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Prologue

The thesis you hold before you describes the development of new materials for 3D printing,
based on liquid crystals. “Liquid crystals”, a name that I considered to be rather confusing
as a student, but have grown to love in the years since. Strictly speaking, there are many,
many different types of liquid crystals. Ones that make up cell membranes in organisms,
ones that serve as basis for flat-panel displays, and now, novel ones that can be 3D printed
into brightly coloured objects. More on that, later in this dissertation.
During a PhD project, the candidate works at the forefront of science—there where
few other scientist have gone before. This leads to the uncanny situation that you truly
become one of the few people in the world with a certain expertise. Specialised in the “synthesis and direct ink writing of thermotropic cholesteric liquid crystal oligomer inks”. How
about that? Luckily, the freedom provided during this project has allowed me to venture
far beyond “synthesis” and “direct ink writing”. Given that each research group acts as a
small company—a collective of prospectors along the rocky roads of scientific discovery—
there are many other skills of value besides day-in-day-out data gathering. Communication
of results, in writing and speech; imaging of beautiful samples; visualising data in clear
ways; and perhaps ultimately, sharing these skills with colleagues towards collective prosperity.
It makes doing a PhD project seem rather profound, but in the end in my case—it was
mostly doing things I enjoy. Taking care of the computers within the group, helping out
whenever events made use of audiovisual equipment, and doing the photography at group
events. This breadth of activities has made “doing a PhD” a very unique and rewarding
experience.
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De omstandigheden voor goed onderzoek liggen deels ook buiten de universiteit. Dennis, Bas,
en Kevin, ik ken jullie nu bijna mijn halve leven. Jullie vragen over mijn voortgang als promovendus en perspectief op mijn werk als niet-materiaalkundigen was altijd lekker relativerend. Elk potje
Super Smash Bros., en de vele gesprekken en discussies—geopolitiek, taalkunde, memes, muziek, en
de staat van de mensheid—waren een nodige afleiding. Ik hoop dat we dit nog vele jaren kunnen
blijven doen. Adam, jij bent en blijft voor altijd mijn voetbalorakel. Kaj, wij kunnen altijd heerlijk
nostalgisch terugkijken op onze tijd in Zweden en als afstudeerstudenten. Gelukkig ben ik niet de
enige op wie het veel indruk wekte.
Aan mijn ouders, Pedro en Mariëlle, broertje Adriaan, zusje Annika (en vriend Pim): ik had
nooit verwacht dat we allemaal in de buurt van scheikunde zouden eindigen. De academische
aard van mijn werk was soms lastig voor jullie maar ik desondanks heb ik genoten van jullie pogingen om mijn ontdekkingen te begrijpen. De trots waarmee jullie artikelen en posters ontvingen
was enorm motiverend, en liet me realiseren wat voor een leuke werkplek de universiteit is. Lang
geleden hebben we ooit een TU/e open dag bezocht—het enige dat ik me nog kan herinneren is
fluorescerend kunststof. Pas later zou ik leren dat dit Michael’s werk was. Misschien is hier het
zaadje voor mijn promotie bij SFD geplant! Tevens zei ik vroeger wel eens dat ik scheikundeleraar wilde worden, waarop als antwoord kwam: “hoogleraar, dat moet je worden”. Geen last van
vervelende studenten, bijvoorbeeld. Dan heb ik nog wel even te gaan! Waardering gaat ook naar
mijn “schoonfamilie”: Rinie, Tanja, en Jeroen. Jullie vroegen ook regelmatig naar de voortgang
van mijn werk en probeerden te bedenken hoe ik mijn onderzoek kon verbeteren en de materialen
kon toepassen. Helaas heb ik niet de tijd gehad om alles te proberen!
De laatste woorden zijn voor Maartje. Ik ben blij dat mijn onderzoek redelijk soepel verliep;
de meeste zorgen kwamen door de treinreis naar Milaan, welke vervolgens ook niet goed liep. Hier
en daar heb ik buiten werktijd wat geschreven of vakliteratuur gelezen. Dit beviel je niet altijd,
maar je begreep mijn passie voor het werk dus liet me meestal wel mijn gang gaan. Dit waardeer ik
zeer. Tevens heb ik je vier jaar lang voorbereid op een “proefschriftcrunch” aan het eind, maar dit
is gelukkig niet nodig geweest! We zijn al meer dan negen jaar samen nu, en ik hoop dat we hier nog
vele jaren aan toe kunnen voegen.

Jeroen
March, 2022
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Academic summary

Cholesterics Liquid Crystals in Additive Manufacturing
Since time immemorial, colour and colour changes have been an indispensable tool on
earth. In the natural world, it serves as messenger, signaller, or repellent. Later, as art and
other forms of visual expression developed, aesthetic aspects gained prominence.
Clearly, colour matters. Of similar significance, is how matter becomes coloured. Conventionally, absorptive pigments and dyes are used to tint materials. In contrast, the natural
world presents many examples in which it is the structure of matter at the nanoscale that
leads to a strongly coloured appearance, rather than light absorption. “Structural colour”,
as this is known, is best represented as the bright, lustrous sheen in scallops, butterfly wings,
or peacock feathers. Adaptive colouration through nanostructured motifs is particularly
inspiring for materials scientists. It allows for a relatively accessible path to coupling visual appearance to a stimulus-response in the material—whether thermal, chemical, photoinduced, or humidity-driven. In recent years, many of such photonic, polymeric responsive
materials have been described and demonstrated.
At the same time, the wider world of polymer manufacturing is undergoing a significant change. It is expected that in the future, additive manufacturing techniques will serve
as production techniques in their own right, for instance for small product runs, for reproducing replacement parts no longer available, and for personalised devices used in healthcare and surgery. In a future where devices are fully 3D printed to meet the user’s demands,
wishes, and needs, it is imperative to have a large library of materials serving many different
functions. Still in the infant stage are printable, responsive structurally coloured polymers.
These materials are striking aesthetically, but can also function autonomously and power
source-free as sensors, and as such could find use in many “smart” devices.
Liquid crystals (LCs) are uniquely suited to develop responsive materials. Addition
of a chiral compound can organise the formation of a cholesteric mesophase with helical
molecular ordering. When the characteristic length scale of this ordering is close to visible light wavelengths—hundreds of nanometres—the LC material reflects coloured light
of a single circular polarisation. A bonus is the adaptable chemistry of LCs, which eases
incorporation of a stimulus-response. Modifying the LC molecules with reactive groups
that form a chemically crosslinked network unlocks generation of LC networks (LCNs)
or at lower crosslink density, LC elastomers (LCEs). Bringing cholesteric LCs to additive
manufacturing requires appropriating what has made LCNs and LCEs work in “smart”
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materials, and then translating, adapting, and remixing to meet the requirements of new
manufacturing techniques.
Chapter 2 explores how current methods producing responsive cholesterics could find
use in conventional 3D printing using a thermoplastic poly(lactic acid) filament as host
polymer. It immediately highlights that simply applying known LC formulations to additive manufacturing techniques is problematic. Using sonication, the cholesteric polymer
network is fractured into submillimetre flakes. After assuming this new shape, response is
maintained, and successful compounding into a 3D printable filament is shown. Unfortunately, since the optical response of the LCN is dependent on water migrating into the
photonic polymer, its function is impaired by the impermeable host material.
A method to overcome this impairment is shown in the subsequent Chapters 3 and 4,
where a novel LC ink is synthesised for use in direct ink writing (DIW). The functionality
of this ink is first tested using bar coating, which shows that the formulation forms stable,
photonic coatings with bright colours. Compared to similar chiral nematic LCNs and
LCEs, the helical molecular planes are tilted with respect to the coating substrate, leading
to decreased circular polarisation selectivity from normal incidence. Printing a negative
photomask on an overhead slide demonstrates patterns can be imprinted on the coating
that retain their unconventional optical properties. It is expected the opening of avenues
towards security features on one hand, and decorative elements on the other will result
from this novel ink.
Given the positive bar coating results, the ink was loaded into a syringe for DIW.
Some optimisation during the translation from coating to writing was still required—
temperatures, printing speeds, layer thicknesses—all of these are shown to be of significant
influence on the eventual optical characteristics achieved after printing. Programmability
of the print path with DIW is a significant advantage of this technique, allowing for controlling of the direction in which the cholesteric slants, according to computer-designed
paths. Amidst the possibilities demonstrated by this technique with this material, it could
almost be forgotten that these results also are the first example of DIW 3D printing of
a cholesteric LCE into a soft, structurally coloured material. The optical response of a
cholesteric LC to water is, especially with future applications in sensing or healthcare in
mind, a useful stimulus-response to have in your materials library. The synthesis of an LC
ink that is both water-responsive and can be processed using DIW is demonstrated in the
final experimental Chapter 5. The synthetic pathway employed for this ink first required
synthesis of a suitable chiral dopant molecule, and with this, turquoise-coloured prints are
shown. After activating the printed objects with an acid, water response is seen as a change
of the structural colouration as well as a deformation of the object.
With these results in hand, we believe this thesis sketches a direction for the future additive manufacturing of photonic, structurally coloured polymeric materials with cholesterics. Chapter 6 discusses the future potential of the additive manufacturing of cholesterics,
highlighting what changes to the ink as well as the printing process can result in.

Chapter
Introduction and

1

Theoretical Background

Recent years have seen major advances in both additive manufacturing and
responsive materials. What has so far been “4D printed” using liquid
crystals? The 3D printing of responsive, structurally coloured materials
can be used to obtain functional optical devices for use in healthcare,
energy generation, sensing, and soft robotics. Liquid crystals, a prime
contender for the development of responsive optics, only recently have
entered the world of additive manufacturing. In this introductory Chapter,
a brief primer on additive manufacturing and liquid crystals will be given.
This chapter is reproduced from: M. del Pozo+, J. A. H. P. Sol+, A. P. H. J.
Schenning, M. G. Debije, Advanced Materials 34, 2104390 (2022).
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Optically responsive structures: what inspires us

Advances in materials science are often inspired by designs found in Nature. Throughout
the living world, tissues can be encountered that show bright, reflective colour—in some
species, these vibrant appearances are even able to autonomously change in response to
environmental changes: the blue wings of the Morpho menelaus change appearance when
soaked in ethanol (see Figure 1.1a) (1, 2), while the related Morpho sulkowskyi shows different colour changes depending on the solvent it is brought into contact with (3). Humidityresponsive effects have been observed in beetles: the longhorn beetle species Tmesisternus isabellae has colourful elytra that change in response to humidity (see Figure 1.1b) (4), while
the Hoplia coerulea’s blue colouration shifts to an emerald green with increasing moisture
content (see Figure 1.1c) (5), and the hercules beetle Dynastes hercules actually loses visible
colour when its shield swells with water (6). In the iridescent feathers of tree swallows
(Tachycineta bicolor), a limited change in reflection colour has also been observed when the
plumage is brought into contact with water.

a)

c)

b)

dry ethanol
soaked

dry

humid

increasing humidity level in elytra
Figure 1.1: a) Morpho menelaus showing optical response when its wings are exposed
to ethanol. Adapted with permission from ref. (2), copyright 2009 American Chemical Society. b) The elytra of Tmesisternus isabellae change colour from an iridescent
green to dark orange when water infiltrates the elytra. Adapted with permission from
ref. (4), copyright 2009 The Optical Society. c) Hoplia coerulea also changes colour
upon humidity exposure, from a violet blue to bright green. Adapted with permission
from ref. (5), copyright 2009 American Physical Society.

These colour changes share a significant concept in materials design: colouration is not
only achieved through dye molecules and pigments, but can also result from the periodic
ordering of materials (7–12). This teaches us that there is more to materials than just the
constituent molecules—it’s also about how these molecules are spatially positioned in the
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material bulk. When there is a periodic superstructure in the material with characteristic
length scales close to that of visible light wavelengths, the material can be observed to reflect
colour. This optical effect is known as “structural colour”, as it originates in the nanoscale
structuring of the material, either on the surface or in the bulk.
Similar to the natural examples, materials scientists can combine structural colour with
a material’s inherent stimulus response to make environmentally-sensitive devices that respond with colour changes. The ingenuity comes from rationally designing both the chemistry and photonic structure; to create materials that interact with light and respond to
stimuli or analytes, in such a way not seen before in the natural world.
Popular materials for emulating these natural, photonic effects are based on liquid crystals (LCs)—organic molecules, that because of their shape and molecular characteristics
self-assemble into ordered liquid “mesophases”. Addition of a chiral dopant—a chiral
species miscible with the LC—leads to the formation of a chiral nematic (“cholesteric”)
mesophase in which a helical superstructure reflects light when its periodicity is in the hundreds of nanometres. Over the past decades, cholesterics have led to the development of a
large variety of stimuli-responsive optical materials.
At the same time, the processing of materials is at a turning point. Additive manufacturing (AM) techniques are finding use in a growing array of sectors—nutrition (13, 14),
healthcare (15), aerospace (16), and construction (17), among others. The appeal of AM
lies in the ever-expanding number of materials that can be processed, and the freedom that
the techniques provide in the free-form design of objects. Colloquially known as “3D printing”, when stimuli-responsive materials are processed, it can be called “4D printing”, where
the additional dimension is derived from the stimulus-induced change after an unspecified
amount of time.
4D printing of structurally coloured materials represents the combination of two challenges: additively manufacturing an object that has internal or external structures suitable
for colouration, and having this structure be responsive. This thesis describes the first steps
in this journey towards the manufacturing of visually responsive materials and devices—
the use of cholesteric liquid crystals (ChLCs) as feed material for 3D printing techniques.
When combined with additive manufacturing, we are making use of the LC’s tendency towards self-organisation with the design freedom of 3D printing techniques to make structurally coloured objects.
This Chapter 1 describes the basic concepts surrounding additive manufacturing, (cholesteric) liquid crystals, how these technologies can be combined, and what the combination of these two has already resulted in. This introductory Chapter concludes with a brief
overview of the following experimental Chapters.

1.2 Additive manufacturing: bottom-up building
One can make the case that “additive manufacturing”—the umbrella term for 3D printing
techniques (18)—is derived from natural principles. Think of spiders building webs from
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protein fibres spun from their silk glands (19), species of birds constructing nests from
different objects and excretions (20), or humans building houses by additively combining
smaller building blocks (21).
AM has a couple of significant advantages over other manufacturing options. Compared to milling or chiselling, additive manufacturing techniques build objects by adding
material rather than subtracting it, allowing for possibly large material savings. While die
extrusion or injection moulding also conserve material, these processes are only economically viable at larger production volumes where many objects of identical design are required. 3D printing can fill the niche where specialised objects are needed only in smaller
quantities, down to single objects (22). It is for this reason AM is often used for “rapid
prototyping”—its original moniker—and has found its place in a variety of industries, including aerospace, automotive, and in specific the dental industry, where AM processes
are gaining traction since it eases personalisation of implants.
Two of the most important additive manufacturing strategies for polymeric materials
are light-based vat polymerisation and microextrusion. Both originate from procedures
developed at the end of the 20th century (23, 24). “Stereolithography” (SLA), the original vat polymerisation technique, works by irradiating and selectively polymerising a thin
layer of liquid resin using a scanning light source. Since the “printed” object is submerged
in a bath of its own monomer, SLA resin formulations are typically densely crosslinkable
monomer mixes to ensure good spatial resolution—both diffusion of generated polymer
chains away from the reaction site and monomer swelling of the newly-formed network impair resolution. “Digital light processing” (DLP) is similar to SLA, but utilises a miniature
liquid crystal display (LCD) or digital micromirror device (DMD) to irradiate entire layers
at once. For examples of what can be achieved with vat polymerisation and 4D printing,
the reader is referred to literature reviews on these topics (18, 25).
When considering the nature of the material feedstock, microextrusion techniques
might seem diametrically opposed to vat polymerisation. Rather than the low-viscosity
liquid resins used to fill the bath, extrusion relies on viscoelasticity. After deposition, setting is required to maintain the programmed shape, yet the material should freely flow
through a micronozzle under pressure. Such behaviour can be achieved with different materials. First, before we consider how the extrusion-based printing processes work, it is useful to take note of the procedure that takes place before the 3D printer can be used. In 3D
computer-aided design (CAD) software, the model-to-be-printed is created and exported
as a “stereolithography” file that contains the three-dimensional shape. Specialised “slicing”
software is then used to interpret the 3D model and translate it into “g-code” for the 3D
printer. This requires programming print head movement according to user-defined print
settings, following the boundaries of the 3D model. Most significant settings to choose
for common 3D printing methods are the extrusion and bed temperatures (depending on
printing material), the infill patterns that dictate in what fashion the object’s volume is filled
(parallel lines, perpendicular lines, hexagonal, honeycomb, spirals, or even others), and the
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Figure 1.2: a) Overview of the central element in direct ink writing (DIW): the syringe with micronozzle. Indicated are the locations of the ink, the heating mantle (for
temperature-controlled DIW), the micronozzle and the printed object. The panel to
the right shows a schematic close-up view of the nozzle and some important process
parameters in DIW: the nozzle diameter, the thickness of the deposited layer, and the
movement speed of the nozzle over the substrate. b) DIW machine in the laboratory
surrounded by the control equipment. c,d) Close-up views of a liquid crystalline ink
being deposited from the micronozzle.

layer height, which determines the correspondence between the physical 3D object and the
digital 3D object (25).
In “fused filament fabrication” (FFF) spools of solid polymer thread are fed into the
printing nozzle, heated beyond the melting temperature, Tm , and extruded through an
orifice typically less than 1 mm in diameter (18). Spatial coordinates dictated by the printing code determine the geometry of the final object. Having the feedstock in a solid state
when not being printed makes this technique relatively hassle-free; however, it does significantly limit the technique to thermoplastic materials. In FFF, conventional feedstocks used
are thermoplastics including poly(lactic acid) (PLA) poly(acrylonitrile styrene butadiene)
(ABS), and copolyesters (CPE). These materials are relatively easy to process, but do not
necessarily provide outstanding mechanical or thermal properties. Electrical conductivity
has been demonstrated after addition of carbon nanotubes (26), although this is not exactly
a time-dependent characteristic, and hard to qualify as “4D”. Closer to 4D was the addition of thermochromic pigment capsules to a static polymer matrix allowing for printing
colour-changing materials using FFF (27).
“Direct ink writing” (DIW) is a different microextrusion technique. By printing from
a syringe rather than a filament, the printing ink is also in a viscoelastic state during stor-
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age (18, 28). Since there are many material classes that can be found in the form of viscoelastic liquids, DIW is very versatile (13, 29–35). Mechanical or pneumatic force pushes
the material out through a nozzle. Movement of the nozzle, bed, or both, then leads to
deposition of the ink freely in x, y, and z, although care should be taken of gravity effects
on overhanging structures (see Figure 1.2a for a schematic overview of DIW).
DIW allows for a greater variety in materials deposited compared to FFF; as long as
the material can be loaded into a syringe from which it can be reliably extruded, and then
properly sets on the print bed, it can be “direct ink written” (see Figure 1.2b,c,d for a typical
DIW setup). A wide range of materials (thermoplastics (18), thermoset resins (32), foodstuffs (13, 33)) and precursors (to ceramics (29), silica glass (30, 31), hydrogels (34), and
artificial organs (35)) meeting these demands have been demonstrated with this technique.

