transmission was observed. The light transmission during the
cooling process of the nematic cell gradually changed to full
intensity as the LCs reversed their phase from isotropic to
nematic (see Video Sl in the Supporting Information).
Therefore, the experimental results confirm the transition of
the synthesized LC solution from the nematic to the isotropic
phase between 25 and 50 °C.

Optical transmission due to the phase change of the 3D
printed LC film for a range of temperatures is shown in Figure
4b. A 3D printed LC film, fabricated by the MVPP process,
was initially opaque at room temperature (25 °C). Once the
3D printed film was heated, the 3D printed LC film
transitioned from opaque to fully transparent when the
temperature was higher than 40 °C, and the hidden image
underneath the film became increasingly more visible.
Furthermore, DSC results (Figure S4) validated our
experimental results with a measured nematic-to-isotropic
transition temperature of the uncured 80/20% SCB/CE-
RM257 material of ~39 °C. Additionally, experimental results
from thermogravimetric analysis (TGA) indicated that the 3D
printed LC film exhibited good thermal stability within the
tested temperature range where material decomposition can be
seen at approximately 192 °C (Figure S4). Similar to the
results obtained from the phase transition of LCs, the 3D
printed LC film dissipated heat gradually over time and
eventually reverted to the initial opaque form. The observation
of the transparency changes in the local area exhibited a
homogeneous change with the temperature of the local area at
the same level (see Video S2 in the Supporting Information).
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Figure S. Applications of MVPP-printed LC-based devices with sensing capability. (a) An artificial fish adjusted its appearance along with changing
of temperature, (b) the QR code pattern changes in visibility and alters its appearance when the temperature varied, and (c) the LC-based
temperature sensor alarmed when the local temperature was above the safety threshold; all scale bars are 2 mm.

In addition, light transmission of 3D printed LC films at
different LC phases was investigated. As shown in Figure 4c,
LC films exhibited a high optical transmission, around 475 lux,
in the isotropic phase as opposed to the mixed isotropic/
nematic phase regions in which the light intensity decreased
drastically to approximately 200 lux. This reduction in the light
intensity appeared when the overall temperature of the LC film
reached the nematic-to-isotropic transition temperature (~39
°C) before reaching a steady light intensity reading at around
~25 °C. More importantly, our results indicate that optical
transmission of 3D printing LC films can be controlled by
simply modulating the concentration of CE-RM257 in the LC
mixture to achieve adjustable thermal sensitivity. Specifically,
this variation in the reactive mesogen concentration either
results in a reduction or an increase in the phase transition
temperature of LCs. Experimental DSC results (Figure S5)
showed that neat CE-RM257 has a nematic-to-isotropic
transition temperature of 73.6 °C compared to 39.0 °C for
the 80/20% SCB/CE-RM257. Therefore, different percentage
weight concentrations of CE-RM257 and SCB can be utilized
to synthesize LC materials for 3D printing of thermal sensors
with customizable nematic-to-isotropic transition temperatures
by evaluating their optical transmission properties under
different temperatures.

2.5. Applications of Bioinspired 3D Printed Optical
Materials. Thermotropic LC-based smart devices, including
an artificial fish, a QR code, and a temperature sensor, were
fabricated through the MVPP process to demonstrate the
potential applications (Figure S). All parts were 3D printed
using our developed LC printing solution in the nematic phase
at room temperature. As shown in Figure Sa, an artificial fish
with the capability to sense the temperature change was
printed using multimaterial solutions consisted of acrylic resin
and thermotropic LCs solution. The transparency of its eyes,
inner ribs, and tail can be reversibly changed according to the
local temperature (see Video S3 in the Supporting
Information). As the temperature of the surrounding water is
increased beyond 39 °C, which is the nematic-to-isotropic
phase transition temperature, the inner portions of the fish,
composed of the LC-based photocurable material, will alter its
appearance from opaque to transparent within 1 s, matching
the completely transparent body to hide itself inside the water.
Moreover, the developed material and printing process can be
used to fabricate anticounterfeiting labels. For example, the
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MVPP-printed QR code can only be read with scanning
devices at a desired temperature, which is related to the
nematic-to-isotropic threshold temperature of the LC mixture.
The sensing capability of the MVPP-printed QR code can be
referred to Video S3 in the Supporting Information.

