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PROPOSITIONS

ACCOMPAYING THE THESIS:

4D Printing of Liquid Crystals

From all the stimuli-responsive materials available, liquid crystals are by far the
most attractive option for 4D printing. (Chapter 1)

Good scientific articles are like liquid crystals, success is only achieved when
there is order.

At the microscale, the identification and tracking of microstructures can be
frustrating due to their size. Making them colorful make them easier to locate
and to monitor their changes. (Chapter 2-3)

Advances such as 4D printing are the ones responsible for making science
fiction objects reality.

Despite the limitations of Lambert-Beer’s law, light is still the best way to control
large, untethered soft robots. (Chapter 4-5)

In a society where short visual content is predominant in social media, scientists
should have a basic knowledge of graphic design to maximize their outreach.

Less is more. (Chapter 5)

Additive manufacturing should eliminate the need for warehousing in Mars
colonies.

The manufacturing of centimeter scale 4D objects via direct ink writing is less
wasteful than the fabrication of microstructures via direct laser writing by two-
photon polymerization. However, it remains challenging to produce recyclable
objects (Chapter 6)

. As a Catalan living in the Netherlands, | have concluded that “doei!”, screamed

very loudly, is the only correct way to say goodbye in Dutch.

— Marc del Pozo Puig






Summary
4D Printing of Liquid Crystals

Additive manufacturing (AM), or 3D printing, consists of building an object from smaller ele-
ments deposited in a pre-designed manner. This approach was first intended for small scale, rapid
prototyping of new device designs since it has few barriers of achievable geometries. Alongside
advances in equipment, expansion of the material portfolio for AM has been dramatic over the
last decade, making 3D printing a common tool in many fields. Of special interest is the printing
of stimuli-responsive materials, also known as “4D printing”, which combines freedom of design
with the capacity of the responsive materials to perform untethered, autonomous tasks; making
4D printing appealing to fields such as soft robotics and health care. Common stimuli-responsive
materials deposited with AM techniques include shape memory polymers, hydrogels, and liquid
crystals (LC). The latter, despite being the latest addition to the portfolio, have the advantage over
the earlier materials in that they can deliver programmed, reversible, rapid deformations triggered
by different stimuli in both dry and wet environments. LC materials hold great potential when 3D
printed, calling for advancement in: (7) the design of new LC materials suitable for AM, (2) mate-
rials that combine different functionalities and stimuli responses, and (3) approaches that facili-
tate multiple, controlled deformation modes in single devices. This thesis explores these three
points to advance the state-of-the-art of 4D printing of liquid crystals. The work is divided in two
main sections: fabrication of responsive microstructures via direct laser writing by two-photon
polymerization (DLW-TPP) (Chapter 2&3) and fabrication of centimeter scale objects via direct
ink writing (DIW) (Chapter 4&5).

DLW-TPP consists of the formation of a 3D object by scanning a focused laser beam in a vat
of monomers. The reaction mechanism is such that only at the focus of the laser beam polymer-
ization does occur. This grants this technique outstanding resolution. However, when designing
a stimuli-responsive photoresist for DLW-TPP a decision needs to be made: high resolution or
large deformations. This choice arises because low crosslink-density networks, characteristic for
stimuli-responsive materials, can easily swell during the DLW-TPP step. Swelling hampers the
maximum resolution attainable during the printing process. To reduce the swelling, one can
choose to increase the crosslink density of the network, which in turn improves resolution. How-
ever, this also compromises device performance at the same time. Chapter 2 explores the limits

of this compromise. A LC-photoresist is designed that results in a network with a high crosslink



density. Distinct 3D microstructures are generated showing sub-micron features. These struc-
tures showed only small shape changes upon heating to high temperatures. In Chapter 3, a more
optimized cholesteric LC-photoresist is presented using monomers with supramolecular hydro-
gen bonds and monomers acting as crosslinking loci. As a result, during printing a high crosslink
density network is formed by chemical and physical bonding, reducing swelling during the fabri-
cation step and so enabling a high resolution. After DLW-TPP, the supramolecular bonds can be
cleaved, lowering the effective crosslink density without significantly effecting the structure’s ge-
ometry or integrity, allowing the network large shape deformations upon environmental changes.
Furthermore, the helical molecular alignment of these structures results in a 1D Bragg reflector.
This characteristic structural color acts as an optical sensor for the response of the microstruc-

tures to environmental changes in temperature and humidity.

DIW consists of the extrusion and deposition of a material through a nozzle in a pre-deter-
mined way; line-by-line a layer is formed, and layer-by-layer a 3D structure is constructed. DIW has
demonstrated suitable for printing LC-oligomers with molecules aligned parallel to the printing
path, giving both freedom and a high degree of control over the alignment in the 3D object, crucial
for pre-programming actuator response. LC-actuators enabled via DIW show inherent response
to temperature, but light is a much versatile trigger and a promising platform to control move-
ment in an easy and rapid manner. Chapter 4 shows the design and characterization of a LC-
oligomer suitable for DIW that results in a network with temperature-controlled directionality of
light-driven bending motion. By carefully combining different stimuli, DIW is used to fabricate a
rectangular actuator in which three different deformation modes are shown. Illumination at room
temperature result in a bending away from the light source, while at temperatures around 60 °C
it bends towards the light source. Temperature by itself induces an anisotropic expansion-con-
traction. Furthermore, this actuator functions in both wet and dry environments. Chapter 5 stud-
ies the use of this material to fabricate actuators with multiple deformation modes while combin-
ing multiple functionalities in one device. This is accomplished by printing different patterns on
top of a thermoplastic sheet with a thickness of 10 um. By carefully illuminating areas of the pat-
terns, or their entirety, different distinct, controlled light-driven deformations are achieved under-
water. In addition, the possibility of combining multiple functionalities in a single device is demon-
strated by printing a photonic material between the light-responsive pattern. This approach in
fabricating bilayers via DIW explores how amphibious actuators that show diverse and controlled

deformation modes while having various functionalities can be produced.



Chapter 6 puts the advances demonstrated in this thesis for the fabrication of micro- and
centimeter scale stimuli-responsive objects in context. In addition, suggestions on new research

areas to pursue in terms of material and use of AM techniques are offered.

Overall, this thesis elucidates new LC materials suitable for different AM techniques and on
their use for the fabrication of devices that show multiple functionalities or/and deformations
modes. The results shown here bring autonomous untethered 4D printed liquid crystal devices

one step closer to widespread deployment.
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Chapter 1

Additive Manufacturing of Liquid Crystals

Abstract

Recent years have seen major advances in the developments of both additive manufacturing con-
cepts and stimuli-responsive materials. When these two are combined in a process known as 4D
printing, the result can lead to functional devices for use in health, energy generation, sensing,
and soft robots. Among responsive materials, liquid crystals -which can deliver programmed, re-
versible, rapid responses in both air and underwater- are a prime contender for additive manufac-
turing, given their ease of use and adaptability to many different applications. In this chapter the
junction between liquid crystals and additive manufacturing is introduced by using selected ex-

amples that embody the current state-of-the-art of this exciting, emerging field.

This chapter is partially reproduced from:

M. del Pozo, J. A. H. P. Sol, A. P. H. J. Schenning, M. G. Debije, "4D Printing of Liquid Crystals:
What'’s Right for Me?”, Advanced Materials, 2021, 2104390
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1.1 Introduction

Additive manufacturing (AM) is a bottom-up approach that builds an object from smaller ele-
ments by consecutively adding them step-by-step. The initial use of AM was for rapid prototyping
of device designs, usually with inferior materials optimized for production speed at the expense
of final material or device properties.! In development for about four decades, AM has now
achieved greater public recognition, and is being applied in a growing variety of academic and
industrial fields to produce performance materials and devices. AM is beginning to be considered
a manufacturing technique in its own right—its forte being ease of use (no large industrial ma-
chines are required), ease of model design (any personal computer can be used to generate de-
signs) and a growing library of materials available for printing, ranging from thermoplastics to
cement.2 Control of AM techniques is such that objects can be manufactured spanning from mi-
crometers3 to tens of meters:2 consider the wide variety of current uses of AM, including in avia-
tion,45 biomedical and tissue engineering,6-8 dietary,%10 construction,212 garment design,3 labor-

atory wares, 415 water purification,’® and sensing applications.17-19

Most of the materials used in AM have essentially been static. What is needed for new appli-
cations are materials that can react to changes in their environment, autonomously altering their
properties to perform untethered tasks, which are most desired for compliant soft robotics for
healthcare,20 or devices that work at the human-machine interface or handling fragile objects.2
This is where the term “4D printing” originates: a printed object generated from stimulus-respon-
sive materials (sometimes called “smart”). Since both the geometry and responsivity of the ma-
terials can be tuned, impactful applications are envisioned for 4D printed devices.2223 Among the
different stimuli-responsive materials available, liquid crystals (LC) polymers are emerging as a
prime contender as they deliver pre-programmable, reversible, anisotropic actuation in both dry
and wet environments while having tunability in terms of material properties and stimuli that
triggers their response. LCs have a proven track record as “smart” materials in a wide variety of
application fields, including water purification, optical sensing, display technology, energy man-
agement, and as artificial muscles.24-32 Despite LCs being a recent addition to the materials library
used in 4D printing, they are already proving to be an appealing alternative to the conventional
stimuli-responsive materials such as hydrogels or shape memory polymers which cannot show
response in dry environments or reversible deformations, respectively.33-43 4D printing of LC is
still in its infancy, and further development of the material and applications are imperative to truly

unleash the potential of this young, rapidly-advancing, and exciting field.
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1.2 Additive Manufacturing Techniques

Over the past four decades, since the introduction of stereolithography (SLA)# and fused filament
fabrication (FFF, also commercially known as “fused deposition modeling”, FDM),# the two most
known techniques, additive manufacturing has been the umbrella term encompassing 3D printing
techniques.” These techniques can be classified in different branches, but all have one thing in
common: fabrication of 3D objects by depositing and/or solidifying material in place, rather than
sculpting an object out of a larger material block. The process always starts with a computer-
assisted design (CAD) which is “sliced” into layers using software that generates a fabrication
instruction file for the printing equipment (Figure 1.1) written in “G-code”. When creating this
instruction file, decisions are made affecting the structure’s fidelity to the CAD design (degree of
correspondence of the final print to the intended structure in the CAD model) and its physical
integrity (the physical “stability” of the print resulting from proper adhesion between layers). De-

pending on the layer thickness chosen, less or more layers are used in fabrication: the more layers,