1.3
1.3.1

Liquid crystals for responsive optics
Mesogens and mesophases

The term “liquid crystal” covers a large range of organic materials that at some temperature,
and in some cases a specific concentration, display molecularly ordered liquid phases (see
Figure 1.3a,b). Such materials were first described in the 1860s after being extracted from
plant matter (36); the name “liquid crystal” was minted a few decades later (37); Since
then, many different subclasses of liquid crystals have been observed, described, and defined (38). The LCs used in this thesis are of the “thermotropic” variety—these are LCs
that undergo several transitions upon temperature changes: crystalline to liquid crystalline,
between different liquid crystalline phases, and from liquid crystalline to isotropic liquid
(see Figure 1.3c). A further specification based on molecular shape leaves us with the rodlike “calamitic” molecules. Calamitics share two general design principles; (1) a stiff core
that can undergo π-π interactions, and (2) flexible aliphatic end groups.
Calamitic molecules can form a variety of liquid crystalline “mesophases”, this name
derived from Ancient Greek mésos, meaning “in between”. LC monomers are called “mesogens”, deriving from the same etymological origin. Resulting from the distinct elongated
molecular shape of calamitics are anisotropic material properties, such as differing dielectric permittivities and refractive indices along (εe , ne ) and perpendicular (εo , no ) to the
molecular long axis (Figure 1.3d). When the mesogens are forced into large scale alignment, having two refractive indices manifests itself as birefringence. At temperatures too
high for liquid crystalline behaviour, the material undergoes a transition to the isotropic
phase. This is paired with a loss of molecular order, and thus macroscopic expression of
the anisotropic molecular properties—a drop in viscosity and the disappearance of birefringence. Typically, this transition is between “nematic” and isotropic phases, and happens
at temperature TNI .
In this “nematic” mesophase (abbreviated as “N”), the molecules align along a common director n as visualised in Figure 1.3e but are otherwise free to flow (typical nematic
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Figure 1.3: a) A common reactive liquid crystal monomer (“RM82”) overlaid on the
schematic representation that will be used in this thesis to signify calamitic LCs. b)
Schematic representation of multiple mesogens with orientational order. c) Liquid
crystal phases typically occur between the crystalline solid and isotropic liquid phases
of matter. Transition temperatures are denoted by “T [ ₚₕₐₛₑ ] [ ₚₕₐₛₑ ] ”. d) Mesogens are
anisotropic, also in their dielectric characteristics. This is manifested as ordinary (εₒ,
nₒ) and extraordinary (εₑ, nₑ) relative dielectric permittivities and refractive indices. e)
Orientation of a single mesogen, offset from average molecular director n, by angle θ.
f) A variety of mesophases occurring for thermotropic, calamitic LCs. Indicated are the
molecular director n, and plane director in case of smectic phases. g) Three different
reactive liquid crystals commonly encountered in research works in this field. Notable
differences are the spacer chain length and the carbonate groups present in “LC 242”.
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Figure 1.4: a) Addition of a chiral dopant to a nematic phase organises the formation
of a cholesteric phase. Drawn to the right of the cholesteric phase is the molecular
director n’s helical orientation pattern (shown here is p/2, half the length of a full rotation), and the associated “helical director”. b) Photograph of a cholesteric coating on
glass. c) Schematic representation of a reactive mesogen. The reactive groups at the
ends are typically acrylates, methacrylates, vinyls, epoxides, or oxetanes. d) Chemical
structure of a common reactive chiral dopant, “LC 756”, overlaid on its schematic representation in this thesis.

reactive mesogens are shown in Figure 1.3g). Similarly, there are “smectic” mesophases
(abbreviated as “SmX” with X being a further subclassification), wherein besides molecular orientation, there is stratification through layer formation. Mesogens are not fixed
in position—they are free to move within and among layers, but temporally and spatially
averaged, the molecules organise into distinct layers. In smectic A (“SmA”), n is oriented
perpendicular to the layer direction; in smectic C (“SmC”) n is slightly inclined compared
to the layer normal (Figure 1.3f).
Of particular importance for this thesis is the cholesteric (Ch) mesophase, also known
as chiral nematic (N*), named after the cholesterol derivatives that first revealed the existence of such phases (36, 37, 39). The current interest for cholesteric phases derives from
the molecular organisation found therein: in a cholesteric, the nematic alignment director
stratifies into a 360° rotation. When the periodicity of this “rotation”—known as pitch
length p—is near the wavelength of incident light, reflection of light with the same handedness as the cholesteric helices is the result. Since the mesogens self-organise into this
photonic structure, it allows for relatively easy material preparation and application (see
Figure 1.4a,b) (40, 41). The following equations govern typical cholesteric reflectors:
λmax = p⟨n⟩ cos (λ)

(1.1)

Δλ = p (ne − no )

(1.2)

⟨n⟩ = (ne + 2no ) /3

(1.3)

p = 1/(HTPc)

(1.4)
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The wavelength reflected most strongly, λmax , is calculated by multiplying the cholesteric pitch length, p, average refractive index of the LC, ⟨n⟩, and cosine of the angle of
incidence, θ. For a “conventional” planar cholesteric, normal incidence (i.e. θ = 0°) reveals
the longest reflected wavelength. The reflection band stretches between ne - and no -extrema,
this determining bandwidth, Δλ. Pitch length p, which signifies the length over which n
makes a full 360° in-plane rotation, is determined by a “chiral dopant” and its weight fraction c. The helical twisting power, HTP (conventionally given in µm−1 ), is a value that
characterises the “twisting strength” for each specific chiral dopant-LC combination.
1.3.2

Reactive mesogens

A key aspect in the development of functional materials based on LCs is using “reactive
mesogens” (RMs); mesogens that are equipped with polymerisable chemical groups (see
Figures 1.3g and 1.4c) (42). Acrylates, epoxides or oxetanes are such chemical moieties,
which can be triggered with suitable (photo)initiators to form polymers, and if difunctional reactive mesogens are used, liquid crystal networks (the LCNs). In these tightly
crosslinked networks, the mesophase is fixed and temperature-dependent phase behaviour
is (mostly) lost. This widens the applicability of the LC’s anisotropic properties—as these
are now largely decoupled from temperature, and the material no longer flows.
Originally developed as sheathes for fibre optics (43), these materials have since been
used for material and device concepts in the fields of water purification (44), energy harvesting (45), and soft robotics (46), just to name a few. And—as Chapter 1.3.3 will highlight,
polymers based on LCs have also been used for environmentally-sensitive optics.
1.3.3

Responsive structural colour based on cholesterics

Similar to reactive mesogens, chiral dopants can also be functionalised with polymerisable
chemical groups (e.g. “LC 756”, see 1.4d) (40), aiding incorporation into crosslinked LCs.
This also means that the cholesteric mesophase can be fixed in the form of a stable, structurally coloured polymer material. When using a cholesteric as “smart” photonic material,
changing molecular order influences the reflection characteristics (Figure 1.5a).
Responses to organic solvents are inherent to the material, but may lead to a significant
appearance changes nonetheless. This was shown for an LC elastomer (LCE)—an LCN
with a lower degree of crosslinking—where the reflection band would swell to infrared
wavelengths, rendering it transparent to a human observer (Figure 1.5b) (47). Several solvents were applied, highlighting the LCE did not swell in strongly polar solvents such as
water or alcohols.
Polar solvent response has been demonstrated with LCNs that contain a large fraction
of reversible, physical crosslinks based on hydrogen bonded carboxylic acid dimers (52).
Such materials require an activation step that forms charges in the material’s interior, for
instance deprotonating the aforementioned carboxylic acid groups into carboxylates. The
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Figure 1.5: a) Schematic drawing showing the swelling process in a ChLC. Upon using a suitable trigger, the cholesteric pitch length p increases, leading to reflection of
longer wavelengths, visually observed as a red shifted structural colour. NB: the “helices” shown are for ease-of-interpretation, and do not represent the physical mesogen alignment. b) Cholesteric LCE film showing a reversible optical response to acetone. Adapted under the terms of the Creative Commons CC BY-NC licence from
ref. (47), copyright 2020 Wiley-VCH. c) A ChLCN film swelling with water, revealing
a pre-programmed figure. Adapted under the terms of the Creative Commons CC BYNC-ND licence from ref. (48), copyright 2018 American Chemical Society. d) A similar
ChLCN hydrogel, this time fabricated at the microscale using 2PP-DLW. Adapted under the terms of the Creative Commons CC BY-NC-ND licence from ref. (49), copyright
2020 American Chemical Society. e) A soft cholesteric LCE that shows a blue shift resulting from pitch compression upon biaxial stretching. Adapted with permission from
ref. (50), copyright 2001 Wiley-VCH. f) A ChLCE that undergoes optical and dimensional changes upon temperature changes. Adapted under the terms of the Creative
Commons CC BY-NC-ND licence from ref. (51), copyright 2021 Wiley-VCH.

ionic carboxylates readily attract moisture which leads to the LCN swelling with water.
This swelling influences the cholesteric pitch length p, visually observed as a colour shift.
Because of the carboxylic acid’s specificity for binding calcium(ii) cations, thin films based
on similar LCN formulations have been proposed for biomedical environments (Figure
1.5c) (53). Applicability in food safety has been postulated based on the carboxylic acid
interacting with volatile amines from spoilt fish (52). The reversible degree of physical
crosslinking these LC mixtures allow has been exploited with two-photon polymerisation
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direct laser writing (2PP-DLW), a vat polymerisation technique, to fabricate micrometresized, humidity-responsive, reflective photonics (Figure 1.5d) (49). Water-response has also
been achieved, not by generating charges on the LCN itself, but by impregnating it with
another polymer that serves as hygroscopic agent (54, 55).
Dimensional changes in cholesteric films also influence the pitch length—as the material is strained along directions perpendicular to the helix director, the pitch contracts
and light reflection is blue shifted (48). This effect is most pronounced in “elastomeric”
ChLCs, which feature low degrees of crosslinking and are amenable to large dimensional
changes. The large spectral changes upon deformation have been used to design optical
strain sensor prototypes (Figure 1.5e) (55–57).
Using a “double polymerisation” strategy, reversible stimulus-responsive dimensional
and colour shifts can be achieved by adding a dithiol and tri- or tetrafunctional thiol to the
LCN formulation. First, reactive groups from thiol species react with acrylate groups on
the mesogens. Since there is thiol with functionality higher than 2, a network is formed.
This first network allows for deforming the material elastically and fixing a deformed state
by crosslinking excess acrylate groups. Changes in temperature then allow for switching between the shape of the first and second networks (Figure 1.5f) (51). Alternatively, dynamic
covalent chemistry can be used to selectively lock in changes in the reflection characteristics
by straining and then reconfiguring the network topology in situ (58).

1.4

Using liquid crystals in direct ink writing 3D printing

1.4.1

Synthesising a liquid crystal elastomer precursor ink

The examples presented so far demonstrate how LCs can be used to design responsive optics. However, most of these devices were made as thin films, or using LC formulations
that are not suitable for centimetre-scale AM techniques based on microextrusion. To this
end, the LC must be modified, changing its viscoelastic properties into something that can
be extruded from a nozzle, but retains printed patterns after deposition.
The reactive acrylate groups found in many reactive mesogens provide a good entry
point for the rheological modification about to be performed. Making use of amineacrylate “aza-Michael” or thiol-acrylate “thiol-Michael” chemistry allows for chemical concatenation of the RMs using “chain extenders” such as primary aliphatic amines and
aliphatic dithiols (see Figure 1.6) (59, 60). This oligomerisation reaction acts as an addition polymerisation, where the average chain length of the newly formed oligomers grows
as the reaction proceeds. The final average length of the oligomer mix (xLC ) is primarily
dependent on the stoichiometry (25):
ndiacrylate
nextender

=

xLC
xLC − 1

(1.5)

The resulting elastomer precursor ink is a mix of different LC oligomers. A photo-
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activated free radical initiator is added either before or after the chain extension reaction,
to crosslink the oligomers into a chemically bound network after processing of the ink.
By tuning the reactants employed during oligomer synthesis, it is possible to adjust the
nematic-isotropic transition temperature TNI from around the boiling point of water to
below physiological temperatures (37 °C). For more detailed information, the reader is referred to the literature (25, 61).
As mentioned in Chapter 1.3.1, chiral dopants lead to the formation of chiral nematic
phases; the characteristic pitch length of these nematic phases being dependent on the
weight fraction of the chiral species. A further observation that must be considered when
synthesising a cholesteric LCE ink, is that the HTP of a chiral dopant decreases with increasing oligomer chain length (47). When taking benchmark chiral dopant “LC 756” as
example, it is found that in low-molecular weight LC mixes a few weight percent gives
visible wavelength reflection (40), while in a chain extended material the required concentration is increased. There does not seem to be an obvious trend however; results show that

a)

monomer reaction mixture

b)

oligomer mixture
chain extension agent

Typical chain extension agents
H2N

for amine-acrylate:
n-butylamine (nBA)
HS

O

O

SH

c)

for thiol-acrylate:
2,2′-(ethylenedioxy)diethanethiol (EDDET)

d)

catalyst (if applicable)

100
50
30
20
10
5
3
2
1

number of
linked mesogens

reactive mesogen

1.0 1.2 1.4 1.6 1.8 2.0
molar ratio diacrylate to chain
extender (mol mol-1)

triggering of
free radical
polymerisation
initiator ( )

LC oligomer mixture

crosslinked LC elastomer

Figure 1.6: a) Schematic representation of the oligomerisation reaction, showing the
function of the reactive mesogen, chain extension agent, and catalyst. After the reaction, a mixture of different oligomer lengths is typically achieved. b) Typical chain
extension agents are n-butylamine and 2,2 ′ -(ethylenedioxy)diethanethiol. Both operate as difunctional species in terms of their reactivity. c) Plot showing the relationship
between stoichiometric ratio between reactive mesogen and chain extension agent,
and the expected average chain length after 100 % conversion. d) Schematic drawing
of network formation (LCE) from the printed material (LC oligomer ink).