Based on the thermal sensitivity, the MVPP-printed LC film
can be further developed into a temperature sensor based on
previously obtained results of optical transmission at different
temperatures. As shown in Figure Sc, the MVPP-printed
temperature sensor was connected with an integrated circuit
consisting of a light intensity sensor with LEDs and buzzer
indicators. When the temperature of ambient air changed, the
LEDs and the alarm indicated to the user whether the
temperature was high, moderate, or low. To be specific, when
the environmental temperature was low (25 °C), the LED
indicators displayed green light with no audible alarm. When
the LC film was at a moderate temperature, which was set at a
little bit smaller value than the phase transition temperature of
the 3D printed LCs sensor, yellow warning light was displayed
with no audible alarm. This is a direct result of the variable
transparency and optical transmission of the LC film at low
and moderate temperatures where the LC film appeared
opaque and partially opaque, respectively. When the temper-
ature was beyond the safe threshold, the sensor became fully
transparent and the LED turned red with an audible noise
produced from the alarm to indicate to the users the dangerous
situation. These experimental results demonstrate the numer-
ous benefits of the MVPP process, which enables increased
flexibility when designing and fabricating soft robotics,
anticounterfeiting devices, and flexible temperature sensors
with complex shapes and intricate geometries.

3. CONCLUSIONS

In this work, we present a route to fabricate smart materials
with sensing capabilities and customizable geometries through
an MVPP-based 3D printing approach. Synthesis of a
nonreactive and reactive mesogen LC mixture, with predefined
concentrations, shows the flexibility of our methodology in
controlling nematic-to-isotropic transition temperatures, which
inherently determines the optical transmission properties of
3D printed structures. In addition, the MVPP process allows
for a high level of command over spatial geometries with
temperature-responsive architectures for the development of
next-generation functional smart devices. The present work
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enables the development of smart materials with tunable,
thermally responsive characteristics, and the MVPP provides a
manufacturing tool for prospective applications of smart
materials, such as flexible temperature sensors, anticounterfeit-
ing devices, and soft robotics.

4. METHODS AND MATERIALS

4.1. Preparation of Liquid Crystal-Based Materials. The CE-
RM257 synthesis procedure was based on a previous work by Wang et
al** CE-RM257 was prepared via a thiol-acrylate Michael addition
reaction at room temperature between the reactive LC 2-methyl-1,4-
phenylene bis(4-(3-(acryloyloxy)propoxy)benzoate) (RM257; LC
diacrylate) and chain-extended 2,2’-(ethylenedioxy)diethanethiol
(EDDET; dithiol). RM257 (8.409 g, 14.3 mmol) was dissolved in
20 mL of dichloromethane, and the resulting solution was placed into
a reactor. The catalyst dipropylamine (0.103 g, 1 mmol) was dissolved
in 10 mL of dichloromethane and added dropwise into the reactor.
Similarly, EDDET (2.303 g, 12.63 mmol) was dissolved into 10 mL of
dichloromethane and added dropwise into the reactor. The resulting
mixture was left to stir overnight before air blowing at room
temperature overnight in a fume hood and drying at 85 °C in a
vacuum oven for 24 h to completely remove the solvent.**

In a typical preparation of a 3D printing mixture, the reactive CE-
RM257 (1.28 g) and nonreactive SCB (4.8 g) mesogens were
separately dissolved in S mL of dichloromethane and then combined
into one solution to which a photoinitiator (Omnirad 2100, 5 wt %
relative to CE-RM257, ie., 0.064 g) was added. The solvent was
removed by air blowing and then vacuum drying overnight at room
temperature, resulting in a 79.2/19.8/1.0 wt % SCB/CE-RM257/
photoinitiator, namely, the 80/20% SCB/CE-RM2S57 3D printing
formulation.