CAD design G-code 3D printed object

Slicing Printing
Choices to b de beft f
S“;:]Cge:s o e made belore E:foolrcees :;:: r.nade All prior choices influence
- infill type, infill density Y fechniﬁe the qu;htgof th; ﬁ;e;I
- layer thickness - printing conditions printed object, botn in terms
P i 8 cerial of “fidelity” and “integrity”.
- printing materia
Common infill patterns Infill density Fidelity
good bad
triangular linear low l
concentric rectalinear Integrity

Figure 1.1 Schematic describing the process from a CAD design to a 3D printed object.

i
i

bad
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Length scales available Inkjet printing

to common AM techniques:

Vat photopolymerization
nm pm mm m

Figure 1.2 Overview of the most common additive manufacturing type classified by the resolution
typically achieved.

the more faithful the final object to the original design. In some techniques, the layer “infill” also
needs to be defined, the infill being the track pattern which the individual physical print lines follow
in building the layers. There are several options for infill: rectilinear, concentric, or triangular,
among others (Figure 1.1). For anisotropic materials aligned by the print path direction, such as
liquid crystal elastomers (LCE), the type and density of infill can strongly affect the final mechan-
ical properties in all three spatial dimensions (see Section 1.5).394647 \{hat determines the tech-
nique best used for the print is dictated by the structure's dimensions and the properties of the
materials chosen to create it. As shown in Figure 1.1, in each step of the process different deci-

sions are made which affect the final structure.

For fabrication of LC-based 3D objects, two categories of AM techniques have been primarily
used: vat polymerization and 3D microextrusion.33-37.39404648-51 Each branch is suitable for specific
classes of LC monomers. Vat polymerization is appropriate for low molecular weight mesogens,
and 3D microextrusion for mesogenic oligomers.52 For each technique there are equipment op-
tions, each with different resolution as shown in Figure 1.2. Vat polymerization tends to have a
higher resolution than microextrusion, and so it is often used for fabrication of microstructures,
while 3D microextrusion is typically employed for millimeter- to centimeter-scale objects. These
two branches will be discussed in more detail in Section 1.4 and Section 1.5 after LC have been

properly introduced in the next section.

1.3 Liquid Crystals
Over the past fifty years, advances in the LC field have expanded them out of liquid crystal displays

(LCDs) and into functional devices of all kinds, and now into the AM world. As materials that can
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be molecularly aligned, they are the ideal constituents for bottom-up construction of responsive
objects. Situated between ordered solid and isotropic liquid phases (abbreviated as “I” or “Iso” in
the LC literature), the LC phases combine molecular orientational order with the ability to flow
and reorient when an appropriate trigger is imposed, first seen over 150 years ago.53-55 This stim-
uli-responsive molecular reorientation is the basis of their wide applicability in stimuli-responsive,
“smart” materials.24 In the 1970s, the first compounds with liquid crystalline properties at room
temperature (RT) were developed for LCDs,56 which also ushered in a time of wider applicability
of this class of matter. Since then, many different LCs have been developed for a variety of appli-

cations, as well as LC mixes aimed specifically for AM techniques.

LC phases are also called “mesophases” (after Ancient Greek pécog, mésos, “middle, be-
tween”), and the molecules “mesogens”. LC phase behavior can be a function of temperature
(“thermotropic”), or for those that occur in solution, dependent on both temperature and con-
centration of LC in the host medium (“lyotropic”).5” Thermotropic mesogens have strongly ani-
sotropic geometries, whether disc-shaped (“discotic”) or rod-like (“calamitic”) (Figure 1.3a), alt-

hough there are even more possibilities, such as bent-core.8

Here, only thermotropic, calamitic LCs and their uses, are considered given their leading po-
sition in stimuli-responsive materials for 4D printing.2429.5960 Additionally, there are liquid crystal
polymers (LCPs) that are not liquid crystalline in bulk at room temperature like the low-molecular
weight molecules discussed here, but show LC phases during processing. The initial molecular
alignment is retained which gives these materials—such as polyaramids—their exceptional ani-

sotropic mechanical properties.

Low molecular weight calamitic mesogens are conventionally constructed from a stiff core
built using a (series of) ringed structures (phenyl, pyridyl, cyclohexyl) substituted with flexible alkyl
chains of variable lengths, typically C3 up to Ci2 (Figure 1.4). Given a suitable environmental tem-
perature, these mesogens self-organize into a nematic phase (N) wherein the molecules display
orientational order; some mesogens can form one of many smectic phases (Sm), which combine
orientational with spatial ordering (Figure 1.3b). The averaged direction of the molecular long
axes of the mesogens is described as the molecular director (n) (Figure 1.3c). Numerically, the

degree of alignment order can be described with the order parameter (S), defined as:

S = 3{cos?(8) — 1)/2 )
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with @ being the tilt of a mesogen relative to n. Typical nematic mesophase S-values are 0.5 to
0.6,3 with smectics having slightly higher order (0.7-0.8).6' S can be determined using optical62 or

X-ray scattering®3 methods.

As a result of the anisotropic shape of calamitic molecules, the dielectric properties are also
anisotropic; a trait at the root of the “smartness” of many LCN-based devices. This is expressed
as two orthogonal relative permittivity values, extraordinary (&) and ordinary (&.). Depending on
the difference, Ae=e.-€,, the mesogens will reorient along (Ae > 0, positive dielectric) or against
(4e < O, negative dielectric) imposed electric fields. The inherent link between € and index of re-
fraction (n) means that LCs also have two refractive indices, extraordinary (n¢) and ordinary (1),
which when the mesogens are aligned over large length scales, expresses itself as birefringence
(An=ne- no) (Figure 1.3d). This birefringence allows users to swiftly recognize alignment patterns

and mesophases by observing samples held between crossed polarization filters.

Classes of Liquid Crystal Alignments

The molecular order is an important characteristic of LCs that has a direct effect on the quality of
its anisotropic properties and how it responds to external stimuli. Thus, controlling the molecular
alignment during the 3D printing process is imperative. The mesogenic orientation can be ho-
mogenized at the macroscale by imposing boundary conditions. These boundary conditions can
be obtained via treating the substrate surface(s) chemically, applying electric or magnetic fields,
or using mechanical force fields such as shear or elongation. AM techniques where the LC is in a
vat generally use treated surfaces in the vat or electric/magnetic fields across it. Extrusion-based
AM mostly depend on process-inherent elongation and shear of the ink for alignment. Typically,
the bulk of the material is first heated to the isotropic temperature and then cooled down to the
LC phase (Figure 1.3e) in which depending on the boundary conditions imposed different organ-
ization of the mesogens can be obtained. The most common arrangements have names that
helps their identification: when they are aligned parallel (“planar”),33 perpendicular to the sub-
strate (“homeotropic”),64 with mesogens aligned parallel to the surface plane at one side and
perpendicular to the surface plane at the other (“splay”),s! or with the mesogens at different sur-

faces pointing in different directions(“twisted”)65 (Figure 1.3f).

A self-induced helicoidal alignment pattern in the bulk of the material can be attained by add-
ing a chiral molecule to a nematic LC. This forms a chiral nematic (N*), or “cholesteric” (Ch),

phase. When the periodicity of the mesogenic rotation is at the same scale as the wavelength of
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Figure 1.3 Schematic drawings of (a) discotic and calamitic mesogens in an unspecified mesophase.
(b) Typical calamitic mesogen alignments in the nematic (N), smectic A (SmA), and smectic C (SmC)
mesophases. Visualized underneath are the molecular directors n. (c) Molecular orientation and angle
0 with respect to the molecular director n. (d) Orientation of ordinary () and extraordinary (r%) re-
fractive indices and relative permittivities (€, €¢). (€) Generalized temperature-dependence of calamitic
mesophases between crystalline (Cr) solid and isotropic (1) liquid. (f) Splay, twisted, and chiral ne-
matic/cholesteric (N*/Ch) director configurations and the associated local molecular directors n. Also
shown for cholesteric is p/2, half the length of a full 360° rotation (the “pitch”) of n.

light, selective reflection of light can occur, similar to a one-dimensional Bragg reflector,28 but in
this case the circular polarization of the reflected light matches the helical pitch of the cholesteric,
either right- or left-handed. The birefringence of the host LC determines the width of the reflection
band, while the concentration of chiral dopant dictates the central wavelength of reflection. The
alignment periodicity is quantified with pitch length (p), which is the distance taken for a 360°
rotation of n along the helix director (Figure 1.3f). For reflection in the visible region of the elec-
tromagnetic spectrum, this means p is required to be in the hundreds of nanometers. Multiple
factors influence the reflected wavelength (Amax) and width of the reflection band (AM), these being
the average refractive index of the LC ({n)), “helical twisting power” (HTP) of the chiral dopant,

and its weight fraction (x). These are connected through the following equations:

(n) = (ne +2n,)/3 2)
p=(HTP-x)™ (3)
Amax = P (n) cos(6) (4)
Ax = (n, —n,)p ()
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The helical twisting power is perhaps the most abstract variable in this set. Briefly, it is a property
deriving from the unique interactions between the chiral dopant species and the LC mixture, de-
fined with units ym-. Larger HTP means a lower weight fraction is required to reflect a given
wavelength, while the sign of HTP indicates whether the resulting helix is left-handed (-) or right-
handed (+).