Introduction and Theoretical Background

|

23

in a thiol-acrylate oligomer based on mesogen “LC 242”, 5.66 % w/w “LC 756” is sufficient
for visible reflection (62), while in an oligomer made with “RM82” and n-butylamine, the
required concentration is about twice this amount (56, 63).
1.4.2

Direct ink writing of liquid crystal oligomer inks into smart devices

The feasibility of using non-cholesteric LC oligomer inks in a DIW procedure has been
demonstrated quite extensively. Most of these applications make use of an inherent result
from the DIW process: the shear and elongational forces present during ink deposition lead
to mesogen alignment along the print path direction (see Figure 1.7a,b). As increasing the
temperature decreases order, which in turn leads to a contractile strain α along n (64, 65),
DIW has been used successfully for many “soft robotics” concepts where the LC ink is
printed into a device that contracts strongly upon temperature increase (66–70). Some
examples of such “artificial muscles” are presented in Figure 1.7c. Through combining
multiple LCE muscles in a single device, a sustained rolling motion over a heated surface
was shown (71).
A significant downside to temperature-sensitivity is that temperature as a trigger is
rather complicated to target precisely and quickly, since it typically requires heating of
the larger environment surrounding the LCE actuator. A more precisely controllable trigger is light; molecular photoswitches such as azobenzene derivatives have been used to incorporate a light-response in printed, aligned LCEs, leading to directed bending or contraction under stress when irradiated with ultraviolet radiation (λ = 365 nm, see Figure
1.7d) (72, 75). Alternatively, conventional dyes and pigments can also be used as photothermal additives. Carbon black is such an example, which has been used in a prototype
urological implant (61).
Reconfigurability of direct ink written devices was shown by incorporating vinyl
groups in the LCE (73). As the chemical reactivity between vinyl and acrylate towards
free radical polymerisation is different (76), the vinyl groups are limitedly converted during the first acrylate crosslinking step. After heating the object to its “actuated state”,
the remaining reactive groups can be triggered in a second photo-induced crosslinking
step, fixing the actuated state in place (see Figure 1.8a). Another type of reconfigurability was demonstrated by incorporating hydrogen-bonding 2-ureido-4[1H]-pyrimidone
(UPy) groups and furan-maleimide groups, for reversible Diels-Alder chemistry (see Figure
1.8b) (74). These concepts open the way to LCE actuators that can be applied in multiple
use cases through re-designing their shape or actuation pathway.
Recently, it was shown that hydrophilicity can be introduced in LCEs by using (tertiary) amines as chain extension agent (77), or alternatively by oxidising the crosslinked
elastomer with aqueous hydrogen peroxide (78). When swelling with water, the alignment
of the liquid crystals together with the diffusion gradient of liquid within the film determine the final deformation (44). Integration of electrical conductivity has been shown by
mixing in a eutectic liquid metal into the LC oligomer ink (79), or by printing “core-shell”
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a)

b)

d)

c)

T < TNI T < TNI T > TNI

OFF
ON
OFF
ON
light intensity 200 mW cm-2

Figure 1.7: a) Schematic depiction of mesogen alignment during DIW: in the syringe
and nozzle, and after deposition. b) Example showing how mesogenic alignment can
be gauged using crossed polarisers. The crossed-arrow marks indicate the orientation
is these polarisers. NB: the “H” is printed in a top-to-bottom pattern, on top of a full
layer of LCE, printed at 45° relative to this. Adapted with permission from ref. (67),
copyright 2018 Wiley-VCH. c) Soft “artificial muscle” lifting a 20 gram weight against
gravity upon crossing the LCE’s nematic-to-isotropic transition. Adapted with permission from ref. (67), copyright 2018 Wiley-VCH. d) A similar device, but through incorporation of an acrylate-functionalised photo-responsive azobenzene derivative, sensitive to ultraviolet light. Reproduced with permission from ref. (72), copyright 2020
American Chemical Society.

architectures where a core of liquid metal is encapsulated by a sheath of LCE (80, 81). In
such materials, the electrical conductivity can be used for two purposes: for sensing, as the
resistivity can change after deformation, but more importantly, for driving the strong LCE
contraction through resistive heating.
1.4.3

Direct ink written liquid crystal elastomer optics

To date, there is little mention of DIW-printed LCEs as optical devices for light manipulation, with just two examples: a temperature-responsive lens (see Figure 1.8c), and a
temperature-responsive variable transmission element (see Figure 1.8d). Both are based
on static optical materials, relying on the LCE to undergo a dimensional change with temperature and with that, influence the optical properties of the device.
What is lacking are examples of direct ink written, centimetre-scale printed objects
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b)
[i]

[ii]

[iii]

[iv]

d)

Figure 1.8: a) Reconfigurable LCE actuator that actuates with increasing temperature,
and can subsequently be fixed in this state with residual reactive groups present in
the LCE. Reproduced with permission from ref. (73), copyright 2020 Wiley-VCH. b)
A different reconfiguration concept that makes use of an azobenzene derivative for
light-induced actuation, and dynamic physical (hydrogen bonding) as well as chemical
(dynamic covalent chemistry) crosslinks for both thermal and light-induced network
bond shuffling. Adapted with permission from ref. (74), copyright 2021 Wiley-VCH. c)
PDMS-LCE composite that acts as lens at higher temperatures; the LCE ring contracts,
forcing the PDMS outwards, leading to light focussing. Reproduced under the terms of
the Creative Commons CC BY-NC-ND licence from ref. (68), copyright 2018 Wiley-VCH.
d) A rotating element containing a polarisation filter that can be turned by heating the
LCE fibres holding it in place. Reproduced under the terms of the Creative Commons
CC BY-NC-ND licence from ref. (68), copyright 2018 Wiley-VCH.

in which the LCE is the structurally coloured element. Looking beyond cholesterics, at
colloidal array hydrogels and block copolymers, reveals some examples of printed structurally coloured materials (82–84), but the desired responsiveness is absent, or not reported.
Cholesterics—their function in “smart” materials proven—are a prime candidate for the
development of stimuli-responsive, structurally coloured 3D printing inks.

1.5

Outline of this thesis: where do we go from here?

AM is rapidly being adopted throughout academia and industry, with an ever-increasing
materials library at the disposal of the user (18, 85). Cholesteric liquid crystal-based materials can be a valuable addition to this library. Additionally the soft, rubbery nature of
LCEs also allow use in applications where hard materials are undesired, such as when interfacing with living matter. Of great scientific interest at the moment, are 3D printed soft
robotics (86). Adding responsive cholesterics to these could not only increase their aes-
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thetic appeal, but could also be the basis of (self-)sensing capabilities, or as optical element
in photonic soft robots.
Chapter 2 demonstrates the possibilities, but also the challenges encountered, when trying
to translate known responsive LCN concepts to FFF 3D printing. A cholesteric LCN is made
according to conventional procedures and fractured into micrometre-sized flakes that retain visible optical response to humidity. These particles are then compounded with PLA
into a printable filament. The resulting printed objects show brightly coloured flakes, but
no sign of water-response.
Chapter 3 is a report describing the road towards making cholesterics printable by themselves, so to avoid interfering polymer matrices. Combining a cholesteric LC formulation
with one-pot oligomerisation chemistry yields a vibrant, colourful ink. Bar coating is used
to make coatings with this material and reveals that the helical axis of the cholesteric can
be inclined to generate a slanted photonic structure, a molecular alignment that previously
required intricate alignment conditions. The aesthetic prowess of this material is finally exhibited after a photolithography step that embeds two-dimensional designs in the coatings.
Chapter 4 chronicles the direct ink writing of the cholesteric ink into highly customisable
patterned structurally coloured objects. Upon closer inspection, these objects printed with
direct ink writing are not only the first DIW-printed cholesteric elastomers, but also the
slanted alignment achieved with bar coating is successfully translated to this AM technique.
Increasing the printing speed leads to this inclined helical structure, the direction of which
can be freely programmed using the DIW machine. Printed objects can be released from
the printing substrate to reveal rubbery, structurally coloured polymers.
Chapter 5 revisits the goal of the second Chapter—a printable, water-responsive photonic
material; by tuning the chemistry of the cholesteric ink, a water-responsive material suitable
for DIW is shown. Using a slightly different oligomerisation reaction compared to the preceding Chapters, a photonic LC ink is synthesised that acts as a hydrogel after an activation
treatment with aqueous acids. Swelling with water is directly transduced into a visual and
mechanical response. This shows the road for soft, direct ink written, photonic actuators.
Chapter 6 sketches the road for future developments. The research results shown in this
thesis are discussed in light of the evolving field of “4D printing” and their applicability in
the wider world is discussed. The concluding Chapter closes with a look at how to ensure
a life for stimuli-responsive LCs in the coming decades.
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Chapter

2

Responsive Photonic Liquid
Crystalline Flakes Produced
by Ultrasonication

Could a conventional polymer 3D printing ﬁlament be made into an optical
sensor by incorporating a responsive structurally coloured cholesteric
additive? In this Chapter, we demonstrate the use of ultrasonication of
responsive cholesteric liquid crystal network ﬁlms to form structurally
coloured ﬂakes that demonstrate colour changes when brought into
contact with water, suggesting a scalable technique to form quantities of
responsive particles that could conceivably be embedded in permeable
hosts to allow the optical detection of humidity or speciﬁc chemical
species.

This chapter is reproduced from: J. A. H. P. Sol, L. M. Kessels, M. del Pozo,
M. G. Debije, Advanced Photonics Research 2, 2000115 (2021).
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Introduction

The perception of colour has played a critical role in human development, helping the earliest peoples to judge the ripeness of food, vital for their safety (1, 2). For this reason, human
vision has evolved to be most sensitive in the range of 380 to 780 nm (3). Visible colours
result from light absorbance, luminescence by pigments, or photonic systems that generate
vivid colours via selective reflection of the electromagnetic spectrum as a result of nanoscale
arrangement of their constituent materials (4). Using structural rather than pigmental or
luminophore-generated colour has some key advantages. First is that structural colour is
generally less susceptible to degradation. Secondly, the structured materials may also be
made dynamic: when the material is swelled or contracted by exposure to environmental
factors, the result may be dramatic colour changes, which could be harnessed for use as
sensors (5).
As discussed in Chapter 1, liquid crystals (LCs) are positioned to be the basis of many
responsive structurally coloured materials. Addition of a chiral dopant to a nematic LC
leads to the formation of a light-reflecting chiral nematic phase, in which the depth spanned
by a 360° rotation of the directors of the LC planes is labelled the “pitch”, p. The product
of p, average refractive index ⟨n⟩, and the angle of observation θ yields the wavelength of
maximum reflection: λmax = p⟨n⟩ cos (θ).
By polymerizing the reactive ChLC monomers into a ChLC network (ChLCN), one
makes a step towards materials applicable as photonic plastics. Almost always described in
thin-film format, these materials have served as visual security features (6), and indicators
for temperature (7, 8), medical conditions (hypo- or hypercalcaemia) (9) or chemical analytes, such as for volatile low molecular weight amines (10). Furthermore, owing to their
vibrant, angle-dependent colour, ChLC materials have been used in the decorative coatings
industry as effect pigments (11), and recently as organic solvent-responsive coatings (12).
An alternative to a fully cholesteric coating is based on spherical cholesteric particles embedded in a non-LC binder, although high concentrations of the particles are required (13).
In this Chapter, we present a process that will allow broader application of a wide variety of ChLC-based materials by generating small form factor responsive flakes that can
be used as additives for otherwise static hosts to expand their application towards sensing applications. LCN flakes have found use in display technology (14–18) as well as for
decorative elements (19, 20) before, and can be made with a variety of manufacturing
methods, including cryogenic (19) and mechanical (21, 22) fracturing, and “soft lithography” (14, 18, 23). Ultrasonication, a technique used in cellular biology and chemistry
to release cell contents by rupturing cell membranes (24) and as method to de-aggregate
nanoparticles (25), has been presented once, but not for responsive LCNs (26). Herein,
we present ultrasonication as a viable method of reducing ChLCN film dimensions while
preserving stimulus-responsive colour change capabilities of the particles, and with thorough characterisation of the material along all steps of fabrication and incorporation in a
binder material.
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2.2 Results and discussion
2.2.1

Photonic film fabrication

The photonic ChLCN films were made by combining two reactive mesogens, 1 and 2,
with chiral dopant 3 to induce a helical twist in the nematic structure of the liquid crystal
(see Figure 2.1 for relevant molecular structures). Hydrogen-bonded dimers 4 and 5 were
added to allow for both reversible reduction of the crosslink density in the film as well as
tuning its polarity, with the goal of sensitizing the reflected colour to H2O content. Nonreactive mesogen 6 is added as a sacrificial species: before and during polymerisation it
helps maintain liquid crystalline order, while after fashioning of the film, it is removed
to leave behind a permeable interior in the ChLCN film. Photo-initiator 7 initiates the
free radical polymerisation that links up the acrylate groups, immobilizing the photonic
ChLC alignment. The resulting LC transitions to and from the isotropic phase around 68
°C before polymerisation (see Figure 2.1).
Depending on the size of cholesteric film desired, up to 100 µL of monomer mixture
was placed on a glass slide heated to 80 °C. Shearing the LC mixture between poly(vinyl
alcohol)-coated (PVA) glass substrates gave rise to a vibrant photonic reflector. After inducing polymerisation with intense ultraviolet light and removing the material from the LC
alignment cell, a strongly coloured film is obtained (ChLCN λmax ≈ 605 nm, Figure 2.2a).
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Figure 2.2: a) ChLCN coating after polymerisation (1), after porogen 6 extraction (2),
after 0.1 M KOH treatment and drying to air (3), and after swelling in water (4). The
scale bar corresponds to 10 mm. b) FT-IR spectroscopy before (blue line), and after
photo-induced crosslinking (violet line, N.B. 985, 1410 cm− ¹), after extraction of porogenic mesogen 6 (green line, N.B. 2225 cm− ¹), and after treatment in 0.1 M KOH solution (yellow line, N.B. 1380, 1550, 1680 cm− ¹). c) UV-Vis spectroscopy after each
processing step of the ChLCN material: the initial film (violet line), after the THF treatment (blue line), after 1.0 M KOH treatment which opens the pores, dried (turquoise),
after swelling (green) and after 0.5 M aqueous HNO3 treatment to close the hydrogenbonds in the ChLCN (yellow). d) Circular polarisation-controlled UV-vis transmittance
measurements for the ChLCN after removal of 6, and after the base treatment in the
dry and swollen (“wet”) states.
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Acrylate conversion was confirmed by the disappearance of the Fourier-transform infrared
(FT-IR) signature peak for the acrylate (ν̃ ≈ 985, 1410cm−1 , Figure 2.2b) (27). Placing the
cell filled with the solid, polymerised film in 50 °C water quickly dissolved the PVA sacrificial layer, releasing the ChLCN. After soaking in tetrahydrofuran (THF), porogenic,
non-reactive compound 6 was removed (Figure 2.2b, ν̃ ≈ 2225 cm−1 ), resulting in partial
collapse of the network and a subsequent blueshift of the reflection (to λmax ≈ 480 nm,
Figure 2.2c). A treatment with an alkaline KOH solution (0.1–1 m in H2O) resulted in
a strongly hygroscopic network that easily absorbs moisture from the surrounding air—
for instance by breathing over the film surface or submerging in water. FT-IR confirms
scission of the hydrogen-bonded carboxylic acid dimers (ν̃ ≈ 1680 cm−1 ) as well as the
formation of a polymer salt featuring negatively charged carboxylate groups ( CO2–, at
ν̃ ≈ 1380, 1550 cm−1 ) (53). The maximum of the selective reflection band shifted to
λmax ≈ 500 nm after treatment.
Subsequent soaking in water of the lye-exposed film reveals a red colour (λmax ≈
600 nm). From past work it is known that these colour shifts are directly related to the
physical swelling and de-swelling of the polymer network (6, 28). Additionally, FT-IR results show no significant weakening of the ester bond peaks (see ν̃ ≈ 1730 cm−1 for C O,
ν̃ ≈ 1200-1300 cm−1 for C O C bonds). As described previously for this ChLC composition (6), the polymer salt can be reverted back into a hydrogen-bonded material through
an acid treatment, using for instance aqueous HNO3; we demonstrate partial reversion
after a 90 min exposure (see Figure 2.2c).
Characteristic of cholesterics is their selectivity towards reflecting light of a single circular polarisation, in the case of chiral dopant 3, right-circular polarised. This behaviour
is maintained through the base treatment, in both dry and swollen states of the polymer
salt (see Figure 2.2d). This is significant for possible future uses wherein circular polarised
reflection is used as information carrier. While the circular polarisation reflection is maintained, narrowing of the reflection bands is seen, an effect resulting from the loss of birefringence during formation of the polymer salt (29).
2.2.2 Fracturing of ChLCN films into photonic flakes and their photonic response
For breaking up of the ChLCN films into flakes, the films were transferred to a vial filled
with demineralised water (ca. 5 mL). A sonication probe tip was placed in the liquid and ultrasonication initiated. Within the first few seconds, the large centimetre-sized film breaks
up into a myriad of small pieces.
The size of the flakes is quantified using digital image analysis. During and after ultrasonication, samples were taken from the aqueous flake dispersion, dried on a glass slide
and imaged using polarised optical microscopy. Between crossed polarisers, the brightly
coloured Grandjean texture provides good contrast with the dark background, which
greatly eases the image analysis procedure. Micrographs for each sample were analysed to
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Figure 2.3: a) Optical microscopy images taken between crossed polarisers of the dry
ChLCN flakes observed after 15 min (top) and 100 min (bottom) ultrasonication. The
scale bar corresponds to 500 µm. b) Detail from the image in Figure 2.3a: example
of how Feret’s diameters are calculated. The scale bar corresponds to 250 µm. c) The
ChLC particle Feret’s diameter versus ultrasonication time for untreated (red) and KOHtreated material (black). d) Photographs taken during the ultrasonication procedure
showing that at longer sonication times, the medium becomes increasingly cloudy. e,f)
Scanning electron micrographs of the fractured ChLCN in the polymer salt form at different length scales.
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give a mean “Feret’s diameter”, as well as the deviation of this value within the sample.
The Feret’s diameter that the analysis software ImageJ reports in this case is the diameter
of the smallest circle that entirely circumscribes the imaged particle, and this is a measure
of the length of a particle along its longest axis. For proposed applications as a dopant in
fused filament fabrication (FFF), we feel that this is a useful metric to estimate whether the
ChLCN flakes might get stuck in the FFF nozzle orifice; for a conventional FFF 3D printer
as utilised here is the nozzle diameter is 0.4 mm.
Samples collected throughout the ultrasonication procedure show that the median
Feret diameter decreases with sonication time up to a point (see Figure 2.3). The storage
modulus E ′ of hydrogen-bonded LC films drops significantly after base treatment (30)
as the crosslinks attained from carboxylic acid dimers are weakened. We assume that the
fracturing efficiency during ultrasonication is dependent on the mechanical properties of
the polymer network, i.e. that with a lower modulus, more rapid fracture is seen. As expected, fracturing proceeds more slowly and yields larger flakes for the untreated ChLCN
films compared to the KOH treated films. After ca. 55 minutes of ultrasonication of 0.1
m KOH treated polymer, a steady state of about 150 ± 75 µm is found. Using a microporous glass filter (10-16 µm pore size) the flakes were removed from the aqueous dispersion,
washed with demineralised water, and finally dried to obtain a polymer powder. Scanning
electron microscopy images indicate the periodic alignment pattern is maintained, also in
the swollen polymer salt (see Figure 2.3e,f).
A study of film thickness on ultrasonication efficiency revealed no significant correlation: for films made in 6, 10, or 20 µm gap cells, median Feret’s diameters of 189, 198, and
176 µm were found after 40 min of ultrasonication, respectively. Similarly, larger ChLCN
films fabricated in 69 × 69 mm2 cells were sonicated using an identical procedure and resulted in similar median Feret’s diameters of 160 µm. Processing multiple individual films
in a single batch demonstrated at least 4 large films (≈200 mg) can be fractured simultaneously without significantly affecting the final flake sizes. In terms of upscaling, this means
that flake production rates can be increased more than an order of magnitude (from 10
mg per 30 × 30 mm2 film, to 200 mg for 4 films of 69 × 69 mm2 ) without changing the
procedure or its parameters.
Interestingly, in some cases we observed that flakes formed during ultrasonication were
green instead of red, the expected colour for the material in its fully hydrated state. Using
FT-IR spectroscopy, it was confirmed that this is a result of hydrogen bond reformation
(ν̃ ≈ 1680 cm−1 ), a reaction that could be easily reversed by treating these flakes with 0.1
m KOH solution. While sonication could also be done in an alkaline solution to prevent
protonation of the carboxylic acid groups, chemical resistance of the sonication probe and
its housing should be confirmed first.
The flakes, after filtration from the sonication medium and a washing step in demineralised water, show the same responsive behaviour as seen for the intact films (Figure 2.4a).
In the dry polymer salt state, a green reflection is observed which red shifts within seconds
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after wetting the flakes. Drying is done under ambient conditions but can be sped up by
heating the material, in this case with a heating plate at 100 °C, which removed water from
the cholesteric particles within seconds, reverting the colour to green.
In situ UV-vis spectrophotometry was used to record light reflection spectra of the
flakes at different humidity and temperature conditions. To aid the recording of reflectance
spectra, the optical microscope was set to brightfield reflection mode, a spectrophotometer
was connected to the camera port and the cholesteric sample was placed between crossed
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Figure 2.4: a) ChLC flake powder in the dry state (top), after soaking in demineralised
water (middle), and after drying on a 110 °C hot plate. The scale bar corresponds to
10 mm. b) Left, UV-vis reflectance spectra of a single ChLC flake at a constant temperature (T = 19 °C) for increasing levels of relative humidity (from 40 to 80 RH%).
Right, UV-vis reflectance spectra for a single flake at constant relative humidity (75
RH%) at different temperatures (from 18 to 50 °C). c) Optical polarised microscopy
photographs of the flake analysed at constant relative humidity (75 RH%) for different
temperatures (see Figure 2.4b) starting at 50 °C (leftmost) and ending at 18 °C (rightmost). The scale bar corresponds to 20 µm.
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linear polarisers. The reflected light that makes it to the spectrometer is in this way rid
of light reflected through Fresnel reflection, and only the circularly polarised cholesteric
reflection is measured (28).
Figure 2.4b clearly demonstrates that at constant temperature, the wavelength of maximal reflection is strongly dependent on the surrounding humidity, shifting from ca. 570
nm at 40 RH% to 630 nm at 80 RH%. As shown in prior research, below 40 RH%, no
significant shift in the reflection band occurs with increasing relative humidity (28, 31).
The colour shift can also be achieved by maintaining a constant humidity level and lowering the temperature (see Figure 2.4c and Video S2). This shift relies on the condensation
of water into the flakes. An atmosphere with 75 RH% at an air temperature of 23 °C has
a corresponding dew point of 18 °C (32, 33); this means that when the flakes are cooled
from 50 °C, the evaporation rate of water from the flake progressively decreases, gradually
filling the polymer with moisture. Upon crossing the dew point (i.e. T ≤ 18 °C) the water
condensation rate surpasses the evaporation rate leading to water droplets forming onto
the flakes and causing maximum swelling and red shift as is seen clearly in Figure 2.4c (49).
Although not demonstrated here, the chemistry employed for these responsive flakes
could allow for tuneable crosslinking using ions, calcium(ii) for example (6). Divalent Ca2+
species bonds two carboxylic acid groups: combined with the high degree of order in this
liquid crystalline network, the concentration of Ca2+ significantly influences the degree
of water uptake by the material, and thus should also influence the maximum wavelength
shift between dry and wet states.
In all previously reported cases where ChLC flakes are employed as optically active
components for flexible reflective displays (14, 16, 18, 23, 34), windows (26), circular
polarisation-dependent security labels (8), or as effect pigments for decorative coatings (11),
the cholesteric material is based on a densely crosslinked polymer network with a static
photonic structure.
The material described in this Chapter resembles the flakes described in the aforementioned reports, but with the added feature of optical responsivity to environmental water
after breaking the supramolecular physical crosslinks formed through hydrogen bonding.
During the colour change from green to red, the material takes up H2O, causing swelling
along the direction of the photonic cholesteric helix. This makes incorporation in conventional matrices difficult, as there is need for both permeability to moisture, as well as room
for the photonic particles to swell.
Nevertheless, to demonstrate the processability of these responsive flakes, we compounded them with poly(lactic acid) (PLA) into a fused filament fabrication (FFF) 3D
printing filament, at a 1 % w/w ratio ChLC flake to polymer matrix. Flakes were produced
in 69 × 69 mm2 cells to generate larger amounts of photonic material. These were activated, sonicated, dried, and added to about 50 g PLA granulate. Mixing was performed
by hand, after which the granular blend was poured into a single-screw compounder set to
output a 2.85 mm diameter filament (Figure 2.5a). As can be seen from the photograph,
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Figure 2.5: a) 2.85 mm PLA filament with incorporated photonic cholesteric flakes.
b) Polarised optical microscopy photograph of the projected object in reflection mode
showing the incorporation of the flakes in the isotropic polymer host. The scale bar corresponds to 500 µm. c) 3D object printed using black PLA as support with a single layer
of photonic flake-doped, transparent PLA. d) Reflectivity of two 3D printed squares
with one (black line) and zero (orange line) 0.2 mm thick ChLCN flake-containing top
layers, and of a 3D-printed object with one 0.1 mm thick ChLCN flake-containing top
layer (blue line), showing the reflectivity of the samples.