4.2. Curing Characteristics. The curing characteristics of the
synthesized LC material were studied at different temperatures to
determine the influence of LC phases during the 3D printing process.
The LC material was uniformly heated in a resin tank using a hot
plate to modulate the local temperature of the material ensuring a
homogeneous distribution. An infrared temperature sensor was used
to measure the temperature of the LC material within the resin tank
before curing. A thin layer of the LC material was selectively cured
using a 405 nm wavelength 2D patterned light beam formed by a
reflected image from a DMD, which had a 1920 X 1080 array of
micromirrors, and focused by a convex lens (purchased from
Thorlabs, Inc.) with a focus distance f of 150 mm.*>*® The curing
depth of the resultant film of LCs was quantified by using micrometer
high-accuracy calipers (purchased from RexBiTi), while the parameter
for exposure time was confirmed by comparing the shape, length, and
width of the cured LC film to the desired geometry.

4.3. Optical Transmission Testing and Thermal and
Homogeneous Evaluation. Optical transmission properties of
MVPP-printed LC films were evaluated at different temperatures
using an ambient light source, a light intensity sensor (Adafruit
VEML7700 lux sensor), and a temperature probe (DS18B20
temperature sensor). The light sensor and the temperature probe
were operated through the use of an Arduino Uno (Arduino Uno
REV3) controller. A thin layer of 80% (w/w) SCB, 20% (w/w) chain-
extended RM257, and 5% (w/w) photoinitiators with respect to the
mass of RM257 was selectively cured into a small film and placed
between an ambient light source and a light intensity sensor.
Afterward, optical transmission of the printed LC film was quantified
by heating the film to 50 °C, above the nematic—isotropic transition
temperature, and subsequently measuring changes in light intensity as
the film was allowed to cool to 25 °C. Similarly, the heat dissipation
and local area transparency of the printed LC films were captured
through infrared videography (FLIR ONE Gen 3) and digital
microscopy, respectively, after LC films in the isotropic phase
transitioned to the nematic phase.

4.4. Shape Changing Evaluation. Shape changing properties of
the MVPP-printed LC films were investigated at different temper-
atures (refer to Section 2.2). First, a specimen with a 1:1 length-to-
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width ratio was uniformly heated on a glass slide to the desired
temperature using a hot plate. The temperature of the printed LC film
was then confirmed using an infrared temperature sensor before
subsequent measurements of the width and length were taken using a
digital caliper (purchased from EAGems). The shrinkage percentage
was then calculated for comparison using measurements of the width
and length, at a specific temperature of LC films, using the following
equation:

L

L

A

)

-

A =

==

()

where the shrinkage percentages of LCs in the directions parallel and
perpendicular to the nematic director and the orientation of the LCs
at room temperature are A_ and A, respectively; L, and W, are the
length and the width of the LC film at temperature , respectively; L,
and W, are the length and the width of the LC film at room
temperature (25 °C), respectively.

4.5. TGA and Viscosity Measurements. The rheological
measurements were conducted on a Discovery HR 30 rheometer at
room temperature. Steady-state shear rate sweep tests were performed
to analyze the rheological behavior of the LC mixtures and neat SCB
with relatively low viscosities, whereas an oscillation frequency sweep
was conducted on the neat CE-RM257 with a relatively high viscosity.
The Cox—Merz rule was applied to the neat CE-RM257 sample to
convert the obtained complex viscosity vs angular frequency data into
viscosity vs shear rate data. Figure 4 shows the viscosity vs shear rate
for neat CE-RM257, 50/50% SCB/CE-RM257, 80/20% SCB/CE-
RM257, and neat SCB samples. Thermogravimetric analysis (TGA)
measurements were conducted on a TGA 5500 at 700 °C using a
heating rate of 10 °C/min under a nitrogen atmosphere. The onset
decomposition temperature corresponding to a 10% weight loss of the
sample was determined to be 206 °C.
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