Liquid Crystal Networks and Elastomers

Macroscopic expression of liquid crystalline properties, such as birefringence and thermal con-
traction, requires the presence of molecular ordering. Normally, this only occurs in the LC
mesophases, which are situated at defined temperature ranges, typically above room temperature.
This temperature range can be extended by fixing the molecular alignment of the mesogens into
a chemically bound polymer network. Calamitic reactive mesogens (RMs), LC mesogens modified
with crosslinkable chemical end-groups either at one or both ends of the mesogen (Figure 1.4a),
were first developed in the 1980s.65 A selection of common materials and their names are given
in Figure 1.4b. By reacting the crosslinkable chemical groups, the RMs are chemically bonded,

fixing the mesogenic alignment pattern (Figure 1.4c). This densely crosslinked material is known

(a) Jorms crosslinked networks = ( ) Iow-molecular weight 1 (d) maln-chalr! reactive
. = reactive mesogens mesogen ollgomers
S I
. . typically MW <1000 g mol’ typically MW » 1000 g mol’
Jorms lincar polyrmer chains X \°J\( Newtonian flow behavior [ non-Newtonian flow behavior
‘\/\/\. RN can crystallize fast at RT typically slow crystallization at RT
electric field or cell alignment | shear or elongational alignment
-
. s TS, o 1
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R1 (RMS2) uwoj\? o g .«,.’ extension
Cq spacer, . Dﬁ\(@r R P (bis (2,4,6-tr ™ i %
methylated core 0)1\, {g-Lu-;i% methylbenzoyl) -, ™
e o ch (RM257) (j phenylphosphine 1
oY S methy,a‘;‘;“f::e o) free-radical polymerization (acrylates)
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|
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7

Figure 1.4 (a) Visualization of reactive mesogens (di- and mono-substituted) and the reactive func-
tional groups commonly encountered. (b) Molecular structures and common names of some typical
mesogens used in reactive LC research. (c) and (d) are schematic drawings of the monomers used to
make LCNs and LCEs and characteristic figures defining each class. Idealized network structure for
LCNs and LCEs after crosslinking, and common mechanical properties.2?
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as an liquid crystal network (LCN). LCNs characteristically have glass transition temperatures (7g)

above RT and high crosslink densities.60

Reducing the crosslink density can be accomplished by forming LC oligomers by chemically
concatenating RMs before crosslinking. Crosslinking LC oligomers leads to a loose network,
known as an liquid crystal elastomer, LCE, which are, as the name suggests, more “elastic”; they
typically feature viscoelastic, non-Newtonian flow behavior#:67.68 with large strain-at-break values

and low elastic moduli at RT compared to the densely crosslinked LCNs (Figure 1.4d).

Liquid Crystal-based Actuators and Triggers

Molecular alignment coupled with chemical crosslinking is the basis of many “smart” applica-
tions, including 4D printing of LCs. The most basic actuation arising from planar and homeotropic
crosslinked networks is thermal contraction, but many other, more complex motions are possible.
With increased temperature, mesogens making up LC networks naturally lose order—the “order—
disorder transition”—which in the case of an aligned network leads to contraction along n as the
mesogens pull the network together through their crosslinked ends, and expansion perpendicular

to n. As a result, a temperature change acts as the trigger for the response of the actuator.

Reduced crosslink densities, as found in LCEs, leads to large contractions, since the order—
disorder transition is given more freedom to strain the network.6? As a result, LCNs contractile
strains are generally below 10 %,2 being restricted by the high crosslinking density; while in cross-
linked LCEs, values up to 50 % are common. When it comes to designing an 4D printed object
with LCEs, the two distinguishing features—freedom in structural design, and mesogen align-
ment—are best used in synergy. As depicted in Figure 1.5, the molecular alignment of the liquid
crystals determines the direction of contraction and/or bending. For example, a strip with uniaxial
molecular alignment leads to contraction along a single direction (see Figure 1.5a), a design
suited for artificial muscles. In cholesterics, since there is a continuously rotating molecular direc-
tor distribution along the helix director, disorder leads to expansion along this helix director and
a slight contraction in-plane.”0 Out-of-plane deformation, similar to the workings of a hinge, can
be accomplished with molecular director patterns such as splay and twisted (see Figure 1.5b).
Twisting actuation results from actuator with their long axis offset from n.' Similarly in liquid
crystalline particles the molecular director determines the deformation of the particles.72-76 Addi-
tionally, by more intricate patterning of the alignment, highly localized responses can be generated

leading to functional actuation pathways.”” Concentric and azimuthal alignment patterns can also
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result in out-of-plane actuations, as these concentrate stresses to a single point (Figure 1.5¢).7879
Tiling multiple concentric domains together leads to the formation of multiple cones within a

single film, which can be used to lift masses.808

The influence of the fabricated object’s macroscopic shape has been demonstrated in thin-
film LCN devices. Planar films produced with the length cut at angles oblique to n lead to coiling
upon actuation.”'82 |n splay films, having n on the planar aligned side parallel to the film’s long
axis (“n |l film”) forms a thin coil, while having “n L film" leads to tube formation (this does not
hold for twisted alignments). To add variability, the degree of bending is inversely related to the
film thickness, thereby serving as an additional design parameter;83 and by varying thickness along
the film, in essence creating a wedge, the amplitude of the bending can be dramatically enhanced,
resulting in tightly rolled films (Figure 1.5d).8% Thus, it is not only the molecular alignment, but
also the geometry that has a significant role in actuator performance. Normally, combining do-
mains of different alignments within a single film requires intricate alignment procedures, so as-
semblies of multiple LCN films have been explored in preference (Figure 1.5e). Orienting films in
an assembly where they bend towards each other has been used as grippers and feet.84-87 A film
with localized director patterns and cuts in strategic locations can lead to the reversible opening
and closing of those cuts through actuating the LCN.88 Combining an LCN with a support material
in a bilayer fashion can also guide the film to bend or curl, akin to bimetallic strips.89% For more
information on different alignment-shape combinations, the reader is referred to reviews that

showcase actuator designs and principles.25.26

Temperature is not the only stimulus, trigger, available for generating the order—disorder tran-
sition that triggers the reversible actuation of LC networks (see Figure 1.6 for common environ-
mental responsivities). Light responsivity is typically obtained by including a dopant in the host
LC network that either generates local heating (a photothermal effect), or changes its confor-
mation (a photomechanical effect) upon light exposure.9192 Both mechanisms appeal to different
applications. In a photothermal effect, the dopant absorbs light and subsequently releases the
energy, increasing the local temperature of the network, generating a physical response. Upon
removing the light source, the sample rapidly cools, and the response reverses. In the photome-
chanical response, the dopant changes its configuration and conformation upon absorbing light,
forcing molecular re-arrangements and triggering stress in the network. By photoisomerizing, the
molecules generate a photomechanical contraction of the network along the molecular director,

which is transduced to the macroscopic object as a contractile strain which can last for months
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depending on the lifetime of the isomer.2660 Additionally, physical response to humidity can be
integrated in the LC network by incorporating mesogens with hygroscopic groups which attract
environmental moisture: a controlled swelling of the network is achieved dependent on the vol-
ume of water taken up. Hydrophilic blocks? or polar groups2494 are incorporated to make the LC
water-absorbant. Polar groups (carboxylic acids or tertiary amines) are not yet sensitive to humid-

ity immediately after polymerization: to become active, these must be converted into a salt using
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Figure 1.5. Contraction and expansion directions for different LC alignments in response to increased
disorder: (a) uniaxial, cholesteric, (b) splay, twisted. (c) Complex alignment patterns concentric and
azimuthal depicted schematically and their response when crosslinked into an LCN. Adapted with per-
mission.” Copyright 2012, Wiley-VCH. (d) Schematic drawing of a tapered actuator design with photo-
graphs showing the obtained effect upon actuation. Adapted with permission.83 Copyright 2019, Royal
Society of Chemistry. (e) Example of an assembly of LCNs in which the alignments and orientations of
different actuators have been chosen in such a way that 2D movement is possible. Steps (i) to (iv)
illustrate the steps that make up a full “walking cycle”: (i) walker in its original location, (ii) legs per-
pendicular to intended movement direction irradiated, leading these to bend outward and temporarily
lift the robot, (iii) front leg is triggered to bend forward, and finally (iv) the leg retracts, pulling the
walker into the intended direction. Adapted with permission.8 Copyright 2020, Wiley-VCH.
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Figure 1.6 Idealized schematic drawings of molecular responses to four different stimuli: temperature

(isotropization), photomechanical (photoisomers), swelling in response to water uptake, and field-
induced reorganizations (typical examples E: electric, B: magnetic, ¢ : strain, v : shear).

alkaline or acidic aqueous solutions, respectively. Finally, besides orchestrating a molecular reor-
ientation, electrical and magnetic fields can also be used to trigger thermal actuation. This can for
example be done by loading the LC with a conductive liquid metal,95-%7 or by creating a bilayer of
LC and iron doped polydimethylsiloxane (PDMS) layers, where exposure to strong magnetic fields

causes induction heating of the sample.98.9

1.4 Vat Polymerization of Liquid Crystals

In vat polymerization, localized crosslinking is induced in a bulk of a light-sensitive material, typ-
ically known as the “photoresist”, using light of specific wavelengths, with a resolution generally
between 0.1-100 pym.! Direct laser writing by two-photon polymerization (DLW-TPP, Figure 1.7), a
vat polymerization technique, has become the favorite fabrication method for researchers produc-
ing functional microscale structures as it offers both sub-micron resolution and freedom of struc-
tural design compatible with a wide variety of photoresists.100-104 As a result, fabrication of micron-
scale LC objects has been accomplished mainly via DLW-TPP, which has led to devices as diverse

as microgrippers,S! microlenses, 105 microwalkers,33 or different photonic elements.3540

In short, DLW-TPP, also known as “multiphoton lithography”, is a technique that relies on the
non-linear optical process of “two-photon absorption” (TPA) to perform localized crosslinking the
vat of monomers. TPA requires an extremely high photon density, as two photons need to be
simultaneously absorbed to initiate polymerization. This high photon density can be achieved by
focusing a femtosecond laser, typically a ~780 nm fs-pulsed Ti:sapphire, which concentrates the
photons temporally; by using a microscope objective to focus the light, the photons are also con-
centrated spatially. The photon flux is the greatest at the focal point and exponentially decreases

from there. Only at the focal point is the density of photons high enough for TPA to occur,
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implying polymerization only occurs at the focus. By scanning the focal point through the bath of
material, polymerization can be induced anywhere in the resist bath; a feature not possible with
SLA or digital light projection (DLP), other vat polymerization techniques, in which polymerization
can only occur at the surface of the vat as these rely on single-photon initiation of the crosslinking
reaction. The 3D focal point has an ellipsoidal shape, with an equal length in the x and y-axes,
typically around 60 nm, and slightly elongated in the zaxis, this being ~180 nm;1% both the shape
and dimensions are influenced by the laser intensity and the numerical aperture (NA) used.07.108
Because of the small dimension of the focal point, the resolution of this technique is ~20 nm to
5 pm:110910 final resolution is critically dependent on both the material and the printing parame-
ters. After the fabrication exposure steps, any unreacted monomer is typically removed during a

“developing” step to obtain the final object.