the flakes are well dispersed in the filament. After using this filament to print 3D objects,
the flakes can be observed through polarised optical microscopy as well as visually (Figure
2.5b,c). UV-vis reflectance data shows a modest reflection peak around λ = 610 nm, which
is similar to the LCN flakes in the hydrated state (Figure 2.5d).
The processability limits of these flakes do pose some issues, as hinted at by thermogravimetric analysis (TGA, see Figure 2.6). The flake material is heated and maintained
at 200 °C for 20 minutes to simulate filament compounding and printing procedures. At
this point, 11 % of the original mass is lost in the form of evaporated H2O. Otherwise, the
material is stable, showing no other ill-effects from the treatment, indicating it is suitable for
incorporation in low melting point polymers, such as PLA. The composite was processed
at 190 °C and 3D printed at 200 °C. However, the barrier properties of PLA, with limited
moisture uptake (35), limit functionality of the responsive photonic dopant. Trials with
a more hydrophilic polymer, polyamide-6 (PA6) (36), showed that these stability limits
were exceeded. The processing temperatures for PA6 are significantly higher, and no flakes
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Figure 2.6: Thermogravimetric analysis (TGA) of the ChLCN flakes after alkaline activation. Indicated in the figure are the processing windows of polymers PLA and PA6
for extruding FFF filament. The hydrated ChLCN flake material was held isothermal at
200 °C for 20 minutes.

could be visually identified in the resulting filament. This is likely due to the prolonged
exposure to higher temperatures in the filament extruder (≈260-270 °C). At these temperatures, terminal degradation of the cholesteric polymer flakes sets in.
To show responsivity may be maintained after incorporation of the photonic additive in an appropriate polymer host, the flakes were dispersed in an aqueous solution of
poly(vinyl alcohol) (PVA) at 5 % w/w ChLCN flakes to PVA. A coating was applied onto
a glass substrate via solvent casting, which, after drying, clearly shows the green reflection
from the dried ChLCN flakes (Figure 2.7). Since the PVA is not immediately susceptible to
water penetration at room temperature, response of the PVA-flake composite coating was
tested at 80 °C. At this temperature, dropping water on the coating leads to fast absorption
of the liquid into the ChLC flakes which swell and change colour (steps 1 to 2). Since the
material is at a high temperature, water evaporates after a few minutes, reverting the coating
to its initial state (steps 2 to 3).

2.3

Conclusions

We have reported a method for the fabrication of stimulus-responsive photonic flakes from
liquid crystalline polymer networks. Using ultrasonication, a simple and accessible technique, large polymer films are fractured into small pieces. It was shown that performing
a base treatment on the flakes before ultrasonication gave smaller flakes on average; additional time-controlled tests show that the size of the flakes plateaus after about an hour at

44

|

Cholesteric Liquid Crystals in Additive Manufacturing

1

2
Patterning
using H2O

Rewritable

Drying with paper towel

4

3
Drying to air
5 min

Figure 2.7: Rewritable coating demonstrated at 80 °C. Clockwise from top left: a dry
PVA-coating is patterned using demineralised water (1 to 2), excess water is removed
using a paper towel, showing that water has penetrated into the coating and the ChLCN
flakes (2 to 3). After a couple of minutes, water evaporates from the sample (3 to 4),
which returns it to its initial state (4 to 1). The scale bar corresponds to 20 mm.

around 150 µm, a size at which the flakes can be incorporated in other media while maintaining good optical visibility, as demonstrated for PLA-based 3D printing filament. However, the flakes require sufficient space to swell with water, which favours certain polymer
host matrices over others. To demonstrate the function of these flakes, we have demonstrated a rewritable coating based on a poly(vinyl alcohol) binder doped with these photonic particles that shows a reversible optical response to hot water. The optical response
in the cholesteric flakes is a large shift in the central wavelength of the selective reflection
band, from green (λmax = 570 nm) to red (λmax = 630 nm).

2.4

Experimental

Materials Reactive liquid crystal mesogens 1 (“RM82”, 2-methyl-1,4-phenylene bis(4-(3-(acryloyloxy)propoxy)benzoate)) and 2 (“RM105”, 4-methoxyphenyl 4-((6-(acryloyloxy)hexyl)oxy)benzoate) were obtained from Merck KGaA. Reactive chiral dopant 3 (“Paliocolor® LC
756”, (3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-diyl bis(4-((4-(((4-(acryloyloxy)butoxy)carbonyl)oxy)benzoyl)oxy)benzoate)) was purchased from BASF SE. Hydrogen-bonded reactive
liquid crystal 4 (4-((6-(acryloyloxy)hexyl)oxy)benzoic acid) was purchased from Synthon Chemicals GmbH & Co. KG and Ambeed Inc. Hydrogen-bonded reactive liquid crystal 5 (4-((6-(acryloyloxy)hexyl)oxy)-2-methylbenzoic acid) was purchased from Synthon Chemicals GmbH & Co.
KG. Non-reactive porogenic liquid crystal 6 (4-cyano-4′ -pentylbiphenyl) was purchased from TCI
Chemicals Europe N.V. Photoinitiator 7 (2,2-dimethoxy-2-phenylacetophenone) was purchased
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from BASF SE. See Figure 2.1 for structures of the components. KOH pellets and poly(vinyl alcohol) granulate (MW 31,000-50,000, 87-89 % hydrolysed) were purchased from Sigma-Aldrich Inc.
Tetrahydrofuran (THF) was purchased from Biosolve B.V. Poly(lactic acid) (PLA) was purchased
from NatureWorks LLC (IngeoTM 4043D). Polyamide-6 (PA6) was cordially gifted by Royal DSM
N.V. (Akulon® F136).
Liquid crystal alignment cells Glass substrates were cleaned with a two-step procedure: first 20
minutes of ultrasonication in 1:1 v/v 2-propanol/ethanol, followed by 20 minutes in a UV/O3-oven
(UV Products PR-100). Clean glass substrates (borosilicate 30×30 mm2 or soda-lime 69×69 mm2 )
were coated with either a poly(vinyl alcohol) solution (4 wt% in H2O) through spincoating at 1500
rpm for 30 s (Karl Suss RC6), or for analysis, 3-(trimethoxysilyl)propyl methacrylate (1 vol% in 1:1
v/v ratio 2-propanol/water) at the same spin settings. UV-curable glue to control the cell gap was
made by mixing glue (UV Sealant 91, Norland Products Inc.) with resin spacer beads of varying
diameter (6 µm, 10 µm, 20 µm; Micropearl SP series, Sekisui Chemical Co., Ltd.).
Liquid crystal mixture The liquid crystalline mixture has been described previously (48): it combines the base components in tetrahydrofuran in the following amounts: 17.9 wt% diacrylate mesogen 1, 22.9 wt% monoacrylate mesogen 2, 4.6 wt% chiral diacrylate 3, 18.0 wt% of both hydrogenbonded physical crosslinkers 4 and 5, 18.0 wt% porogenic non-reactive mesogen 6, 0.6 wt% of photoinitiator 7. Tetrahydrofuran was removed from the mixture by evaporation at 80 °C under an air
flow, followed by a 50 °C vacuum.
Liquid crystal network Production of cholesteric polymer films was initiated by heating the
monomer mixture and glass substrate to 80 °C. Using a micropipette, 20 µL (30 × 30 mm2 ) or
100 µL (69 × 69 mm2 ) of the isotropic monomer mix was transferred to the activated glass substrate. Depending on the experiment, different spacer glues were used (“no spacer glue”, “glue
with no spacers”, or glue with either 6, 10, or 20 µm spacers), small dots of which were placed
near the corners of the bottom glass slide. At this point, the sample was removed from the hot
plate, and a second glass substrate was placed on top of the isotropic mix and sheared uniaxially
to mechanically align the cholesteric mixture. After short equilibration at room temperature, high
intensity UV light (35 mW cm−2 at sample, Lumen Dynamics EXFO Omnicure S2000) irradiated
the sample for 5 minutes. Films on poly(vinyl alcohol)-treated glass were removed by submersion
in demineralised H2O for 30 minutes.
Cholesteric film activation The cholesteric polymer films were washed with tetrahydrofuran to
remove non-reactive mesogen 6, after which the thin film was dried in air overnight. A subsequent
soaking in 0.1 m KOH in H2O (pH ≈ 13) for 60 minutes created the responsive photonic material.
Cholesteric film breakup KOH-activated polymer films made in 69 × 69 mm2 cells were put
in a vial filled with demineralised H2O. An ultrasonic probe (Sonics VC-750 driver with Sonics
630-0418 tapered microtip) was placed in the vial and activated for a variable amount of time in a
pulse-wise fashion (2.0 s sonication, 0.5 s rest) with sonicating tip amplitude set to 35 %, to prevent
it from overheating. Using a fritted glass filter funnel (ROBU® VitraPOR® Por. 4), the flakes were
separated from the aqueous medium they were fractured in.
Cholesteric flake size quantification After ultrasonication, samples of the aqueous flake dispersion were taken from the vial using a plastic pipette and placed on a clean microscope slide. Water
was removed by heating the slide to 100 °C on a hot plate. Polarised optical microscopy was used to
obtain representative sample images, which were processed using ImageJ (www.imagej.net) (37,
38) and an in-house written macro. The main quantifier for the flake size is “Feret’s diameter” (39).
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Materials characterisation Differential scanning calorimetry (DSC) was performed using a TA
Instruments DSC Q2000. Thermogravimetric analysis (TGA) was performed using a TA Instruments TGA Q500 in aerobic conditions. ATR FT-IR spectroscopy was done using a Varian Excalibur 3100 (Ge ATR crystal). Polarised optical microscopy (POM) was done using a Leica DM6000
M. In situ POM and UV-vis spectrophotometry at different temperatures and humidity conditions were performed using a Leica DM 2700 M microscope, fitted with a Leica MC170 HD
camera, a Linkam TMS 600 temperature-controlled sample stage and a Sensirion SHT3x temperature/humidity sensor. The sample environment was enclosed using a custom-built transparent
humidity chamber. Surface profiles of the films were measured with a Veeco DektakXT. Optical
characteristics were measured with a PerkinElmer Lambda 750, a Shimadzu UV-3012 PC fitted
with linear polariser-λ/4 waveplate stack for circular dichroism measurements, and an OceanOptics
HR2000+ optical microscope-attached photospectrometer for in situ measurements. During these
in situ measurements, the microscope is operated in brightfield reflection mode with the sample between crossed polarisers as explained in ref. (28). Scanning electron microscopy (SEM) photographs
were recorded by sputter coating material with Au and subsequently imaging it using a FEI Quanta
3D scanning electron microscope.
3D print filament fabrication Filaments were compounded using a 3Devo NEXT 1.0 extruder.
Cholesteric flakes were mixed manually with the polymer before loading into the extrusion column
(1 % w/w flakes in polymer). The following extruder settings were used for PLA: T4 = 170 °C,
T3 = 185 °C, T2 = 190 °C, T1 = 180 °C (4–3–2–1 from material inlet to extrusion die), screw
speed 5.0 rpm, fan speed 70 %, filament diameter 2.85 mm; and for PA6: T4 = 270 °C, T3 = 272
°C, T2 = 261 °C, T1 = 258 °C, screw speed 3.4 rpm, fan speed 100 %, filament diameter 2.85 mm.
3D printing of responsive filament 3D models are prepared in Blender (www.blender.org) and
sliced using Ultimaker Cura to get the g-code file. The material is printed using an unmodified Ultimaker 3 fused filament fabrication 3D printer, with the PLA-flake composite as the feed material.
The print bed temperature is set to Tbed = 60 °C, nozzle temperature to Tnozzle = 200 °C. All
other settings are derived from the standard PLA print settings present in Ultimaker Cura. Black
filament used for multi-material structures was “Ultimaker PLA Black”, purchased from Lay3rs
3DPrinting Eindhoven B.V.
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Appendix: video files

Video files supporting this experimental chapter are available free of charge at Wiley Online
Library: https://doi.org/10.1002/adpr.202000115.