Direct Laser Writing by Two-Photon Photopolymerization in Liquid Crystals

An LC photoresist for DLW-TPP must contain the following: (7) difunctional mesogens to act as
crosslinkers to form the network and fix the alignment in place, (2) monofunctional mesogens to
provide flexibility to the network, and (3) a two-photon photoinitiator. However, a fourth condition
can be imposed by the DLW-TPP equipment: (4) the material must have a stable LC phase at RT
when there is no heating stage. Most reported LC mixtures satisfy the first three requirements,
but their LC phases typically exist above RT or crystallization at ambient conditions occurs after
only a few minutes, reducing the available printing time, and hence making these mixtures gen-
erally unsuitable for printing. While actual printing times may vary, in our experience single mi-
crometer-scale structures require a few seconds to complete, while structures on the order of a
few hundred micrometers take minutes. What usually takes the longest is the period between
filling the LC alignment cell and the actual onset of printing, which can take half an hour. This
latter restraint imposed by the equipment can be overcome, for example by custom stages allow-

ing heating of the mixture during printing.mmn2

Other factors are relevant when selecting the mesogens for the LC photoresist. In general,
stimuli-responsive objects are typically based on low crosslink density materials, and as a result
suffer from swelling with the surrounding monomer both during and after the DLW-TPP pro-
cess,3-15 reducing resolution. When working with LCs, swelling can be avoided by increasing
crosslink density, that is, the fraction of mesogens with two reactive end groups, which in turn
improves the resolution achievable with the resist. Nonetheless, when working with acrylate-ter-

minated monomers, increasing the fraction of bifunctional mesogens augments polymerization
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shrinkage. The use of epoxide and oxetane mesogens rather than acrylates can be used not only
to reduce polymerization shrinkage, but also to ensure oxygen insensitivity during polymerization
and a lower processing viscosity."6 Despite their advantages, epoxide-based LCNs are still in

their early stage when compared to acrylate-based LCNs.

The ratio of difunctional to monofunctional mesogens is an important parameter affecting the
structure’s resolution, but increasing the crosslink density degrades the performance of the actu-
ating structures, as both speed and amplitude in actuation response are reduced.™ This effect
can be exploited to obtain non-reciprocal motion in microstructures that have regions composed
of mixtures containing different ratios of difunctional to monofunctional mesogens, thus differing

crosslink densities.”

Adding dopants to an LC photoresist may allow integration of additional optical properties, 3537
response to different stimuli, e.g: light,3318 humidity,3” or electric field,40 and/or improve the me-
chanical performance of the network.50 The two most important considerations when choosing a
dopant are: (7) it should not disturb the LC alignment and (2) it should be transparent to the laser
light, or at least not compete with TPA. The former can be easily satisfied by choosing a dopant
that has dimensions and shape like the rod-like LC mesogens, while the latter is more specific to
the material and chemical groups possibly present in any dopants. The reader is directed to the
following literature for a guide on how to tune LC-photoresist to obtain response to different stim-

uli.52

Additionally, there are several tunable printing parameters that not only influence a structure’s
fidelity to the computer design, but, in the case of DLW-TPP in LC photoresists, also affect the
characteristics of the network formed, and even how the final print actuates. Figure 1.7 displays
these parameters and summarize their effects, for further explanation the reader is directed to the

literature.52

4D Printed Micrometer Scale LC Structures

Using DLW-TPP, a wide variety of LC microstructures have been fabricated. These can be classi-
fied in groups according to different criteria, e.g. trigger of the response, application, properties,
etc. Here, they are categorized in two different groups according to the structure’s intended pur-
pose. Thus, structures that show a shape deformation triggered by an external stimulus are
grouped as micro-actuators and structures that have shown to interact with light, either because

of their molecular arrangement or due to their dimensions, are grouped as photonic
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microstructures. As a result, some structures that could be considered micro-actuators are
grouped with photonic structures since they use the anisotropic shape of the network to obtain

dynamic optical properties.

Micro-actuators

The key feature of micro-actuators is that there is a triggered shape change upon exposure to an
external stimulus. LCs allow for the fabrication of micro-actuators that show a wide variety of pre-
programmed shape deformations triggered by different external stimuli. Here, we will discuss

somes examples of LC micro-actuators grouped by the stimulus that triggers their response.

LCNs are inherently responsive to temperature changes; however, most of the work on LC-
based micro-actuators has not focused on characterizing their response to this stimulus. This
could be because it is difficult to analyze this response in microstructures and it is challenging to
induce a controlled temperature change in only a single micro-object. Nevertheless, there is one
example consisting of a hybrid system: LCN films that have embedded and epoxide-based micro-
patterns.! The epoxide-based micropatterns are first produced via DLW-TPP inside a cell, after

which the non-reacted epoxide mesogens are removed and substituted by acrylate-functionalized

focus point

the focus of the laser beam
becomes a polymerization
voxel unit, the network is
formed only at this location

microscope objective
typically a x63 objective is used
its function is to concentrate
the photons spatially

writing speed
if too fast: no lines formed
if too slow: bubbeling can occur
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Figure 1.7. Schematic representation of the printing process of LCs in DLW-TPP. In the drawing, the
different user-adjustable parameters are highlighted: the writing speed, laser intensity, temperature,
and layer spacing. The insets for LC photoresist and LCN show an example for an approximate orien-
tation of the mesogens, in this case planar, in the vat and after polymerization, which are typically the
same.
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mesogens that are used to then polymerize a film around the epoxide-based micropattern. The
advantage of having a micropattern of a different material in the film comes from the enhanced
mechanical and actuation performance of the composite which can be tuned by changing the

geometry and dimensions of the patterns.

The first LC-based light-triggered microstructure, a microwalker formed by a body of planar

aligned LC with four conical legs of a commercial, isotropic acrylate resin (“IP-Dip”), was

* i i
Actuation Laser OFF Splayed Alignment

Actuation Laser ON Bent configuration

shape deformation
NIR ON

T - - -

Fabricallon

NIR OFF
Sh:pe restoration

Figure 1.8 (a) A light-fueled microwalker. Top scanning electron microscopy (SEM) image of the walker,
scale bar 50 pm. Bottom, electron micrograph sequence that shows the walker movement upon illu-
mination with a green laser. The topography of the surface is shown on the top left of the sequence.
Adapted with permission.33 Copyright 2015, Wiley-VCH. (b) An autonomous light-responsive gripper.
On the top, a scheme showing the mechanism for the response to grasp an object. On the bottom,
micrographs showing the “microhand” in action. Adapted with permission.s! Copyright 2017, Wiley-
VCH. (c) NIR light-responsive microstructures. On the top, SEM images showing diverse 3D geome-
tries. On the bottom, micrograph images showing the response of structures to near-infrared light.
Adapted with permission.5o Copyright 2019, American Chemical Society. (d) Various 3D-to-3D shape
deformation from the same geometry, in this case a ring. The distinct deformations are accomplished
by fixing different molecular alignment in the ring. Scale bars represent 50 ym. Reproduced under the
terms of the Creative Commons CC BY license.4' Copyright 2020, Wiley-VCH.
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produced in 2015 (Figure 1.8a).33 Upon illumination with a 532 nm (green) laser, the body con-
tracted anisotropically, and when the light was turned off, it expanded to its initial state. Due to
the rapid response of the body to a pulsed laser beam, the object could walk. Later work reported
an autonomous light-responsive “microhand” composed of two strips forming a cross, each hav-
ing splay alignment (Figure 1.8b).5" Upon illumination, the strips bent, closing the hand. Again,
when the light was turned off, the hand recovered its initial state. Autonomous motion was
achieved, as light would be redirected by an object passing in front of the hand, triggering the
response, and allowing the hand to catch objects by itself. More recently, there have been reports
of 3D planar samples expanding anisotropically upon illumination with near-infrared (NIR) light
(Figure 1.8c).5 In all these light-responsive micro-actuators, both to green and NIR light, the
actuations were based on photothermal effects. Photomechanical actuation in LC-based micro-
actuators has yet to be reported, but it would be more desired than photothermal actuation in

some applications, so worth exploring.

Response to ambient changes such as humidity and temperature, or to solvents, can also be
desirable. In these cases, the response comes from the swelling of the network, expanding per-
pendicularly to the molecular alignment. This anisotropic swelling has been explored in micro-
structures that present different molecular alignments in the same geometrical object shape (Fig-
ure 1.8d).4165 As a result, different deformation modes triggered by swelling in A, N-dimethylfor-
mamide (DMF) could be obtained depending on the LC alignment. The solvent triggered an ab-
rupt actuation, while humidity changes, in contrast, result in a gradual actuation which can be

much desired in some applications.

Photonic Microstructures

A microstructure is considered photonic when it interacts with light, mainly through reflection
and diffraction in printed materials. This can occur at two different length scales: the molecular
level when the light is modulated by chromophores in the material itself, and/or the nanometer
to micrometer scale when light interacts via the geometry and periodicity of the structural features.
Owing to the optical anisotropy of LCs, it is possible to fabricate photonic microstructures that

interact with light simultaneously at different length scales.

As described in Section 1.3, when a chiral molecule is added to an LC mixture, the mesogenic
planes can self-organize in a helical fashion, known as cholesteric alignment, resulting in a chiral

1D photonic crystal, forming a photonic polymer, also known as a cholesteric liquid crystalline
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(CLC) network. The use of the cholesteric alignment comes with the advantage that the physical
shape of the print can be chosen arbitrarily and, coincidently, the first DLW-TPP LC photonic
microstructures had this alignment."® This early work focused on studying defect modes in CLCs
by polymerizing regions at the top and bottom of the cell while leaving the intermediate region
with unreacted monomers, in essence creating a polymer-monomer-polymer sandwich. After
polymerization, the pitch length elongated, while the pitch length in the unreacted regions was
reduced, modifying the selective reflective bands (SRB) of each region, in which microscopic in-
dented frames allowed a fine control of the shift of the SRB (Figure 1.9a).120 The contrast between
the SRB of the monomer and the polymer results in stable temperature-responsive defects.n”
These photonic microstructures have the potential to become stimuli-responsive narrow band-
pass filters, heat sensors in integrated optical circuits, or/and advanced optical and photonic

components.