Video S1.

The ultrasonication break-up process at varying times after starting
the procedure.

Video S2.

Real-time response of a single
ChLCN flake at constant relative
humidity (75 RH%) at decreasing
temperature (from 30 to 15 °C).
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Chapter

3

Creating Spatially Patterned
Slanted Cholesteric Films
through Bar Coating and
Photolithography

How is a suitable cholesteric ink for direct ink writing synthesised, and what
optical properties can be created with such a viscous, structurally coloured
material? “4D printing” implies the presence of a stimulus-response after
printing. In this Chapter, the synthesis of a cholesteric ink designed to be
3D printing feedstock itself will be explored—as shown in Chapter 2, it did
not suffice to take a known cholesteric LC formulation and incorporate
thin ﬁlms thereof in a conventional 3D printing ﬁlament. After bar coating
of the novel cholesteric oligomer ink, formation of a slanted photonic axis
is observed, which exhibits atypical iridescence and polarisation selectivity after processing with bar coating. After crosslinking, the coating
obtained shows deviating photonic properties compared to planar cholesteric thin-ﬁlm coatings conventionally used for smart materials.

This chapter is reproduced from: J. A. H. P. Sol, H. Sentjens, L. Yang,
N. Grossiord, A. P. H. J. Schenning, M. G. Debije, Advanced Materials 33,
2103309 (2021).
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Introduction

Through nanoscale molecular motifs, the natural world displays splendid iridescent
colours in both animate (1–3) and inanimate matter (4). The circular dichroism in reflection found in specific insect exoskeletons can be emulated using cholesteric liquid crystals (5). Since the early days of cave wall inscriptions (6), humans have themselves developed
pigmented materials to apply colours according to strict aesthetic demands (7). Through
intricate processing it is possible to achieve full control over the polarisation characteristics
of these thin-film organic optics (8). However, what has long been unavailable is combined
control over the iridescence, polarisation selectivity and macroscopic dimensions of polymer photonics.
Structurally coloured materials are under renewed scrutiny for possible application as
biomimetic optics in optical sensors, holographic displays, anti-counterfeit labels, intelligent skins, and wearable robotics (9–12). Material classes employed to date include inorganics (13), laminated polymers (14), colloidal crystals (15), and block copolymers (16).
These materials often require intricate, multi-step processing. Generating the chiroptical properties seen in Nature (3), allowing selective interactions with specific wavelength
bands of specific polarisation states, is far from trivial, especially if wishing to distribute
these interactions over the surface of a single object.
A defining feature of cholesterics is their chiroptical behaviour: selectivity towards reflecting either left- or right-circular polarised light, maintaining transparency to the opposite polarisation. This behaviour results from the chiral molecular arrangement and the
dichroism formed by it. Planar aligned cholesteric liquid crystals lose their circular polarisation selectivity at oblique angles of incidence, a feature that has been both predicted
theoretically (17) and confirmed experimentally (18–20).
The drive towards engineering ChLC materials for high-end applications relies on precise control of the helical LC organisation on the molecular scale. In previous works, using light-addressable chiral dopants has allowed direct tuning of the reflected wavelength
band (21), while in crosslinked ChLC polymers, it has been shown that distorting the vertical helical stratification can be used to generate circular and linear polarisation dependent
pseudo-Bragg reflectors (8). Forcing the cholesteric into a slanted configuration can be
used to make chiroptical diffraction elements (22). While highlighting the versatility of
ChLCs in attainable optical characteristics, the manufacturing of these devices is still rather
complicated.
In this Chapter, it shown that through a one-pot oligomer synthesis, a bar coatingprocessable cholesteric ink can be made which readily aligns into a slanted cholesteric alignment. A consequence of the slanted alignment is a loss of circular polarised reflection specificity at normal incidence, as has been known to occur in cholesterics. With photolithography, it is shown that the slanted alignment can be patterned into the coating.
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Results and discussion

3.2.1 Synthesis of a cholesteric liquid crystal oligomer
The ink is synthesised with a thiol-acrylate Michael addition reaction between commercially available reactive mesogens 1 and 2 with dithiol 3 (see Figure 3.1a). This reaction
can be catalysed using organic base 4 (1,8-diazabicyclo[5.4.0]undec-7-ene, see Experimental) (23). Molecular structures for the reactive mesogens used can be found in Figure 3.1a.
The final reaction product contains 2.6 mesogenic units per oligomer (xLC ) as judged from
proton nuclear magnetic resonance spectroscopy (1 H-NMR, see Figure 3.1b). Following
from this, a number-average molar mass Mn of ca. 2140 g mol−1 is calculated. An important sidenote is that during the cholesteric ink synthesis, a side product forms as a result
of the molecular structure of the reactive mesogens. Both 1 and 2 have carbonate functional groups as linker between the mesogenic core and the alkyl spacers (see Figure3.1a).
These groups are susceptible to nucleophilic substitution reactions, for instance by thiols
and amines (24). 1 H-NMR confirms that thiocarbonate and phenolic side products are
indeed formed (see Figure 3.1b). A signal is found at δ ≈ 3.1 ppm which is not present
in conventional dithiol-extended mesogenic oligomers, and is indicative of unreacted thiol
groups (see Figure 3.1c) (25). Other signals of interest in NMR are those at δ ≈ 6.9 ppm
and δ ≈ 8.1 ppm, which can result from the formation of the displayed phenolic species.
This signal points at the formation of a compound in which the spacer has been cleaved
from the mesogen, resulting a new compound with molecular mass 352.46 g mol−1 —it also
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Figure 3.1: a) Schematic representation of the main components making up the chiral
nematic liquid crystal oligomer ink (mesogenic diacrylates 1, 2, and dithiol chain extender 3). b) ¹H-NMR spectrum of the resulting cholesteric oligomer ink in chloroform-d.
Indicated are signals attributed to side products as proposed in Figure 3.1c. c) Chemical reaction between reactive mesogens 1 and 2 with dithiol 3 can result in the side
products shown, a phenolic species and a thiocarbonate molecule. Shown here are
mesogen 1 and dithiol 3, and a phenolic as well as thiocarbonate side product.
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shows up in mass spectrometry (MALDI-ToF-MS). Nevertheless, the side products do not
seem to impact liquid crystalline phase behaviour. Cholesteric-isotropic transition temperature TNI is determined to be at 70 °C (DSC), and glass transition temperature Tg = 30
°C (DSC). Visually, the material shows photonic reflection and manifests itself as a sticky
paste similar to other LC oligomer mixtures (26). We postulate that further applicability
for DIW follows from successful application using bar coating, given that in both techniques, shear and elongational flow are the main forces during material deposition.
3.2.2

Fabrication and characterisation of slanted cholesteric coatings

Rather than bar coating from solution (as was shown for oligomeric ChLCs) (27, 28), the
ChLC oligomer ink was instead directly melted on a pre-treated glass substrate (see Figure
3.2a and Experimental). It was found that performing this coating procedure at 46 °C in
the cholesteric mesophase, resulted in a thin film of elastomer that formed a large-scale
cholesteric mesophase within seconds.
It was immediately apparent that the peak reflected wavelength λmax is not viewed from
the surface normal as expected for a chiral nematic coating. Rather, inspecting the material
from an angle of ca. 50° “into” the bar coating direction discloses a bright orange colour
(see Figure 3.2), while viewing from the other end of the film does not appear to display any
visible colour at all. This would indicate that using Equation 1.1 with θ as the angle from
the surface normal is not valid, and θ should be taken as angle from the helical director
h. This contrasts strongly with the planar chiral nematic structures formed when using
similar oligomeric inks out of solvent (28), pointing towards viscosity of the ink being a
significant reason for distortion of the photonic axis. Perpendicular to this apparent “slant
direction”, tilting the sample results in a blue shift.
Optical characterisation of the coating was performed with angle-controlled
ultraviolet-visible (UV-vis) spectrophotometry, see Figure 3.2c,d. This data reflects the
characteristics recognised from Video S1 and Figure 3.2b: a well-defined reflection band
around λmax ≈ 570 nm is found when the sample is tilted beyond 50° from the normal
into the bar coating direction (numerically labelled as polar angle θ > 50°, azimuthal angle
ϕ > 0°). Tilting the sample towards θ = −70° shows that the cholesteric reflection band
blue shifts and becomes progressively broader as the light beam interacts with the helix
alignment side-on. Rotation of the sample by 90° (ϕ = ±90°) and then tilting shows a
blue shift with increasing angle of observation θ in both directions, as would be expected
from a slanted alignment. These results are also visualised in Figure 3.2f, which shows a
two-dimensional characterisation of λmax for 0° < ϕ < 180° and 0° < θ < 50° (this data
was recorded with a specialised five-axis spectrometer, schematically visualised in Figure
3.2e).
To compare the optical characteristics of our bar coated slanted ChLCE with a conventional low molecular weight reactive cholesteric LC network reflector, a benchmark was
made using a mix of 1 and 2 with photo-initiator 7 for crosslinking and reactive surfactant
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Figure 3.2: a) Scheme of the bar coating procedure wherein the elastomer is spread
over the substrate using a well-defined 60 µm gap. b) Bar coated sample on PET foil
showing anisotropic iridescent colouration. Angle-dependent UV-vis spectral transmission data quantifying the reflection colour shift with the sample inclined parallel,
c), and perpendicular, d), to the bar coating direction. e,f) Two-dimensional optical
characterisation of reflected light for a conventional chiral nematic reflector (left) and
the slanted chiral nematic presented here (right). “I” and “II” illustrate the detector
arm orientation with respect to the perspective-dependent reflected wavelength. For
a colourblind-friendly version of this image, see the Supporting Information on Wiley
Online Library (https://doi.org/10.1002/adma.202103309, Figure S11).
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Figure 3.3: Left: Crosslinked photonic film bar coated and polymerised on a flexible
plastic substrate displaying axially asymmetric colour reflection and variable circular
polarisation selectivity based on angle of incidence. Right: Polarisation-controlled UVvis reflectance spectrum recorded at normal incidence showing near-equal reflection
of left- and right-circular polarised visible light.

8 to ensure monodomain planar alignment after the coating procedure (29). Juxtaposing
the 2D reflectance data of our coating with the cholesteric standard shows the clear difference in angle dependence.
Photo-induced crosslinking results in a soft rubbery ChLCE coating which retains the
unconventional photonic structure. With a visible-spectrum circular polarisation filter,
the selectivity between left- and right-circular polarised light was inspected, as seen in Figure 3.3. At normal incidence—the green reflection—the circular polarisation reflection
selectivity common for ChLCs is not observed. This is also seen with circular polarised UVvis reflectance measurements: here, a conventional right-handed cholesteric should reflect
100 % of right-circular polarised light (RCP), and 0 % of left-circular polarised (LCP). Our
bar coated material reflects about 35–40 % of both at λmax . The combined observations of
not seeing λmax at normal incidence and the diminished circular polarisation selectivity
indicated formation of a slanted chiral nematic helix (18, 19, 30).
To verify our theory that the off-normal position of λmax is formed during bar coating
and is related to the internal material morphology, cross-sections of the ChLCE coating
on poly(ethylene terephthalate) were made and analysed using atomic force microscopy
(AFM, see Figure 3.4a). Since the material is too soft to reliably fracture, even in cryogenic
conditions, it is cut using a microtome and the viscoelastic phase data from AFM is used
for microscale analysis. As can be seen, there is a clear slant angle α of about 45° in this
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Figure 3.4: a) AFM image showing the nano-engineered slanted photonic structure
(inset: fast Fourier transform of the AFM phase image). b) Scheme of the molecular
alignment in a conventional chiral nematic reflector (left) and slanted photonic (right).
c) Scheme detailing the optical response of the object in Figure 3.3 with the knowledge
gained from Figure 3.4a.

area of the sample, with a cholesteric half-pitch p/2 ≈ 0.18 µm. Entering p = 0.36 µm
with an assumed ⟨n⟩ = 1.55 (29) in Equation 1 gives λmax,AFM = 557 nm, consistent
with UV-vis data presented in Figure 3.2c,d. From the distorted photonic periodicity, one
can derive the orientation of the chiral nematic mesogens (Figure 3.4b) and subsequently
explain the optical characteristics demonstrated in Figure 3.3. At steep angles of incidence
(top of Figure 3.4c), the helix director h is in line with the viewer’s perspective, displaying
λmax . At normal incidence with respect to the bent film (middle of Figure 3.4c), the helix
is effectively tilted, with blue shifted λmax and showing little left/right-circular polarisation
selectivity (18, 19). Tilting even further, no colour is seen as the helix director lies perpendicular to the viewing direction.
Polarisation gratings (PGs) are typically made using LCs in precisely designed align-
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ment devices, that coax the mesogens into forming a slanted cholesteric alignment (22, 30,
31). These devices are made by patterning the substrate with a photoalignment layer that
is treated with an interference pattern formed in an optical setup. After a sufficient energy
dose, an alignment pattern is formed in which n rotates by 360° over the substrate every
500–900 nm (30, 31). Such a procedure results in fine control over the structure of the PG,
but is likely difficult to scale to larger sample sizes. Bar coating, on the other hand, is similar to the blade coating already used for cholesterics (29). We envision that after sufficient
optimisation—procedural but likely also chemical—the bar coating technique presented
could facilitate larger-scale production of cholesteric PGs.
3.2.3 Photopatterning visible patterns with anisotropic iridescence
Using a two-step photolithography process, it is possible to imprint images into the slanted
ChLCE coatings (27), as seen in Figure 3.5. Initially, the coating is deposited in the cholesteric mesophase as before, after which the letters “Sfd” are polymerised through use of a
negative photomask (see Figure 3.5a). After the reaction time, the mask is removed and the
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d) Unpolarised

FORWARD TILT
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TOP VIEW
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RCP

Figure 3.5: a) Photograph of the printed mask used for photolithography. b) After
using successive photo-masked crosslinking steps, visual patterns can be imprinted
in the coating that maintain highly perspective-dependent colouration. The white arrow in Figure 3.3b denotes the bar coating direction, the scale bar represents 10 mm.
c) Comparing the circular polarisation of reflected light at oblique incidence. d) The
coating as seen from directly above, and its circular polarisation characteristics.
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coating is then heated to the isotropic phase (70 °C) and photopolymerised through a flood
UV exposure; during the heating step, only the non-crosslinked areas enter the isotropic
phase.
As expected, the letters imprinted in the coating retain their perspective-dependent
colour (Figure 3.5b and Video S2). Figure 3.5c,d shows the perspective-dependence on
the circular polarisation selectivity as also seen in Figure 3.3. Observing the coating from
an oblique angle reveals a bright red reflection that consists nearly entirely of right-circular
polarised light, whereas from the normal direction, green reflection is seen which is neither
fully left- nor right-circularly polarised.

3.3 Conclusion
We have demonstrated the fabrication of a rubbery chiral nematic liquid crystal material
with anomalous but tuneable chiroptical properties. The distorted helicoidal structure of
the liquid crystals leads to a photonic material with its longest reflected wavelength offset
from the material’s normal direction at an oblique angle of about 50° in the direction of
the bar coating. Here, light reflected by the material at the normal direction is nearly polarisation independent. The method used here to achieve the slanted cholesteric architecture,
bar coating, is likely to be better scalable than the photopatterned alignment devices used
currently. We envision that after optimisation, this could be a viable way for mass producing polarisation gratings.
Through a relatively simple photolithography procedure, we have shown that this
alignment can be photopatterned for spectacular visual effects. The optical patterns embedded in the cholesteric coating retain the slanted alignment induced during bar coating,
while the isotropic parts of the coating are colourless and show no visible angle dependence. Characteristics like these make such coatings appealing for anti-counterfeit labels,
but likely also as decorative elements in urban and fashion design.
The key finding here is that the results in this Chapter prove that a cholesteric oligomer
ink can be coated onto substrates solvent-free, and that the method of application influences the photonic structures that are formed. In direct ink writing, the flow regime after
deposition superficially resembles bar coating—indicating that the ink from this Chapter
should be suitable for this additive manufacturing technique.

3.4 Experimental
Materials Components for producing the chiral nematic liquid crystal elastomer are 2-methyl-1,4phenylene bis(4-(((4-(acryloyloxy)butoxy)carbonyl)oxy)benzoate) (1, “Paliocolor® LC 242”, purchased from BASF SE), (3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-diyl bis(4-((4-(((4-(acryloyloxy)butoxy)carbonyl)oxy)benzoyl)oxy)benzoate) (2, “Paliocolor® LC 756”, purchased from
BASF SE), 2,2′-(ethylenedioxy)diethanethiol (3, EDDET, purchased from Sigma-Aldrich Corp.)
and 1,8-diazabicyclo[5.4.0]undec-7-ene (4, DBU, purchased from TCI Chemicals Europe N.V.).
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For photoinduced crosslinking, bis(2,4,6-trimethylbenzoyl) phenylphosphineoxide (PI, Irgacure®
819, purchased from BASF SE) was added. Reaction solvent dichloromethane was purchased
from Biosolve B.V. For the reference chiral nematic samples, two additional components were used,
photo-initiator 1-hydroxycyclohexyl phenyl ketone (7, Irgacure® 184, purchased from BASF SE),
and surfactant 2-(N -ethylperfluorooctanesulfonamido)ethyl acrylate (8, purchased from Acros
Chemicals BVBA). Poly(ethylene terephthalate) substrates were cut from a roll of 75 µm thick
Tenolan OAN0001. For the preparation of sacrificial layers, poly(vinyl alcohol) (MW 31,00050,000, 87-89 % hydrolysed) or polyvinylpyrrolidone (MW 10,000) were used; both purchased
from Sigma-Aldrich Inc.
Synthesis of the ChLC oligomer ink The chiral nematic liquid crystal elastomer ink were synthesised by adding diacrylates 1 and 2 and dithiol 3 (3:2 mol ratio diacrylate to dithiol) to a flask
with CH2Cl2. Weight ratio between the two diacrylates was 94.3 of 1 to 5.7 of 2. After the solution clarified, one of two methods were followed. For photopatterned reflective coatings, 4 was
added pure (0.3 % w/w to total reactants) to catalyse the thiol-acrylate reaction, at room temperature. After 60 min reaction time, the stirring bar was stopped and the mixture was dried using a
rotary evaporator at 40 °C, 780 mbar. Final drying was done in a vacuum oven at low vacuum. For
addition of photo-initiator, an amount of ChLC oligomer ink was re-dissolved in CH2Cl2 and 1
wt % (to ChLC oligomers) of PI was added and dissolved, after which the solvent was removed by
drying on a 46 °C hot plate at atmospheric pressure.
Characterisation of the chiral nematic resin Nuclear magnetic resonance (NMR) spectra were
recorded with a Bruker Avance III HD 400 MHz in chloroform-d (purchased from Sigma-Aldrich
Inc., 99.8 atom % D, 0.03 % v/v tetramethylsilane). Average chain length was determined by comparing the ratio of acrylate to mesogenic core signal (25). Gel permeation chromatography (GPC)
plots were recorded with a Shimadzu LC-2030.3D with 254 nm PDA and refractive index detectors,
using tetrahydrofuran as eluent (purchased from Biosolve B.V., stabilised with butylated hydroxytoluene). Differential scanning calorimetry (DSC) is performed with a TA Instruments Q2000,
between 50 and 100 °C at 10 °C min−1 . TNI is defined as the peak maximum of the signal corresponding to the nematic-isotropic transition, while Tg is defined as the inflection point of the signal
indicating the glass-rubber transition.
Preparation of glass substrates for bar coating Glass substrates for bar coating were prepared
by ultrasonicating for 20 minutes in 1:1 v/v ethanol:2-propanol (Branson 2510) followed by 20
minutes in a UV/O3-oven (UV Products PR-100) and then spin coating either poly(vinyl alcohol)
or polyvinylpyrrolidone (both from 4 % w/w solution in deionised H2O) as sacrificial layer onto
3 × 3 cm2 borosilicate or 6.9 × 6.9 cm2 soda-lime glass slides at 1500 rpm for 30 s (Karl Suss RC6).
Preparation of slanted chiral nematic coatings through bar coating Bar coating of the ChLC
oligomer ink was done with a RK Print Coat Instruments K101 Control Coater table and a Sheen
1107/80/1 applicator bar with 60 µm gap spacing. The sample table was heated to 46 °C, after
which the ChLC oligomer ink was placed on the glass. The bar coater was operated by hand and
slid at circa 1 cm s−1 . Photo-polymerisation of the material was conducted for 60 min with a low
power UV source (Philips Original Home Solaria HB 172, 0.9 mW cm−2 UV-A). Generation of
visual patterns was done through a photomasking procedure. A mask was printed on transparent
foil using opaque black ink; this mask was placed between the sample and the UV light source.
Photo-polymerisation was carried out as before save with the mask between the source and substrate.
For the second step, the sample was heated to the isotropic transition at TNI , which caused the
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non-polymerised areas to become isotropic and transparent. In this state, a UV flood exposure
crosslinked the material in the non-chiral nematic state.
Characterisation of the crosslinked materials Ultraviolet-visible (UV-vis) spectrophotometry
was performed with a PerkinElmer Lambda 750 spectrophotometer with integrating sphere detector or OMT Solutions ARTA goniometer sample stage detector where necessary, or a Shimadzu
UV-3102 PC spectrophotometer. For more detailed studies on angle-dependent light reflection, a
Melchers Autronic DMS 703 LCD characterisation device was used. Polarised optical microscopy
was performed with a Leica DM 6000 M polarised optical microscope with DFC420 C-mount camera. Heating during optical microscopy was done with a Linkam TMS94 controller and Linkam
THMS600 stage. Photographs were recorded with an Olympus OM-D E-M10 Mk III and Olympus M.Zuiko ED 60 mm f /2.8 macro lens (files saved in .orf raw format), or a Samsung SM-G920
(files saved in .dng raw format). Raw photo files were developed and exported to .jpg using Adobe
Lightroom Classic CC.
Microscale analysis of slanted chiral nematic coatings Atomic force microscopy (AFM) was
performed in ambient conditions using a Bruker FastScan atomic force microscope set to tapping
mode at a scan rate of 1 Hz, using TESPA-V2 AFM tips (k = 42 N m−1 , f = 320 kHz). Bruker
Nanoscope Analysis 9.4 software was used for controlling the AFM, while Nanoscope Analysis
2.0 was used for analysis of the results. Cross-sections of the crosslinked material were prepared
by cryogenic microtomy at 120 °C, cut with a Leica EM UC7 ultramicrotome equipped with a
diamond blade (Diatome Ltd). Resulting phase images were stitched using Adobe Photoshop CC
and saved as .tiff files, which were opened using ImageJ (www.imagej.net) (32). Fast Fourier
transforms (FFT) were done to find the luminosity periodicity in the images, which correspond to
half the length of the chiral nematic pitch (p/2), as well as the angle from the substrate normal.
Preparation of the conventional chiral nematic reflector reference Reference chiral nematic
samples were made by dissolving an LC mixture (94.1 wt% 1, 4.4 wt% 2, 1 wt% 7, 0.5 wt% 8) in
xylene at 55 parts solvent to 45 parts solids (v/w) and spin coating the solution at 1000 rpm for 40
s on PVA coated glass slides (Karl Suss SC6) which had been rubbed over a velvet cloth to generate
a uniaxial alignment layer for the LC. The spin coated samples were then flash dried for 10 s at 90
°C and photocured using a low power UV source (Philips Original Home Solaria HB 172, 0.9 mW
cm−2 UV-A), where the sample remained for 10 min.
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3.5 Appendix: video files
Video files supporting this experimental chapter are available free of charge at Wiley Online
Library: https://doi.org/10.1002/adma.202103309.

Video S1.

Coating on PET foil, made with
the ChLC oligomer ink. Video
recorded with sample rotating at 4°
s−1 ; video playback rate set to 500
%.

Video S2.

Coating on glass, made with the
ChLC oligomer ink, with the
“Sfd” area polymerised at 40 °C,
the remainder at 70 °C. Video
recorded with sample rotating at 4°
s−1 ; video playback rate set to 500
%.
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Chapter

4

Direct Ink Writing of a

Cholesteric Oligomer Ink
for Freeform Soft
Reﬂectors

Is it possible to use a cholesteric oligomer ink with direct ink writing to print
freeform structurally coloured objects, and retain the capacity of forming
slanted cholesteric alignment? Based on the results shown in Chapter 3,
that demonstrate a cholesteric oligomer ink which can be coaxed into
forming a slanted photonic axis, direct ink writing is used to spatially
program the unconventional cholesteric alignment. Tuning the writing
direction and speed leads to programmed formation of a slanted photonic
axis which exhibits atypical iridescence and polarisation selectivity. After
crosslinking, we obtain a freely-programmable, chiroptical photonic
polymer material. The strongly perspective-dependent appearance of the
material could function as specialised anti-counterfeit markers, as optical
elements in decorative iridescent coatings, or as demonstrated here, in
optically-based signalling features.

This chapter is reproduced from: J. A. H. P. Sol, H. Sentjens, L. Yang,
N. Grossiord, A. P. H. J. Schenning, M. G. Debije, Advanced Materials 33,
2103309 (2021).
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Introduction

Recent work has demonstrated that by using direct ink writing (DIW) with a polymeric
ink conducive to shear and elongation, the molecular orientation of the print may be defined (1, 2), which has been exploited in the past to print liquid crystal elastomer (LCE)
actuators (3, 4). Using DIW to print structurally coloured photonics is also gaining
traction—recently successful printing of bottlebrush block copolymers was reported (5),
which shows promise for writeable, non-chiral polymer photonics, allowing for colour tuning based on the printing speed, for instance. Fibre spinning of cellulose-based cholesteric
has also been used to make photonic hydrogel filaments featuring a slanted cholesteric alignment (6).
In this Chapter, we present a structurally coloured, printable chiroptical material based
on a ChLC oligomer ink synthesised from a reactive cholesteric LC. This ink combines
straightforward processing with easy-to-exploit freedom in iridescence and circular polarisation selectivity of reflected light on a “voxel-by-voxel” basis. DIW is used for the generation of intricate, spatially defined optical patterns—this additive manufacturing technique
being highly adaptable. It is shown that the resulting chiroptical properties of the ink are
adjustable by altering deposition rates, and so the optical properties of the final print can
be varied spatially, resulting in spectacular visual effects generated from a single ink, during
a single print.

4.2

Results and discussion

4.2.1 Synthesis of the cholesteric ink for direct ink writing
The ink is synthesised with a thiol-acrylate Michael addition reaction between commercially available reactive mesogens 1 and 2 with dithiol 3 (see Figure 4.1a). This reaction
is catalysed using 5, dimethylphenylphosphine (7). The final reaction product contains
xLC = 2.3 mesogenic units per oligomer as judged from proton nuclear magnetic resonance spectroscopy (1 H-NMR), with a calculated number-average molar mass Mn ≈ 1890
g mol−1 , and dispersity 2.06 (from gel permeation chromatography, GPC). Similar to the
cholesteric oligomer ink described in Chapter 3, the 1 H-NMR spectrum for the DIW
ink shows thiocarbonate and phenolic side products. Matrix-assisted laser desorptionionisation-time of flight-mass spectrometry (MALDI-ToF-MS) revealed that the mixture
contains oligomer lengths up to pentamers. Cholesteric-isotropic transition temperature
TNI is determined to be at 76 °C, and glass transition temperature Tg = 22 °C.
Visually, the material exhibits photonic reflection and manifests itself as a sticky paste
similar to other LC oligomer mixtures, but with a clear structurally coloured property as
seen in Figure 4.2a (4). Based on the results achieved in Chapter 3, we hypothesise that this
ChLC oligomer ink is very well suited for generating bright, selectively reflecting prints
using DIW. Furthermore, we postulate that applicability for DIW follows from successful
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Figure 4.1: a) Synthesis procedure for the cholesteric ink. The procedure is largely similar to that described in Chapter 3. b) 1 H-NMR spectrum of the resulting cholesteric ink
in chloroform-d. Coloured peak labels indicate chemical groups highlighted in Figure
3.1c.

a)

b)

Tink = 90 °C

vnozzle = 1–15 mm s-1

I.D. 335 µm

Tbed = 53 °C

Figure 4.2: a) The ChLC oligomer ink in a vial. b) Scheme illustrating the direct ink
writing of the photonic elastomer (top), mesophase transitions it undergoes (top right)
and a photograph of the print procedure in progress (bottom right).

application using bar coating, given that in both techniques, shear and elongation flow are
the main forces during material deposition.
4.2.2

Direct ink writing of the cholesteric ink

Based on the results obtained with bar coating, we set out to pattern the chiral nematic’s
photonic properties with a higher degree of spatial control using DIW. This technique
has been used successfully to print uniaxial nematic LCEs, where the shear present during
extrusion aligned the ink into a uniaxial alignment following the print path (3, 4, 8). In
our case, to get a photonic reflection from our material, we need the material to form a helicoidal alignment—which contrasts strongly to the uniaxial nematic alignment presented
in previous reports. To allow for formation of our required molecular orientation, printing
is done from a syringe heated to above TNI , and a print substrate heated to just below this
temperature (see Figure 4.2b). As the material passes through the uninsulated nozzle, it already cools down partially (9). Video S1 shows the rapid mesophase transitions after material deposition. The effect of different substrate temperatures is highlighted in Figure 4.3a:
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Figure 4.3: a) Cholesteric elastomer printed with different substrate temperatures
(left-to-right: 40, 47, 53, 59 °C). The scale bar represents 3 mm. b) Stitched optical
microscopy images showing unpolarised transmission (top) and transmission through
crossed polarisation filters (bottom), indicating birefringence of the printed materials
in (a). c) UV-vis reflectance spectra (unpolarised) of the printed strips from (a).

colour is only formed when the substrate is held at 53 °C or lower; with lower temperatures
generating less intense colours. The decreased colour saturation seen at temperatures below
53 °C is likely due to the formation of a more disorderly, scattering molecular alignment in
the prints, as can be seen in both reflectance and transmission photographs (Figure 4.3a,b).
Prints done at lower Tbed are also slightly red shifted (see Figure 4.3c). This change in reflection band is similar to the temperature-dependent pitch length change found for ChLC
oligomers before (10). Polarised optical microscopy confirms that if the temperature of the
bed is held higher than 53 °C, an isotropic phase is formed (Figure 4.3b). After deposition,
the prints are illuminated with intense UV light for up to 5 minutes (λLED = 365 nm, ≈ 60
mW cm−2 ) within minutes after deposition, which crosslinks the material sufficiently even
in aerobic conditions (4, 8, 11).
Printing speed is critical to the appearance of our photonic ink after writing. At low
lateral nozzle speeds, a planar chiral nematic alignment is, which becomes increasingly
distorted as the print speed increases. The transition from planar to slanted cholesteric
alignment can be seen by eye, but angle-dependent UV-vis transmittance measurements
provided a much clearer picture of the process (see Figure 4.4a). Increasing printing speed
vnozzle from 2 mm s−1 to 8 mm s−1 results in films with increasingly angle-asymmetrical
reflection characteristics. This happens by broadening of the reflection band at normal
incidence and splitting of the reflection band at large positive angles of incidence, θ > 60°.
Upon further increase of the printing speed, the slanted cholesteric reflection band at
longer wavelength prevails, leading to the perspective-dependent appearance. From the
reflection band splitting seen in Figure 4.4a we assume that the transition happens through
the formation of slanted ChLC domains in coexistence with planar ChLC domains. In-
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Figure 4.4: a) Angle-dependent UV-vis transmission spectra for material strips printed
at 2, 6 23 , and 8 mm s−1 (-60°> θ > 60°, azimuthal angle ϕ = 0°). b) Butterfly structure
printed at 2 mm s−1 (wings’ outer rim) and 10 mm s−1 (inner wing sections) observed
from different viewing perspectives. Illumination comes from nearly the same direction as the camera.

creasingly more of the ChLC assumes a slanted orientation when vnozzle is increased,
rather than the whole slant angle α increasing gradually but uniformly. Since there does
not seem to be an overall α we can measure from angle-dependent UV-vis—there is likely
a range of tilt angles assumed between the substrate and film surface—we cannot directly
construct a numerical relation between α and vnozzle for this material.
Comparing films of differing film thicknesses indicates that this process is highly shear
dependent—films of lesser thickness show this band broadening and splitting effect at
lower lateral nozzle speeds. Further, the amount of material extruded is also critical to the
optical characteristics. The lower print speeds are prone to over-extrusion, which leading
to a strongly scattering appearance. One possible reason is that the high extrusion rate leads
to a chaotic flow pattern between nozzle and print bed, interfering with the uniaxial alignment originating in the nozzle tip. Then, during relaxation on the print bed, the poorly
oriented mesogens self-assemble into a polydomain cholesteric mesophase. On the other
hand, high printing speeds generally create layers thinner than programmed, but these are
of better optical quality as demonstrated by the higher transmission at shorter wavelengths
(Figure 4.4a). The influence of print speed on the deposited layer thickness in LCE DIW
has been reported previously (8), and our decreased optical quality when over-extruding is
expected when considering the molecular alignments formed (12).
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Figure 4.5: a) Polarisation-controlled UV-vis reflectance measurements at normal incidence of a photonic sheet printed at different lateral nozzle speeds (2, 6 23 , 10 mm
s−1 ). b) Photographs of two DIW printed coatings, back-and-forth 2 mm s−1 and “unidirectional” 10 mm s−1 , for unpolarised, and left- and right-circular polarised light. c)
Photographs of a Morpho-inspired coating DIW printed with different printing speeds
in the same object: the rim of the wings is printed at 2 mm s−1 , the inside at 10 mm s−1 .