Instead of making use of the cholesteric alignment to fabricate structures in which the mate-
rials themselves interact with light, the inherent birefringence of the LC can also be used. When
combining electrically addressable LC photoresists with DLW-TPP, the molecular alignment dur-
ing fabrication can be easily controlled and tuned.412-123 Hence, during fabrication, different mo-
lecular alignments can be fixed. As a result, one can accomplish complex spatial variations on the
birefringence inside the cell, as the polymerized regions and the surrounding monomer can have
different molecular alignments.122 When that is the case, the optical mismatch results in scattering
and the structures being visible; but when viewed under an applied electrical potential matching
the potential used during polymerization, the polymerized and non-polymerized components
match in birefringence, and the structures become indiscernible (Figure 1.9b).40 Alternatively, the
birefringence of LC microstructures can also be used to fabricate temperature-responsive color
pixels for encryption, encoding, and anticounterfeiting elements at the microscale (Figure 1.9¢).124
Another option using the birefringence of LC is making photonic microstructures via DLW-TPP
micropatterns®5125 and scaffoldsi26127 which serve to precisely change the director of the mole-
cules, creating a controlled variation of the refractive index, within the structure. As a result, mi-
crolenses that specifically focus right-handed circularly polarized light and defocus left-handed
circular polarized light, or vice versa,?5 or as polarization-independent phase modulators
(Figures 1.9d).727 Birefringence effects in microscale objects are rare and it would be of interest to
investigate with LCs as starting point, as LC are well known for their use in LCDs which make use

of their birefringence.
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Figure 1.9 (a) Polarized optical micrograph (POM) images of three CLC structures in which the SRB is
controlled by introducing indentation in the frames; top without indentations, middle with 20 slits and
bottom with 40 slits. Reproduced with permission.’20 Copyright 2008, Optical Society of America. (b)
POM images of a quick-response (QR) code formed by micropillars that were polymerized when no
electrical potential was applied and consequently the QR code is only visible when a potential is ap-
plied. Adapted with permision.4 Copyright 2018, Wiley-VCH. (c) POM images of arrays of pillars pre-
senting different highs. As a result of the height difference, an encoded message is visible upon heating
the structures. Adapted with permision.’24 Copyright 2020, Wiley-VCH. (d) Schematic of a polarization-
independent phase modulator that consist a 3D scaffold that align the mesogens in distinctly along
the structure. Reproduced with permission.’2” Copyright 2017, Optical Society of America. (e) Scanning
electron microscopy image of a light-responsive beam steerer. Reproduced with permission."”® Copy-
right 2012, Wiley-VCH.

On the other hand, rather than using the internal material structure itself to interact with light,
photonic interactions can be generated by fabricating periodic microstructures. Depending on the
scale of the periodicity, the incident beam will be modulated or not. For example, gratings are
well-known 2D photonic crystals that diffract incident light. When such a grating is made of a
light-responsive LCN with a pitch of 1.5 pm (Figures 1.9e), it diffracts red light."8 Owing to the
anisotropic shape change of the LCN, the diffraction pattern could be altered by illuminating the
grating with a green laser. The rapid response of the network resulted in the possibility of convert-

ing the simple static grating into a beam steerer."8

1.5 3D Microextrusion of Liquid Crystals
In extrusion-based equipment, a thread of material known as a “filament” is forced through a
nozzle and deposited on a substrate or previously printed layer in a predetermined fashion. Layers

are formed line-by-line, and objects layer-by-layer. The resolution, from 100 pm to 1 cm,! is
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primarily determined by the nozzle diameter and printing speed. Once extruded, the material
must be able to maintain its shape. This excludes low viscosity materials and makes thermoplas-

tics and viscoelastic thermoset resists more appropriate for 3D microextrusion equipment.

Among the different extrusion-based equipment, direct ink writing (DIW) printers, Figure 1.10,
have been predominantly used for 4D printing of LC-based centimeter-scale objects. In short, DIW
is suitable for materials that cannot be stored as a solid filament, such as LC oligomers as they
are viscoelastic thermosets, and was first intended as a technique to fabricate ceramic objects in
complex, three-dimensional shapes.128 The syringe is loaded with a viscoelastic ink and pressur-
ized mechanically, or pneumatically, and a predefined print path is followed by the printer to write
the material in place.’29 Drying or curing of the material can be performed during the print process
after each layer is deposited, or after the entire print is completed, depending on the material

characteristics.

Direct Ink Writing of Liquid Crystals
Unlike techniques where the resin is in a bath, DIW requires material that does not escape the

nozzle under the force of gravity, yet flows well from an extrusion slot under pressure, and shows
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Figure 1.10 Schematic representation of the printing process, detailing the ink reservoir, nozzle, and
printed object. The inset shows a detailed schematic representation of the micronozzle indicating the
user-adjustable parameters: the writing speed, nozzle diameter, and layer height. The molecular align-
ment for “LC oligomer ink” and micronozzle shows the approximate orientation of the mesogens in
the reservoir, where it is polydomain nematic, and in the high shear environment of the micronozzle,
where is it monodomain nematic.
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good setting behavior once on the substrate.30 Such viscoelastic properties are found in LC oli-
gomers, which are the precursors of LCE networks. The last few years of extrusion-based AM of
LCs has catapulted one specific class of LCE precursor to the foreground of research: main-chain
liquid crystal elastomers (MCLCEs), which are commonly synthesized from oligomers of concat-
enated reactive mesogens. MCLCEs maintain the anisotropic LC characteristics of the original
monomers, but also are viscoelastic; their shear thinning behavior is what makes them useful for
DIW. Two similar synthetic methods have found wide appeal for making MCLCEs: amine-acrylate
“aza-Michael” and thiol-acrylate “thiol-Michael” addition reactions.’31132 Both methods have been
used extensively for linking diacrylate mesogens with chain extension molecules, the difference
between aza-Michael and thiol-Michael being the reactant used for the chain extension. For
amine-acrylate, the reaction is between a primary amine and a diacrylate and forms B-aminoester
bonds between the reactive mesogens. Thiol-acrylate reactions on the other hand, form B-thioe-
sters. By virtue of the chemistry commonly employed, amine-acrylate or thiol-acrylate, the syn-
thetic procedure for making the LC ink is fast and easily performed. When the diacrylate mesogen
is in molar excess over the chain extender, the MCLCE mix obtained is acrylate-terminated and

can be photo-crosslinked after addition of a suitable free radical photoinitiator.

In the same manner as LCN, significant research on responsive LCEs that show response to
other stimuli than temperature have been reported, however mostly in works not related to 4D
printing. Most of the work on DIW of LCs has reported temperature responsive objects; however,
response to other stimuli such as light or humidity would be quite appealing. While first reports
of DIW printed objects that response to stimuli have been already reported, the cases are still
limited and the library of LC inks for DIW remains still limited to a handful of mixtures. Readers
interested in learning how to tune an LC ink to obtain centimeter scale object responsive to other

stimulus than temperature are directed to literature where different strategies are described.52

After loading the ink reservoir with an LC ink composed of MCLCE and a suitable photoinitia-
tor, printing can commence. The key variables that can be adjusted for DIW are printing infill,
nozzle diameter, and printing temperature and speed, all of which influence the molecular order
obtained after deposition, and thus device functionality and response. Typically, the optimal print-
ing conditions deliver extruded filaments that have a uniaxial alignment parallel to the printing
direction,52 but other type of alignments have also been reported.#7133 Figure 1.10 shows schemat-
ically the DIW process and its different user-adjustable parameters accompanied with their effects

on the printing process; for further explanation, the reader is directed to the literature.52
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4D Printed Centimeter Scale LC Structures

One of the greatest advantages of DIW of LC is the control that it offers over the mesogenic
alignment in the printing direction. Such control over the molecular director within a 3D objects,
which determines how the network will respond to an external stimulus, has been explored to
obtain actuators displaying different deformation modes including bending, 94134 lifting, 3846 and
self-propulsion,34 among others. Objects displaying such actuations can be employed to fabricate
soft robots or optical devices, for example. In this section some of these examples, which embody

the current state of the art of the field, are presented.

Soft Robots

LCE networks are attractive as artificial muscles as they generally show load-free thermal aniso-
tropic shape changes in the order to 40-50%, 3436.39.46:67.68,135-137 with actuation stresses in the kPa
range at low strains.68137 Additionally, typical reported values for the volumetric work capacity of
LCE are on the order of 1-40 | kg1, which is in the same order of magnitude as mammalian skeletal
muscle (~8 | kg1).138 As a result, lifting a mass vertically against gravity, both triggered by temper-

ature3967 or light,38 has been reported in DIW LCE samples (Figure 1.11a,b).