4.2.3 Characterisation of the circular polarisation dependence in reflection
The voxel-by-voxel freedom gained is demonstrated by programming the DIW to print a
Morpho-inspired object, which incorporates the possibilities when printing using multiple lateral nozzle speeds in a single object (Figure 4.4b). At steep angles of observation
(θ ≈ 50°), with the illumination coming from nearly the same direction, the printed butterfly pattern does something not seen in its natural counterpart: as depicted in Figure 4.4b
and Video S2, different parts of the “wings” light up depending on the exact position of
the viewer with respect to the printed object. The juxtaposition of polarisation selectivity and non-selectivity in this single object is inspired by actual photonic wing patterns of
some butterfly species (13), which feature regions of polarised reflection on unpolarising
backgrounds.
From this assay, we have selected two complementary speeds (vnozzle = 2 and 10 mm
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s−1 ) for further processing—2 mm s−1 nozzle speed results in a consistent planar cholesteric
morphology, while 10 mm s−1 reliably leads to the slanted morphology also seen after bar
coating. This confirms our initial conjecture that bar coating results could be translated
successfully to direct ink writing. In both cases, the cholesteric alignment forms within
seconds after deposition, as seen in Video S3. As expected, the prints performed at lower
speeds reflect only a single circular polarisation of light at normal incidence. At normal incidence, the prints deposited at 10 mm s−1 reflect light independent of circular polarisation,
similar to the coatings described previously (shown in Figure 4.5a,b). As also described in
Chapter 3, Figure 4.5b also shows that when a slanted cholesteric alignment is inspected
at an angle, “into” the cholesteric alignment, conventional left/right-circular polarisation
selectivity is exhibited.
See Figure 4.5c for the difference in polarisation selectivity between the inner and outer
parts of the Morpho demonstrator. The rim around the butterfly is printed at 2 mm s−1 ,
and reflects as a standard planar, chiral nematic reflection grating; recognised by the green
colour, and the observation that right-circular polarised light is more strongly reflected.
The inner area, printed at 10 mm s−1 , however, appears as teal from normal incidence.
4.2.4

Demonstrator devices printed using the cholesteric DIW ink

Photonic materials are widespread in Nature and used for all manner of communication;
likewise, engineered photonic materials could also serve communication purposes (14). Using our procedure, a practical, functional demonstration of what can be created by DIW
is seen in Figure 4.6a and Video S3, which depicts an arrow that is only seen as green when
viewed from behind, thus indicating to a viewer that they are looking in the “correct direction”, or following a correct route. Printing such a “unidirectional” slanted alignment
requires multiple airborne movements—after drawing each line, the nozzle is lifted 5 mm
from the substrate and moved quickly to the starting position of the next line, where it is
then lowered to printing height and draws the next line, as shown in Video S4. The elastomeric nature of the photonic material after crosslinking is further highlighted in Figure
4.6b. When writing the material on a substrate functionalised with a sacrificial layer, such
as polyvinylpyrrolidone, the ChLCE can be released to obtain a self-supporting, flexible
photonic rubber.

4.3 Conclusion
We have demonstrated the fabrication of a rubbery chiral nematic liquid crystal material
with anomalous but tuneable chiroptical properties. The distorted helicoidal structure of
the liquid crystals leads to a photonic material with its longest reflected wavelength offset
from the material’s normal. Here, light reflected by the material at the normal direction
is nearly polarisation independent. When using direct ink writing, the cholesteric alignment can be distorted in a programmable manner, quickly organising after extrusion into
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Figure 4.6: a) Demonstration of a direct ink written guidance device reflecting bright
colour when observed from the proper perspective. b) After removal from the substrate, the crosslinked elastomer is photographed as a free-standing photonic rubber.
The scale bar represents 5 mm.

the slanted chiral nematic alignment. This chiroptical photonic ink, combined with the
direct ink writing method used, pave the way for design of specialised polymeric optical
elements with disparate optical effects, all deposited in one pass using the same ink. For
instance, these could be written into anti-counterfeiting security tags, or printed directly
into 4D printed soft robotic assemblies to embed optical sensing capabilities, a feature not
widespread yet (15). Finally, the prints could be used for high-end decorative elements
given the material’s attractive and uniquely iridescent appearance.

4.4 Experimental
Materials Components for producing the chiral nematic liquid crystal elastomer are 2-methyl-1,4phenylene bis(4-(((4-(acryloyloxy)butoxy)carbonyl)oxy)benzoate) (1, “Paliocolor® LC 242”, purchased from BASF SE), (3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-diyl bis(4-((4-(((4-(acryloyloxy)butoxy)carbonyl)oxy)benzoyl)oxy)benzoate) (2, “Paliocolor® LC 756”, purchased from
BASF SE), 2,2′-(ethylenedioxy)diethanethiol (3, EDDET, purchased from Sigma-Aldrich Corp.)
and dimethylphenylphosphine (5, Me2 PPh, purchased from TCI Chemicals Europe N.V.). For
photoinduced crosslinking, bis(2,4,6-trimethylbenzoyl)phenylphosphineoxide (PI, Irgacure® 819,
purchased from BASF SE) was added. Reaction solvent dichloromethane was purchased from
Biosolve B.V. For the preparation of sacrificial layers, poly(vinyl alcohol) (MW 31,000-50,000, 8789 % hydrolysed) or polyvinylpyrrolidone (MW 10,000), were used, both purchased from SigmaAldrich Inc.
Synthesis of the ChLC oligomer ink The chiral nematic liquid crystal elastomer ink was synthesised by adding diacrylates 1 and 2 and dithiol 3 (3:2 mol ratio diacrylate to dithiol) to a flask with
CH2Cl2. Weight ratio between the two diacrylates was 94.3 of 1 to 5.7 of 2. After the solution
clarified, one of two methods were followed. For direct ink writing, catalyst 5 in CH2Cl2 (ca. 50
mg mL−1 ) was added to catalyse the thiol-acrylate reaction at room temperature (0.15 % w/w to
reactants). After 60 min reaction time, the stirring bar was stopped and the mixture was dried by
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pouring the reaction mixture in a 120 mL PTFE evaporation dish and leaving it at ambient conditions overnight. For addition of photo-initiator, an amount of ChLC oligomer ink was re-dissolved
in CH2Cl2. PI was added to the ChLC oligomer ink (≈2 % w/w) and dispersed through magnetic
stirring, after which the solvent was removed by drying in a PTFE evaporation dish overnight at
ambient conditions. If there was still dichloromethane present—signified by the 1 H-NMR signal
at δ 5.3 ppm (16)—a final drying step at 90 °C at vacuum in a vacuum oven would be done.
Characterisation of the cholesteric ink Nuclear magnetic resonance (NMR) spectra were
recorded with a Bruker Avance III HD 400 MHz in chloroform-d (purchased from Sigma-Aldrich
Inc., 99.8 atom % D, 0.03 % v/v tetramethylsilane). Average chain length was determined by comparing the ratio of acrylate to mesogenic core signal (17). Gel permeation chromatography (GPC)
plots were recorded with a Shimadzu LC-2030.3D with 254 nm PDA and refractive index detectors,
using tetrahydrofuran as eluent (purchased from Biosolve B.V., stabilised with butylated hydroxytoluene). Differential scanning calorimetry (DSC) is performed with a TA Instruments Q2000,
between 50 and 100 °C at 10 °C min−1 . TNI is defined as the peak maximum of the signal corresponding to the nematic-isotropic transition, while Tg is defined as the inflection point of the
signal indicating the glass-rubber transition. Matrix-assisted laser desorption/ionisation-time of
flight-mass spectrometry (MALDI-ToF-MS) was done using a Bruker Autoflex Speed MALDI-MS
with trans-2-(3-(4-tert-butylphenyl)-2-methyl-2-propenylene)malonitrile (DCTB) and α-cyano-4hydroxycinnamic acid (CHCA) as matrices.
Preparation of glass substrates for bar coating and direct ink writing Glass substrates for bar
coating were prepared by ultrasonicating for 20 minutes in 1:1 v/v ethanol:2-propanol (Branson
2510) followed by 20 minutes in a UV/O3-oven (UV Products PR-100) and then spin coating either
poly(vinyl alcohol) or polyvinylpyrrolidone (both from 4 % w/w solution in deionised H2O) as
sacrificial layer onto 3 × 3 cm2 borosilicate or 6.9 × 6.9 cm2 soda-lime glass slides at 1500 rpm for
30 s (Karl Suss RC6).
Direct ink writing planar and slanted cholesteric reflectors Direct ink writing of the ink was
done using a Hyrel EHR equipped with TAM-15 high-operating temperature reservoirs. Using a
Luer-Lock adapter, 0.335 mm I.D. (27 ga A.W.G.) micronozzles (Fisnar QuantX Micron-S Red)
were fitted to the ink reservoir. To print the chiral nematic ink, temperatures were kept around TNI
as measured through DSC: 90 °C for the ink syringe, 53 °C for the print substrate. After printing,
objects were photo-crosslinked with a printer-attached UVATA 405 nm LED (10 mW cm−2 ) for
1-5 minutes depending on the size of the print, followed by exposure to a high intensity UV light
source (Excelitas EXFO Omnicure S2000, set to ≈10–15 mW cm−2 ) for 15 min on both sides of
the print. Layer spacing for the direct ink written patterns was set anywhere in between 50–100 µm.
Preparation of print path .gcode files was done in two ways: if the print pattern consists mainly of
simple lines, such as printed strips, these are written manually in g-code. For more complex shapes,
such as the Morpho-inspired butterfly, a combination of software tools was used. First, a vector file
was prepared in Adobe Illustrator CC, which was saved as an .svg (Scalable Vector Graphics) file.
This file was imported into Blender (www.blender.org), given a thickness and exported as a .stl
(stereolithography) file. Finally, this .stl file was opened using Slic3r 1.3.0 (www.slic3r.org),
where a .gcode file was made according to chosen direct ink writing settings: speed, layer height,
line spacing.
Characterisation of the crosslinked materials Dynamic mechanical thermal analysis (DMTA),
was measured with a TA Instruments DMA Q800 at 1 Hz and 1 mN preload force. Sample thick-
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ness was measured using a Sensofar S neox confocal optical profilometer. Ultraviolet-visible (UVvis) spectrophotometry was performed with a PerkinElmer Lambda 750 spectrophotometer with
integrating sphere detector or OMT Solutions ARTA goniometer sample stage detector where
necessary, or a Shimadzu UV-3102 PC spectrophotometer). Polarised optical microscopy was
performed with a Leica DM 6000 M polarised optical microscope with DFC420 C-mount camera. Heating during optical microscopy was done with a Linkam TMS94 controller and Linkam
THMS600 stage. Photographs were recorded with an Olympus OM-D E-M10 Mk III and Olympus M.Zuiko ED 60 mm f /2.8 macro lens (files saved in .orf raw format), or a Samsung SM-G920
(files saved in .dng raw format). Raw photo files were developed and exported to .jpg using Adobe
Lightroom Classic CC.

4.5 Appendix: video files
Video files supporting this experimental chapter are available free of charge at Wiley Online
Library: https://doi.org/10.1002/adma.202103309.

Video S1.

The print process as it happens,
showing the phase transitions the
chiral nematic ink is undergoing
immediately after deposition on
the glass substrate at 53 °C.

Video S2.

The Morpho-inspired print from
Figure 4.4b in the main text shown
on a rotating table. Video recorded
with sample rotating at 4° s−1 ;
video playback rate set to 500 %.

Video S3.

The arrow-shaped signalling device from Figure 4.6a in the main
text shown on a rotating table.
Video recorded with sample rotating at 4° s−1 ; video playback rate set
to 500 %.

Video S4.

The print process for the unidirectionally aligned arrow, showing repeated airborne movements necessary for the desired alignment direction.
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Chapter

5

4D Printed Structurally
Coloured Actuators

With the knowledge of how to successfully direct ink write a cholesteric
oligomer ink, can the ink now be enhanced with a stimulus-response, towards
“4D printed” structurally coloured devices? Combining both a change in
shape and appearance in a single 3D printable material remains a
challenge. In this Chapter, an ink is developed for direct ink writing that
does both—a “4D printing”, cholesteric liquid crystal oligomer ink is
synthesised that can be deposited onto 3D printed objects or printed into
3D shapes of its own.
This chapter is reproduced from: J. A. H. P. Sol, L. G. Smits,
A. P. H. J. Schenning, M. G. Debije, manuscript in submission.
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5.1 Introduction
The expected potential of stimuli-responsive polymeric materials in a broad array of applications spanning from healthcare to optical sensing, from soft robotics to energy harvesting, has made these materials a popular research topic. Concurrently, the viability of
additive manufacturing (AM) in both industrial and academic settings slowly crystallising
has opened the race for development of responsive, “4D printing” inks suiting these techniques. This hunt often starts from a perusal of Nature, where responsive materials have
evolved over millions of years. As listed in Chapter 1, examples of responsivity can be found
across many different species, and these have fruitfully served as inspiration for researchers.
A particularly promising material for developing printable stimuli-responsive materials are cholesteric liquid crystals (ChLCs). To date, ChLCs have been used for the generation of structurally coloured materials demonstrating a visible response to (chemical)
analytes (1–3), water (3–5), and mechanical forces (6–9). What is lacking in the work
to date is the fourth dimension referred to in “4D printing”—a stimulus response after
printing of the computer-designed object. As it currently stands, there are multiple methods to print structurally coloured designs with direct ink writing: with colloidal photonic
crystals (10, 11), block copolymers (12), hydrogels containing photonic arrays (13), and as
shown in Chapter 4, cholesteric LC oligomers (14). However, 4D printing of structurally
coloured, responsive inks has so far gone underreported.
In this Chapter, this deficiency of structurally coloured 4D prints is approached by
the direct ink writing of a water-responsive cholesteric liquid crystal elastomer. First, synthesis of a responsive ChLC oligomer ink based on an amine-acrylate “aza-Michael” addition reaction is performed using a custom isosorbide-derived chiral dopant. Then, devices
that demonstrate the possibilities this ink offers are highlighted in two naturally-inspired
designs. First, a fully 3D printed, beetle-inspired object combining a static support with
the dynamic ChLCE as final printed layer. Secondly, a photonic, scallop-inspired actuator with three-dimensional control over the appearance was designed and fully 4D printed
using the responsive, cholesteric oligomer ink.

5.2

Results and discussion

5.2.1 Synthesis and direct ink writing of the water-responsive cholesteric
ink
The water-sensitive cholesteric ink in this work is synthesised through a straightforward
amine-acrylate “aza-Michael” addition reaction. The diacrylates used are commercially
available reactive mesogens 1 and 2, custom synthesised reactive chiral dopant 3, and diamine 4, which is similar to a compound used before to include water-responsivity in an
LCE (see Experimental and Figure 5.1a for details) (15).
Reactive mesogens 1 and 2 are chosen since their combination leads to oligomers
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with a nematic mesophase. Contrary to common usage (7–9, 16, 17), the chiral dopant
“Paliocolor® LC 756” ((3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-diyl bis(4-((4-(((4-(acryloyloxy)butoxy)carbonyl)oxy)benzoyl)oxy)benzoate)), is not used in this chain extension reaction. LC 756 contains carbonate groups as part of the molecule (18), groups
that have been shown to be labile during the thiol-acrylate Michael addition during ink
synthesis, thereby influencing the final ink (14).
To achieve water-response in the final printed objects, diamine 4 (N,N -dimethyl1,3-propyldiamine), is used as chain extension agent (15). The primary amine group in
this compound connects two acrylate groups during chain extension, while keeping the
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Figure 5.1: a) Components used for synthesizing the cholesteric liquid crystal (ChLC)
oligomer ink—left-to-right: reactive mesogens 1 and 2, reactive chiral dopant 3, diamine chain extender 4, and free radical photo-initiator PI. b) Schematic drawing of
the molecular composition of the ChLC mix before the chain extension reaction, after
oligomerization, and after acrylate crosslinking. Also given are the reaction conditions
for both steps. c) ¹H-NMR spectrum and d) GPC data for the ChLC oligomer ink. In the
¹H-NMR spectrum, “mesogen phenyl” and “chiral dopant phenyl” refer to the protons
on the ortho positions of the 4-hydroxybenzoic acid moieties present in the diacrylates.
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dimethylamine group free for functionalisation after formation of the oligomers and polymer network. Reactions between carbonates and primary amines have also been widely
reported (19, 20); using chiral dopant LC 756 with in an amine-acrylate addition reaction
procedure would almost certainly lead to undesired side products.
Technically speaking, LC 756 could be added after oligomerization to keep the carbonate groups intact; however, this would increase crosslink density and likely impair the
stimulus-response in the polymerised cholesteric network. For this reason, the alternative
reactive chiral dopant 3, ((3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-diyl bis(4-((6-(acryloyloxy)hexyl)oxy)benzoate)), is synthesised from precursors 3a and 3b as described
in Experimental. This compound does not contain the labile carbonate groups and should
thus lead to a better cholesteric ink.
As the chain extension procedure is effectively an addition polymerisation, the average oligomer length achieved is dependent on the stoichiometric ratio chosen between
the diacrylate and primary amine reactants (21). Since formation of the cholesteric mesophase after deposition is eased by having short oligomers, the molar ratio diacrylate-tochain extender is set at 1.5, which should result in an average “mesogenic oligomer length”
xLC = 3 (22). The oligomerization reaction proceeds over two consecutive days: the reaction mixture in tetrahydrofuran is first refluxed overnight in argon atmosphere at 60 °C,
after which 0.05 % w/w (to reactants) of antioxidant 5 (2,6-di-tert-butyl-4-methylphenol)
is added to the reaction mixture. Subsequently, the temperature of the reaction mixture
is increased to 100 °C and the flask is left open to air to facilitate removal of the reaction
solvent. During the second night, the reaction proceeds at high temperature in bulk (see
Figure 5.1b).
From proton nuclear magnetic resonance (1 H-NMR) spectroscopy, the average chain
length of the resulting oligomers can be found by inspecting the ratio of a specific proton
on the mesogen core versus protons that are part of acrylate groups (see Figure 5.1c) (23–
25). From this calculation follows xLC = 2.7 (Mn ≈ 2025 g mol−1 ), indicating the formation of short oligomers as planned. The signals observed in NMR do not indicate the
formation of side products, as seen before in Chapters 3 and 4. Gel permeation chromatography shows that a significant contributor to the oligomer ink are monomeric mesogens,
as expected. The cholesteric-isotropic transition temperature of the ChLC oligomer ink,
TNI , is gauged with differential scanning calorimetry (DSC), which showed a transition
signal in cooling at 59 °C.
Afterwards, 2 % w/w bis(2,4,6-trimethylbenzoyl)phenylphosphine oxide (PI) is added
as free radical photo-initiator, which instigates acrylate crosslinking at command. The
ink, now ready for direct ink writing, is transferred to a stainless steel DIW syringe. As
shown previously, for successful printing of a ChLC oligomer ink, the process temperatures Tbed and Tsyringe , and the lateral nozzle speed vnozzle are important parameters (see
Figure 5.2a,b) (14). Typically, the bed temperature is below TNI , while the temperature in
the ink reservoir is slightly above it.
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Figure 5.2: a,b) Schematic renders showing the key direct ink writing process parameters Tbₑd, Tₛyriₙgₑ, vₙₒzzₗₑ, and the photo-induced crosslinking occurring on the printing bed after allowing the LC ink to self-align. c) UV-vis reflectance spectrum for the
turquoise ChLC oligomer ink cured after 15 minutes dwell time at different Tbₑd temperatures.