To fabricate an untethered autonomous robot, preprogramed actuation to an external stimu-
lus is imperative. Through engineering the molecular director via DIW in the 3D object, a variety
of macroscopic deformations can be preprogramed. Fabricating “+1 point defect” spiral shape
causes directional expansion or contraction, upon heating or cooling, respectively, along the
mesogenic alignment direction, resulting in an out-of-plane deformation forming cone-like or sad-
dle shapes that can be used to lift weights from below. Bistable architectures can be generated by
printing a spiral structure with inner and outer parts having opposite Gaussian curvatures, so
heating builds stresses between these two parts that are released as a “snapping” motion, capable
of lifting 5x the mass of the actuator.’ Furthermore, by printing two layers of LCE in orthogonal
printing directions, hinges are formed.3® Strategically placing such hinges in an object in which
these are made from different LCEs that respond at different temperatures leads to devices that
sequentially respond, e.g. folding (Figure 1.11c)34136 or even displaying self-propulsion.34 Addition-
ally, control over the porosity of an object can be achieved in a porous woodpile structure that
contracts in both length and width with increasing temperature as the structural “beams” increase

in diameter, lowering overall porosity.67
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(b) light intensity 200 mW cm??
OFF ON OFF

1

Figure 1.11 (a) Soft actuator showing artificial muscle function. Adapted with permission. Copyright
2018, Wiley-VCH. (b) Light-addressable artificial muscle. Reproduced with permission.38 Copyright
2020, American Chemical Society. (c) A 4D printed object in which the hinges are made from two
different LCE network that result in programmed sequential folding and deformation. Scale bars rep-
resent 1 cm. Adapted with permission.3* Copyright 2019, American Association for the Advancement
of Science. (d) Light responsive Braille-like actuator. On the left, an illustration showing the pho-
toswitchable deformation in the pattern. On the right, the actual printed pattern in which the letters
“L", “C”, and “E” can be written in Braille code by locally triggering certain parts with light. Temperature
is used to erase the deformations. Adapted with permission.12 Copyright 2020, Wiley-VCH (e) Print
containing a +1 point defect that pops out into a cone upon heating, and can be permanently fixed in
this shape using pendant photoreactive groups. Reproduced with permission.36 Copyright 2019, Wiley-
VCH.

Incorporation of photoswitches, such as azobenzene, in the oligomer chain makes the con-
traction light-addressable,38134140-142 offering more versatility than only temperature to control the
actuation. Light triggers contraction along the alignment direction of the LCE typically leads to a
bending motion towards the light source; as the excitation light for the azobenzene is gradually
attenuated, a concentration difference in the cis- and trans-isomers forms through the depth of
the film, and thus a gradient in contraction.38134142 As light can be locally applied, a dynamic Braille
pattern has been developed (Figure 1.11d). Furthermore, light can also be induce reprograming
of the deformation post fabrication in reconfigurable LCE.36 For example, a spiral pattern that
forms a cone shaped object upon heating can be fixed by UV light induced polymerization of free
vinyl groups that cause network rearrangement (Figure 1.11e). More recently, a 4D printed LCE
object that responds to light and humidity has also been demonstrated, showing the appealing

of combining response to multiple stimuli in a single device.%
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through lens

side view

Figure 1.12 (a) LCE-PDMS composite structure. The LCE is printed in a ring that effectively is a section
of a +1 point defect. With increased temperature, the ring diameter diminishes, pushing out PDMS
bound to it. This is seen in the side view. The transparent PDMS acts as optical element of varying
focal point distance depending on its curvature. (b) Chiral architecture in which a small linear polari-
zation filter is rotated to reveal the image behind it. (c) Reflective optical element, the appearance of
which was encoded by direct ink writing at high nozzle speed. Depending on the perspective of the
viewer with respect to the object, it is either bright green, or very weakly colored. (d) Free-form reflective
optical element that was direct ink written at low nozzle speed. After release from the substrate, a self-
supporting photonic object is obtained. (a) Adapted and (b) reproduced with permission.3¥ Copyright
2017, Wiley-VCH. (c) and (d) were adapted under the terms of the Creative Commons CC BY license.33
Copyright 2021, Wiley-VCH.

Optical Devices

Contrasting the widespread use of LCs in optical engineering, centimeter-scale printing of LC op-
tics has only rarely been demonstrated. For example, an adjustable lens was made by combining
a printed ring of thermally-responsive LCE in a static, compliant PDMS slab.3? By designing the
infill to follow a concentric pattern, heating the composite causes in-plane ring shrinkage, pushing
out the clear PDMS, resulting in temperature-sensitive light refraction (Figure 1.12a). In another
example, a responsive linear polarization filter was demonstrated by printing a chiral holder, in
which the center element rotates as the outward spanning fibers contract.3® This contraction ro-
tates a small linear polarizer placed in the holder, which, when coupled with a second, static po-

larization filter, forms a thermally addressable, variable transmission element (Figure 1.12b).

Direct printing of a structurally colored material was achieved recently using a chiral nematic
LC ink from the isotropic phase onto a heated print bed at low printing speeds (~ 1-2 mm s,
Figure 1.12d),133 making it possible to print objects with optical behavior similar to chiral nematic
films fabricated in specialized LC alignment devices2®6 By printing at greater speeds

(~8-10 mm s1), the normal helical alignment of the chiral nematic was distorted, forming
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anisotropic reflectors (Figure 1.12c). Combining varying print paths and speeds, it is possible to
write optical elements with highly perspective-dependent appearances.’33 Consequently, the re-
flected polarization state can be controlled through the print parameters, as the distorted helical
alignment does not discriminate between left- and right-circular polarized light at normal inci-
dence, unlike conventional chiral nematic reflectors or those printed at lower speeds which are

exclusively selective to either right- or left-circular polarizations at normal incidence.

1.6 Research Aim and Thesis Outline

In recent years, additive manufacturing of liquid crystal materials has attracted rapidly growing
interest from the scientific community. Chapter 1 has offered the reader an introduction to 4D
printing of liquid crystals utilizing, basically, two different AM techniques: direct laser writing by
two-photon polymerization and direct ink writing for the fabrication of responsive micrometer and
centimeter scale objects, respectively. The examples discussed embody the potential and versatil-
ity of 4D printing LCs for fabricating numerous functional structures across different length scales.
While significant progress has been made, there still remain several aspects to be addressed to
unleash the full potential of this process. This thesis focuses on expanding the library of liquid
crystal precursors suitable to use both in DLW-TPP and in DIW equipment with the aim of fabri-

cating, 4D functional materials and devices.

First, we tackle on the fabrication of micro-actuators, which has been mainly accomplished by
direct laser writing by two-photon polymerization of stimuli-responsive materials. This technique
has one main challenge: the swelling of the polymerized network by unreacted monomers which
reduces the resolution of the micro-object. This arises from the fact that this class of materials
are based on low crosslink density networks. Chapter 2 reports a new LC photoresist suitable for
DLW-TPP that results in a highly crosslink networks that overcomes such obstacle. A series of 3D
micro-actuators are fabricated that show reversible anisotropic shape and unique polarization
coloration changes triggered by temperature. The results demonstrate that, while limited in mag-
nitude (up to 26%), appealing actuation in LCN structures can be accomplished. Chapter 3 pre-
sents a novel approach to fabricated photonic micro-actuators that show large shape defor-
mations by incorporating into a LC photonic-photoresist supramolecular hydrogen bonded meso-
gens. These mesogens act as physical crosslink points during the DLW-TPP process that mini-
mize the network swelling, facilitating sub-micron resolution. The supramolecular bonds can be

cleaved, resulting in large humidity-triggered expansions (up to 42%). The photonic character is
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obtained by employing a cholesteric alignment, which results in a built-in color sensor for a real

time identification of the structures’ status.

Secondly, the focus is put on the fabrication of centimeter sized 4D objects, which have been
predominantly fabricated via direct ink writing. DIW of LC permits a great degree of control over
the molecular director in all directions in 3D centimeter scale objects, a control that is hard to
achieve with other techniques. Light as a stimulus is appealing for untethered 4D materials and
devices as it can be rapidly and locally applied, however few attention to develop LC ink that re-
spond to this stimulus has been made. To this end, in Chapter 4 a LC ink suitable for DIW that
result in a light-responsive network is developed. Interestingly the light-induced bending motion
of the fabricated film shows a temperature-controlled directionality. As a result, the network shows
three different deformations modes, bending in opposite direction in additions to anisotropic
shape changes, by carefully combining light and temperature. The potential use of this ink to
fabricate multi-functional devices is explored in Chapter 5 by producing partially covered bilayer
actuators via DIW. Surprisingly, the partial coverage of the passive layer does not significantly
hinder the performance of the films and, in some cases, it can even improve it. By making use of
the precise depositions of the LC material via DIW, discrete regions are created that can be trig-
gered individually, resulting in twisting and bending in perpendicular directions by sequentially
triggering the different regions and by combining light and temperature. Additionally, the partial
coverage facilitates the combination of different materials in one device, such as photonic rubber,

that brings multi-functional actuators one-step-closer to realization.

Finally, Chapter 6 puts in context the future implications of the advances presented in this
thesis. In addition, the current challenges of DLW-TPP and DIW of LC are addressed and future
opportunities examined. The discussion offers a “roadmap” for the field of 4D printing of LC,
across different lengths scale, for the realization of multi-functional, untethered devices and their
future widespread use; from the perspective of material development, device’s design, and addi-

tive manufacturing equipment.
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Chapter 2

Direct Laser Writing of Temperature-Responsive
Highly Crosslinked Micro-Actuator

e —

Development

Abstract

Over the past decade, progress in direct laser writing by two-photon polymerization of stimuli-
responsive materials has made considerable inroads into the realization of micro-actuators. With
the focus on performing complex tasks such as walking, grasping, or delivering drugs, these ac-
tuators require a controlled pre-programmed actuation. Liquid crystalline enable such pro-
grammed movement when the mesogenic alignment can be successfully controlled. To date, this
has necessitated low crosslink density networks, which are not readily conducive to the fabrication
of 3D geometries. This chapter reports a liquid crystalline-based photoresist that results in a highly
crosslinked network that permits fabrication of 4D micro-actuators in which the molecular align-

ment is determined by the alignment layers in the cell construct.

This chapter is partially reproduced from:

M. del Pozo, C. Delaney, M. Pilz da Cunha, M. G. Debije, L. Florea, A. P. H. |. Schenning,
" Temperature Responsive 4D Liguid Crystal MicroActuators Fabricated by Direct Laser Writing by
Two-Photon Polymerization”, Small Structures, 2021, 2100158
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2.1 Introduction

Additive manufacturing of stimuli-responsive materials has found exciting application in the gen-
eration of micro-actuators. -4 Direct laser writing by two-photon polymerization (DLW-TPP), in
particular, has proven suitable for inducing locally selective polymerization in various stimuli-
responsive materials.71013-19 This technique offers outstanding resolution and a high degree of
freedom in structural design,320.20 which has been used to generate micro-actuators which can
perform advanced tasks such as walking, grasping, swimming, and delivering drugs among oth-
ers.1012141517.22-24 Among the available stimuli-responsive materials, liquid crystals (LC) have at-
tracted special attention for the fabrication of micro-actuators via DLW-TPP as they can deliver
rapid, reversible, pre-programmed anisotropic shape deformations in both dry and wet environ-
ments. 1012171823,25-30 |n an LC-based micro-actuator, control over the mesogenic alignment is key
to pre-programming the actuation of the microstructure.3-33 To truly exploit the potential of highly
functional 3D liquid crystalline micro-actuators, we must first improve our understanding of the
effect fabrication method and structure geometry play in mesogens alignment, and consequently,

in actuator response.

This chapter reports a LC photoresist suitable for DLW-TPP fabrication of temperature respon-
sive 4D micro-actuators with a highly crosslinked network. A series of uniaxially aligned 3D struc-
tures is presented which demonstrates that mesogenic alignment is dictated by the alignment
layer in the cell construct and not by the DLW-TPP parameters, allowing fabrication of microstruc-
tures with pre-programmed shape changes. Furthermore, owed to monolithic alignment, a char-
acteristic and unique polarization color is observed that can be used to identify and differentiate
the structures. The fabricated 3D microstructures are responsive to temperature variations which
trigger anisotropic shape changes of different amplitudes, depending on the structure's geometry.
Full structural and optical characterizations of the 3D constructs at different temperatures are
presented. The results embody the advantages and limitations of using densely crosslinked liquid

crystalline networks (LCN) to fabricate micro-actuators via DLW-TPP.

2.2 Results and Discussion

Liquid Crystal Photoresist

The LC photoresist used in this work consists of two classes of reactive mesogens: 1-3 are difunc-
tional mesogenic acrylates (58.4 mol%) acting as crosslinkers, and 4 is a monofunctional meso-

genic acrylate (40.0 mol%) that brings flexibility to the network, Figure 2.1a. This LC mixture has

32



Temperature-Responsive Micro-Actuator
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Figure 2.1 (a) Overview of reactive mesogens and photoinitiator used to prepare the LC-photoresist.
(b) Schematic representation of the fabrication process for temperature responsive uniaxially aligned
3D microstructures. The blue rods represent the mesogens, which align along the longitudinal axis of
the cell construct.

an isotropic to nematic temperature (Tin) at ~100 °C with the nematic LC phase at room temper-
ature without any signs of crystallization after at least 8h.3¢ To enable two-photon polymerization
(TPP), 1.3 mol% of 5, a photoinitiator, was added. The photoinitiator chosen has been employed

previously to induce DLW-TPP in acrylate-based resists.172435-37

By fabricating a polymer film using the LC-photoresist, the glass transition temperature (T)
of the material was found to be ~69 °C and its degradation temperature (Tdegradation) ~363 °C.34
Above Tg, the network is in its softer, rubbery state,3 and a higher temperature response is ex-
pected. In contrast, Tdegradation represents the temperature at which the polymer starts to irreversibly

degrade, and so actuation of the structures was conducted well below this temperature.
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Fabrication of Uniaxially Aligned 3D Micro-Actuators

The fabrication process of uniaxially aligned 3D microstructures via DLW-TPP comprises several
steps which are depicted in Figure 2.1b. Firstly, a cell (consisting of two glass plates held together
by a 50 ym double-sided tape) prepared with alignment layers was filled with the LC photoresist
at 105 °C using capillary forces. After filling, the cell was slowly cooled to room temperature, where
the mixture exists in the more ordered nematic phase. The DLW-TPP process was then carried
out to create 3D structures (hexagonal plates of 3 ym height and 20 pm width). The optimal
writing speed was found to be 10 mm s, with laser (A = 780 nm) powers from 20-25 mW. After

completion, a development step took place, consisting of submerging the cell in warm

P

Figure 2.2 (a) Electron micrograph of a hexagonal plate. The sample was tilted at 40° to visualize and
characterize its 3D dimensions. (b) On the left, the CAD designs of hexagonal plates of 9 x 9 x 4 pm3
in which the predetermined path of the laser is indicated in the drawings. The rectilinear paths are 0°,
45°, or 90° shifted with respect to the alignment of the mesogens in the cell, which is indicated by the
red arrow. On the right, a series of optical micrographs of the fabricated hexagonal plates without and
with crossed polarizers. (c) Polarized optical micrograph of the grid. In (b) and (c) the white arrows
indicate the direction of the polarizer (P) and analyzer (A). (d) Electron micrographs of the grid shown
n (c). The micrograph offering a tilted view was taken with the sample tilted 40°. All scale bars represent
4 pum. Error bars represent standard deviations for N = 3 measurements
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isopropanol to dissolve unreacted monomers. Fabrication of the structures was started =0.5 ym
from the glass/photoresist interface to improve the adhesion of the structures to the substrate.
This served to avoid delamination, and any minor mismatch between the computer aided design
(CAD) and the structure’s height can be attributed to this offset. After development, complete
polymerization was confirmed via confocal Raman spectroscopy by verifying the disappearance
of the peak corresponding to the double-bond stretch of the acrylate group at 1635 cm-' and
1725 cm-.

The dimensions and shape of the hexagonal plates were characterized via scanning electron
microscopy (SEM), Figure 2.2a. The structures consist of an average 18.5+0.3 x 19.4+0.6 ym?2
hexagons with an average height of 2.4+0.2 ym. One dimension of the plates was remarkably
close to the CAD design while the other dimension was ~8% shorter. 5-10% polymerization shrink-
age is normal in acrylic samples,3 and it occurs anisotropically in uniaxially aligned LC samples,4
with the majority of the shrinkage along the axis parallel to the alignment, as was observed here.
Further shrinkage could also be attributed to the removal of unreacted monomer from the network
during the development step; however, we expect this to be minimal due to the high crosslink
density of the network and the complete polymerization as verified by confocal Raman spectros-
copy. Horizontal lines depicting the laser writing path are clearly visible in the electron micro-
graph: the lines effectively exhibit the polymerization voxel with a width of ~245 nm when DLW
was performed at a 10 mm s with 25 mW laser power. Overall, the plates showed a good resem-
blance to the CAD design, indicating a good performance of the LC photoresist with the DLW-
TPP process.

The influence of the laser path during fabrication on the mesogenic alignment was investi-
gated in the hexagonal plates (10 x 10 ym2). Three different plates were explored, Figure 2.2b.
The first plate was fabricated by scanning the laser parallel to the alignment (0°). For the second
and third samples, the scanning paths were rotated 45° and 90° to the alignment, respectively. In
all three cases, the fabricated plates showed similar dimensions and geometries (Figure 2.2b),
indicating that the path chosen to fabricate the plate did not have a significant influence on the
shape. The mesogenic alignment was characterized by polarized optical microscopy (POM). Re-
gardless of the path chosen, all plates appeared darker when the cell alignment was parallel to the
polarizer or analyzer and showed a stronger blue polarization color when aligned at 45° to the
polarizer or analyzer due to the anisotropic optical property of LCs (vide infra). Such dark-bright

states are associated with the presence of uniaxial alignment.33442 Thus, the mesogenic
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alignment of these microstructures is determined by the alignment layer in the cell construct and
not by the printing parameters or the scanning direction of the laser. This allows for facile pre-
programmed determination of the alignment in the structures prior to fabrication by selection of

appropriate alignment layers.

A grid in which the horizontal lines were printed with scans parallel to the alignment while the
vertical lines were fabricated with scans perpendicular to the alignment layer direction was then
fabricated (Figure 2.2c-d). Both vertical and horizontal lines showed the same monolithic align-
ment, reinforcing the finding that the scanning direction does not disturb the alignment in the
cell. The grid had uniaxially aligned lines of ~1 pm in width with a periodicity of ~2 ym, and a
height of 2.3£0.2 ym.

The potential of the presented LC photoresist with the DLW-TPP process was explored by
fabricating more complex geometries, Figure 2.3. To this end, we printed an interwoven fabric, a
woodpile, and a spiral disk. The interwoven fabric embodies a flat geometry that has intercon-
nected features. The woodpile shows the possibility of fabricating a 3D photonic crystal, and the
spiral disk demonstrates the capability of making structures that constantly change dimensions
in all three planes. In all three cases, the structures showed good fidelity to the CAD design. Upon
investigating the molecular alignment by POM, we verified that the microstructures exhibited
monolithic alignment. Furthermore, the microstructures displayed distinct polarization colors:
the interwoven fabric and woodpile structures displayed a yellow color, while the spiral disk exhib-

ited a range of different colors. These colors arise from the anisotropic optical property of LCs,
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Figure 2.3 Uniaxially aligned 3D microstructures. (a) An interwoven fabric structure, (b) a woodpile,
and (c) a spiral disk. From left to right, the CAD designs and optical and crossed polarized micrographs,
respectively, with the polarizer and analyzer at 45° and 0° with respect to the direction of the alignment,
which is vertical. For (c) the top row shows the spiral disk when the focus is located at the bottom of
the structure and the bottom row when it is located at the top. All scale bars represent 20 pm.
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defined as the difference between the extraordinary (ne) and ordinary (no) refractive indices, also
known as birefringence (An = ne- n,).3341 When light travels through a uniaxially aligned LC sample
with a specific thickness (d), it encounters an optical path difference (OPD = d 4n) between trans-
mitted extraordinary and ordinary rays that results in a polarization color when observed between
crossed polarizers. Thus, the colors are dependent on the structure’s height and geometry. This
supports the presence of multiple colors observed for the spiral disk, and one single color in the
“flat” interwoven fabric structure, for example. This unique and characteristic polarization color

facilitates the object’s identification, a characteristic much desired in the micro realm.743

Temperature Response

The temperature response of a row of hexagonal plates (18.5£0.3 x 19.4£0.6 x 4.1+0.1 pm3) was
characterized using an optical profiling system. Upon heating from 20 °C to 220 °C, the plates
showed an anisotropic shape change, contracting along the side parallel to the alignment direc-
tion (x) and expanding along the perpendicular side (y), with an increase in height (z); see Figure
2.4a. The anisotropic temperature response observed in the xand ydirections is characteristic of
uniaxially aligned networks. Such response comes from the increased molecular disorder induced
by temperature that results in a contraction in the direction parallel to the alignment and in an
expansion perpendicular to it.102533 A more detailed analysis of the temperature induced change
of the plates’ dimensions revealed that temperature response starts above 60 °C, Figure 2.4b.
This onset temperature is close to the 7g,~69 °C, of the network. Above the 75 the network is less
stiff, resulting in the observed anisotropic shape change. At 220 °C, a contraction of 4.2+0.1% was
observed in the x direction, with an expansion of 4.3+0.1% and 10.2+0.1%, seen in the y and z
orientations, respectively, compared to their dimensions at 20 °C. The larger shape change ob-
served in the zdirection (~10%) with respect to the other orientations (~4%) could be attributed
to the strong adherence of these structures to the glass substrate. We have previously character-
ized the swelling of micron sized structures fabricated using DLW-TPP.19 Adhesion can play sig-
nificant role in limitation of axial swelling, thereby focusing the possible swelling into the direction
perpendicular to the substrate. Here a similar limitation could be occurring, explaining the bigger
shape change in the zorientation. Additionally, the height changes between 30 °C to 220 °C over
ten heating/cooling cycles were measured, and the results displayed in Figure 2.4c. The data
show a reversible shape change with no indication of fatigue despite the actuation being at ele-

vated temperatures.
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Figure 2.4 (a) 3D profiles of an array of hexagonal plates at 20 °C and 220 °C. The red arrow indicates
the direction of the alignment of the mesogens. The blue dashed lines represent the contour of a plate
at 20 °C. (b) Dimension change of the plates over a range of different temperatures. The dimensions x
(in pink) and y (in green) are indicated in (a). (c) Height variation of the hexagonal plates over ten
heating and cooling cycles, from 30 °C to 200 °C. For both (b) and (c), the fractional change is deter-
mined by comparing the current dimension of the plate with its value at 20 °C. For all measurements,
the temperature was held for 5 min before recording the dimension. Error bars represent standard
deviations for N = 3 measurements.

Finally, the temperature responses of a woodpile and a spiral disk were also investigated. In
this case, the woodpile structure studied was composed of more stacks than depicted in Figure
2.3 and therefore its birefringence color appeared blue instead of yellow, Figure 2.5. Upon heating
to 200 °C, the structures showed an anisotropic shape change like those observed in the hexago-
nal plates (Figure 2.4). The woodpile reduced its dimensions 7% parallel to the mesogenic align-
ment and increased 6.5% perpendicular to it. Remarkably, the spiral disk expanded around 26%
perpendicular to the alignment while it contracted only 5.5% in the parallel direction. When cool-
ing to 30 °C, the structures recovered their initial shapes and dimensions. The enhanced perfor-
mance of both structures in the xy-plane, which for the spiral disk is also significantly asymmet-
rical, in comparison with the plates can be explained by the difference in geometries that bring

higher degrees of freedom when actuating, which can directly affect the actuation of the
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30°C 100°C 150°C

Figure 2.5 Temperature response of the 3D woodpile (top) and spiral disk (bottom) microstructures.
From left to right: the CAD design and sets of crossed polarized optical micrographs recorded at dif-
ferent temperatures. The white and red dashed lines illustrate the contour of the structure at 30 °C and
200 °C, respectively. The red dashed arrows mark the direction of the shape change that occurs upon
heating. The black arrows indicate the direction of the polarizer (P) and analyzer (A). The solid red
arrow represents the direction of the alignment. The scale bars represent 20 pm.

microstructure. It has been shown before that by changing the geometry23 or by making the struc-
ture free-standing,4445 larger actuation could be obtained. However, this is the first time that non-
freestanding structures made from the same LC network show different percentages of shape
changes when their response is triggered by an external stimulus; elucidating on the importance
of choosing the optimal shape of the micro-actuator and not only on the most suitable material
to fabricate it. Furthermore, temperature also had an influence on the polarization color of the
structures. Upon an increment on temperature, both the structures thickness, d, and its birefrin-
gence, An, change and with them the OPD, which is responsible for the polarization color (vide
supra).334 As a result, this inherent color can act as both an identifier and sensor for the micro-

structures.

2.3 Conclusions
Through the development of a LC photoresist, high-resolution 4D micro-actuators were fabricated
via direct laser writing by two-photon polymerization. The mesogenic alignment of the structures

was dictated by the one imposed by the alignment layers in the cell construct: the scanning
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direction of the laser had no influence on alignment. As a result, a series of uniaxially aligned LC
3D microstructures were successfully fabricated displaying good fidelity to the CAD design. The
structures showed reversible, anisotropic shape changes triggered by temperature that resulted
in expansions between 10-26% at 200 °C, depending on the structure’'s geometry. The anisotropic
shape change is attributed to the increased disorder that the mesogens undergo upon a temper-
ature increase and can be easily controlled by controlling the direction of the mesogenic align-
ment. Furthermore, thanks to the monolithic alignment, the structures have unique and respon-
sive polarization colors that makes them easy to identify and differentiate while permitting a facile

verification of their status.

The results discussed in this chapter demonstrate the benefit of using highly crosslinked LCNs
to fabricate micro-actuators via DLW-TPP, which reduces the swelling of the network from the
unreacted monomer immediately after polymerization that otherwise hampers resolution. How-
ever, this comes at the expense of the micro-actuator’s response which could only be achieved at
elevated temperatures, which limit their implementation. Additionally, the results show the appeal
of having unique and responsive, coloration in micro-actuator as it allows an /n situ readability of
their performance. The next chapter will focus on developing an LC photoresist to obtain response
at lower temperature while maintaining high resolution and that result in micro-actuators that

have structural coloration to enable real-time tracking of their status.

2.4 Experimental Details

Materials and Reagents

2-methyl-1,4-phenylene bis(4-(((4-(acryloyloxy)butoxy)carbonyl)oxy)benzoate) (1) was purchased
from BASF. 1,4-di(4-(6-acryloyloxyhexyloxy)benzoyloxy)-2-methylbenzene (2), 1,4-di(4-(3-acrylo-
yloxypropyloxy)benzoyloxy)-2-methylbenzene (3), and 4-(4-(6-acryloyloxyhexyloxy) benzoyloxy) ben-
zonitrile (4) were supplied by Merck. The photoinitiator bis(2,4,6-trimethylbenzoyl)phe-
nylphosphine oxide was purchased from Ciba Specialty and the thermal inhibitor 2-tert-butylben-
zene-1,4-diol from Sigma-Aldrich. The polyamide AL 1051 was obtained from JSR Micro. All sol-

vents were purchased from Biosolve.

LC Photoresist Preparation and Characterization
The LC photoresist consisted of 33.3 mol% 1, 11.7 mol% 2, 13.4 mol% 3, 40.0 mol% 4, 1.3 mol%
photoinitiator. To avoid temperature-induced polymerization during the filling of the cell, a small

quantity of polymerization inhibitor, 0.3 mol%, was incorporated. As a result, the LC photoresist
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can be maintained at 105 °C for up to 8h without polymerizing. All components were dissolved in

dichloromethane. The solvent was removed at 60 °C overnight under magnetic stirring.

Cell Preparation

High-precision microscope cover glasses (22 x 22 mmz, thickness 170 + 5 um; from Marienfeld)
were cleaned by sonication for 20 min in acetone and subsequently treated in a UV-ozone photo-
reactor (Ultra Violet Products, PR-100) for 20 min to activate the surface. Polyamide AL 1051 was
immediately spin coated on the glass (step 1: 800 rpm for 5 s; step 2: 5000 rpm for 40 s; both
with an acceleration of 500 rpm s) followed by a curing step of 180 min at 180 °C. The polyimide
layer was then uniaxially rubbed with a velvet cloth, and the cell assembly made using a 50 ym
thick double adhesive tape spacer in which the rubbed polyimide layer, acting as an alignment

layers, were on the inside of the cell.

Computer Design of the Structures

All structures were fabricated based on a computer aided design. The designs of the hexagonal
plates, grids, and woodpiles were custom made by the authors using the website www.tinker-
cad.com. The spiral disk and the fabric-like structure were adapted from files licensed under the
Creative Commons Attribution 4.0 International license and available at www.thingiverse.com.
The files were modified using DeScribe 2.4.4 software to choose the slicing (0.2-0.5 pm) and
hatching (0.2 ym) values.

Direct Laser Writing

First, the cell assembly was filled using capillary action with the LC photoresist in its isotropic
phase at 105 °C. After filling, the temperature was slowly lowered to room temperature. Below the
7N, the molecules aligned parallel to the rubbing direction,33 which in this case resulted in a
uniaxial alignment, confirmed /n situ by observing the cell between crossed polarizers. After veri-
fication of the alignment, localized TTP was performed in a commercial DLW workstation (Pho-
tonic Professional, Nanoscribe GmbH) equipped with a 170 mW femtosecond solid-state laser (A
=780 nm) that delivers 120 fs pulses with an 80 MHz + 1 MHz repetition rate. At a power scaling
of 1, the average laser output is 50 mW. The laser beam was focused with a 63x oil objective (NA
= 1.4; WD =190 pm,; Zeiss; Plan Apochromat) into the filled cell. The sample movement was
controlled by a piezo translation stage in the zaxis and by a galvo stage in the x and y-axes. The
fabrication of the 3D microstructures was performed with scan speeds of 10 mm s-' and laser

powers between 20-25 mW, depending on the structure’s geometry, hatching, and slicing values.
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The fabrication started 0.5 pm below the automatically detected glass/photonic photoresist inter-
face. Finally, the cell was submerged in warm isopropanol to dissolve the unreacted monomer.

The cell was then carefully opened, and the glass rinsed with isopropanol and then air-dried.

Characterization

Electron micrographs were recorded using a Quanta FEG 3D SEM in secondary electron mode,
beam current of 5 kV. Prior to imaging, the structures were sputtered coated with an Au-Pd layer.
Optical micrographs were recorded on a Leica DM2700 M polarized optical microscope equipped
with a Leica MC170 HD camera. All structures were visualized both in bright field and in trans-
mission modes. The 3D profiles of the structures were obtained using an optical profiling system
(S Neox 3D Optical profiler, equipped with a x50 objective). When characterizing the temperature
response of the structures, both the microscope and the optical profiling system were equipped

with a Linkam TMS 600 hot-stage.
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