During temperature optimization, it became apparent the ink required time to selfassemble into a proper cholesteric phase after deposition. The printed ink is initially
strongly scattering, while after 15 minutes at elevated bed temperature (Tbed = 39 °C),
the formation of a reflection peak around λmax = 515 nm is observed. Setting the bed
to temperatures higher or lower leads to increased scattering of shorter wavelength light
(Figure 5.2c). After optimization, this resulted in Tbed = 39 °C and Tsyringe = 75 °C.
After deposition, the inks are crosslinked, first with a λ = 405 nm LED attached to
the direct ink writing machine (≈ 120 seconds), and subsequently using a high-power UV
light source in N2 atmosphere (900 seconds irradiation each from both top and bottom).
Gel fraction values of 78 % ± 6 % for the crosslinked elastomer were determined in CH2Cl2
over 48 hours.
To achieve responsivity to humidity by the cholesterics, the pendant amine groups in
the ChLCE were “activated” using an aqueous hydrochloric acid solution (Figure 5.3a). In
this acid-base reaction, the hydrochloric acid protonates the dimethylamino groups, forming a hygroscopic ammonium group in close proximity to the polymer backbone (15). Attenuated total reflection Fourier-transform infrared (ATR FT-IR) spectroscopy confirms
that during the acid treatment, tertiary amine groups (ν̃ ≈ 2750, 2850 cm−1 ) are converted
into tertiary ammonium groups (ν̃ ≈ 2940 cm−1 , see Figure 5.3b) (15). The broad band
formed around ν̃ ≈ 3400 cm−1 can be attributed to H2O absorbed from the atmosphere,
as the hygroscopic ChLCE readily attracts moisture into its polar interior.
Following the protonation with reflectance UV-vis spectroscopy, it was found that
treating the material from one side leads to a reflection band shift completed in no more
than 3 hours (see Figure 5.3c). Interestingly, during the acid treatment, the photonic reflection band does not temporarily broaden, but rather an independent second, red shifted
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Figure 5.3: a) Schematic drawing of the ChLCE before and after acid treatment, highlighting the chemical modification that takes place, and the concurrent change in cholesteric pitch length. NB: the depiction of the cholesteric pitch structure is schematic.
b) ATR FT-IR measurement for the ChLC oligomer ink, the crosslinked ChLCE after
direct ink writing, and the maximally-protonated, acid-treated ChLCE. c) UV-vis reflectance spectra at different acid treatment duration intervals. All samples are in
deionised water during the measurement. d) Free-standing ChLCE polymer films separated from the glass DIW substrate showing the visible colour change upon protonation and subsequent exposure to water. The scale bar represents 1 cm. e) UV-vis
reflectance scans showing the ChLCE fixed on glass in different states exposed to left(LCP) and right-circular polarised light (RCP): in the crosslinked state after direct ink
writing (top), and in the dried (middle) and swollen (bottom) states after acid treatment.
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band is formed (λmax ≈ 680 nm, see Figure 5.3a), the prominence of which increases with
time at the expense of the original reflection band. This suggests that the protonation of
the ChLCE does not occur homogeneously throughout the material, but rather as an advancing front. This can be explained knowing that the unprotonated material is apolar,
and as such must be first protonated before it can swell in water and displace the acidic
front. Assuming the refractive index of the material remains constant, we can estimate the
maximum degree of swelling from the change in λmax . At (680 nm/515 nm) − 1 = 32%,
the water uptake is comparable to photonic hydrogels based on tightly crosslinked ChLC
networks (26) and slightly higher than other humidity-sensitive ChLCE formulations (16).
The change in reflection band was monitored for a range of HCl concentrations (1
mm–0.1 m). While the material takes up water at all concentrations, the water uptake
of a 100 µm thick film in 0.1 m HCl happens much more rapidly (< 6 hours) than in
10 mm HCl, where the reflection band shift proceeds over the duration of roughly two
weeks. The opposite process, deprotonation of a protonated film in deionised water, is also
slow. After 14 days, the peak reflected wavelength when swollen had slightly shortened to
λmax ≈ 650 from 680 nm, and after another 28 days, to λmax ≈ 610 nm. Contrasting to the
protonation during activation, this gradual deactivation seemed to occur homogeneously
throughout the material as indicated by the shift of λmax , rather than the formation of an
independent, second peak during activation seen previously. The gradual loss of protonation in deionised water corroborates with what is likely a low pKa of the ChLCE, i.e. ≪
7.
While the amine groups pendant from the ChLCE backbone are in theory basic, the
need for a strongly acidic solution to hydrophilise the material is not unexpected. The same
effect is seen in cholesteric liquid crystal networks with carboxylic acid groups that require
strongly alkaline solutions to initiate swelling with water (26). The need of a strongly acidic
solution (pH = 1) in the case of the amine-functionalised crosslinked cholesteric elastomer
can be described in terms of the hydrophobic interactions originating from the mesogenic
blocks in the polymer network, as well as many positively charged that species are formed
in close proximity. This disfavours protonation, thus requiring a lower pH for activation.
Functionalization of the glass substrate with a polymeric sacrificial layer allows for separation of the crosslinked ChLCE from the glass after direct ink writing and polymerisation.
This is demonstrated in Figure 5.3d, which shows the cholesteric rubber before and after
acid treatment, showing a clearly, visually appraisable colour change. Initially, the film
is a turquoise colour, which changes to red after the acid treatment. Drying the film reverts the position of the selective reflection band: there is a noticeable discrepancy between
the colour immediately after crosslinking and that in the dry state after acid treatment; at
λmax,treated ≈ 555 nm, a remaining pitch length increase of ≈8 % is calculated, see Figure
5.3e. Another observation from Figure 5.2e is that the ink does not discern strongly between left- and right-circular polarised light. It is likely that this is rooted in the formation
of a slanted cholesteric alignment, which is also recognised visually when the samples are
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observed at an angle, as is known from Chapter 4.
5.2.2 Using the water-responsive ink in multi-material 3D printing
To fabricate 4D materials that change colour, a static 3D printed static object was coated
by DIW of the cholesteric ink. Through a conventional FFF 3D printing procedure, black
CPE filament was used to print an object roughly resemblant of the humidity-responsive
Tmesisternus isabellae beetle (27) (see Figure 5.4a,b). Since the thermoplastic supports are
heated during printing of the cholesteric top layer, thermal characteristics of the FFF filament are not trivial—the commonly used poly(lactic acid) (PLA) has its Tg at ≈ 55 °C (28).
For this reason, a copolyester (CPE) filament with favourable thermal properties (Tg at
≈ 100 °C) was chosen. Temperatures set for the print bed were re-calibrated to account for
the addition of the CPE slab in between the bed and the extrusion nozzle.
To facilitate direct ink writing on top of the CPE beetle, the top and bottom surfaces
of the printed beetle were designed to be flat. On the bottom, this ensures maximum heat
transfer from the print bed to the beetle, and for DIW on top, this eases generation of
the g-code needed for printing the cholesteric. After printing of the plastic beetles, they
were functionalised with surface-bound methacrylate groups to covalently bond to the de-
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d) T = 20 °C
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Figure 5.4: a) Photographs of a Tmesisternus isabellae beetle demonstrating the colour
change in the elytra resulting from exposure to water. Adapted with permission from
ref. (27). Copyright 2009 The Optical Society. b) FFF 3D printed beetle shape used
as base for the artificial water-responsive beetle. The scale bar represents 1 cm. c)
With DIW 3D printing, a layer of the water-responsive ChLC oligomer ink is printed
on top of the plastic beetle. d) Series of photographs showing a colony of 3D printed
water-responsive beetles at increasing, and then decreasing, relative humidity. The
photographs were taken at a constant temperature of 20 °C.
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posited ChLCE—forgoing this step would result in delamination of the photonic material
after acid treatment. In our experience, subjecting the co-polyester beetle to a UV/O3 procedure does not negatively impact the applicability in further processing steps.
Using a 3D printed “mask”, the beetles were aligned on the print bed of the DIW 3D
printer. A poly(vinyl alcohol) glue stick was used to fix the plastic objects in place, after
which the print bed was heated to Tbed = 45 °C (see Figure 5.4c). Direct ink writing
of the cholesteric oligomer ink to form the elytra was done at the same settings (Tsyringe ,
vnozzle ) as listed previously (see Video S1). After extrusion, the material was left at increased
temperature Tbed for 15 minutes, after which it was photopolymerised with the printer’s
LED and subsequently with a high-power UV light source in a nitrogen atmosphere.
Activation of the ChLCE was done by submerging the “elytra” in 0.1 m hydrochloric
acid overnight to ensure maximum protonation of the dimethylamino moieties. This was
clearly observed as a shift of the reflected colour to intense red (see Figure 5.4d). Drying
the photonic beetles in ambient air (≈ 30 RH%) reverts the colour to green. The hygroscopic nature of the ChLCE was clearly seen during experiments where the relative humidity in the surrounding air is increased at constant temperature. Upon humidification
of the atmosphere, the ChLCE quickly changes colour in response, in analogy with its
natural counterpart (27). Replacing the humid atmosphere with dry N2 demonstrates reversibility of the material’s photonic response to water. Video S2 shows two full cycles of
humidification and drying.
5.2.3 Scallop-inspired, single-ink, 4D printed structurally coloured actuator
To highlight the full capabilities of the ChLC oligomer ink, an actuator was designed
around the shape of a typical scallop (Pecten jacobaeus), chosen for its recognisable shape
as seen in Figure 5.5a. In the print design, two shells are connected by a hinge that will
be made water-responsive after printing, allowing folding of the device in half (see Figure 5.5b) (15, 29). In addition to imparting a colour change in water, the ink also allows
for fine control over the appearance resulting from the selected printing conditions. As
known from Figure 5.2b, Tbed strongly influences the scattering present in the ChLCE,
which can be exploited as an aesthetic choice. Therefore, the scallop demonstrator was
designed as a bilayer, with the first 100 µm thick layer printed at Tbed = 45 °C and the
second 90 µm thick layer at Tbed = 39 °C (Figure 5.5c). Indeed, this leads to a clear difference in the two sides as seen in Figure 5.5d—a scattering exterior, and a slanted cholesteric, anisotropic iridescent interior. The slanted cholesteric mesophase leads to a strongly
perspective-dependent appearance on the interior, which mirrors the direction of the print
path (see Video S3).
After UV-induced crosslinking, the ChLCE object was removed from the glass substrate by dissolution of the polyvinylpyrrolidone sacrificial layer. To initialise the object
for actuation, the exterior side of the hinge was selectively treated with 0.1 m hydrochloric
acid for 3 hours to protonate halfway through the ChLCE. In an enclosed environment,
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Figure 5.5: a) Photograph of a Pecten jacobaeus and how it fits into the demonstrator
design. Reproduced under the terms of the Creative Commons CC BY-SA 4.0 licence
from commons.wikimedia.org, copyright 2002 Andreas Tille. b) Schematic drawing showing the intended motion upon triggering the actuator. c) Scheme showing the
bilayer design of the object. The first layer is printed at Tbₑd = 45 °C, the second layer
at Tbₑd = 39 °C. d) Photographs showing the “inner” and “outer” layers of the photonic
actuator (illuminated from overhead). e) Demonstration of the actuation at isothermal
conditions with increasing, and then decreasing, relative humidity (14 to 95 to 30 RH%).
The backside of the clam’s hinge is treated with acid to induce the differential swelling
needed for bending.

the photonic actuator shows reversible actuation in response to atmospheric humidity. Absorption of water into the protonated region of the hinge leads to expansion, which in turn
orchestrates an out-of-plane bending deformation, closing the scallop and obscuring the
iridescent interior. Similar to the colour change in the printed Tmesisternus isabellae bee-
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tles, the deformation is fully reversible, as upon the introduction of a dry N2 atmosphere,
the scallop undergoes the opposite deformation and opens.

5.3 Conclusions
The two demonstrators shown here, as ink in a multi-material printing procedure and as
ink for photonic, humidity-responsive actuators with multi-coloured appearance, highlight the versatility of water-responsive cholesteric LC oligomer inks. A diacrylate chiral
dopant was synthesised to be compatible with the “aza-Michael” reaction conditions, and
direct ink write 3D printing was successfully used in conjunction with this ink. After deposition, the ink organises into a visually impactful cholesteric alignment. The crosslinked
elastomer can be activated with an aqueous acid, leading to a large bathochromic shift in reflection upon exposure to water, an omnipresent environmental stimulus. This photonic,
stimuli-responsive ink opens up future avenues for the design of 3D printed optical sensors
and actuators, which, by carefully programming the print speed and modulating the bed
temperature during printing, can exhibit a variety of perspective-dependent appearances
in a single object, based on a single ink.

5.4 Experimental
Materials Diacrylate mesogens 1 (“RM82”, 1,4-di(4-(6-acryloyloxyhexyloxy)benzoyloxy)-2methylbenzene) and 2 (“RM257”, 1,4-di(4-(3-acryloyloxypropyloxy)benzoyloxy)-2-methylbenzene) were purchased from Daken Chemical Ltd. (Zhengzhou, P. R. China), chiral diacrylate
3 ((3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-diyl bis(4-((6-(acryloyloxy)hexyl)oxy)benzoate)) was synthesised from 4-(6-acryloyloxyhexyloxy)benzoic acid (3a), purchased from Ambeed
Inc. (Arlington Heights, U. S. A.), and (3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-diol (3b),
purchased from TCI Europe N.V. (Zwijndrecht, Belgium). Amine 4 (N,N -dimethylpropane1,3-diamine) was obtained from Huntsman. Photoinitiator PI (phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide) was obtained from BASF SE (Ludwigshafen, Germany). N,N ′-dicyclohexylmethanediimine (DCC), N,N -dimethylpyridin-4-amine (DMAP), and 2,6-di-tert-butyl4-methylphenol (5, BHT), 3-(trimethoxysilyl)propyl methacrylate, and polyvinylpyrrolidone
(MW 10,000 g mol−1 ) were purchased from Sigma-Aldrich (Darmstadt, Germany). Ethanol
and 2-propanol were purchased from Avantor (Radnor, U. S. A.). Silica used during column
chromatography (60 Å, 40-63 µm) was obtained from Screening Devices B.V. (Amersfoort, The
Netherlands). Ethyl acetate (AR grade), n-heptane (AR grade), and dichloromethane (AR grade)
were purchased from Biosolve B.V. (Valkenswaard, The Netherlands). Sand (“extra pure”) used for
sample photography was purchased from Fisher Scientific.
Preparation of glass printing substrates Direct ink writing was done on glass substrates prepared
for either easy sample release or covalent bonding to the sample. In both cases, the glass was first
cleaned by ultrasonication (1:1 v/v 2-propanol–ethanol, 25 minutes; Branson 2510), followed by activation in a UV/O3 oven (30 minutes; UV Products PR-100). With a spin coater (Karl Suss RC6),
one of two solutions was cast on the glass: for easy sample release, 10 % w/w polyvinylpyrrolidone
in ethanol; for covalent bonding to the substrate, 1 v/v % 3-(trimethoxysilyl)propyl methacrylate
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in 1:1 v/v 2-propanol–H2O. For both sample types, the spin coater was set to 1500 rpm, 500 rpm
s−1 acceleration, 45 s spin time. After spin coating, the treated substrates were post-treated at 100
°C for 10 minutes. Substrate glasses were either 76 × 52 mm2 (Paul Marienfeld GmbH & Co. KG)
or 50 × 20 mm2 (Epredia).
Preparation of the thermoplastic beetle support structure Similar to the design of shapes for
the ChLC oligomer ink direct ink writing procedure, a shape resembling the Tmesisternus isabellae
was drawn in Adobe Illustrator CC, exported to Blender, and saved as .stl file. Ultimaker Cura
was used to prepare the .gcode file for the Ultimaker 3 FFF 3D printer. The filament used was
“Ultimaker CPE+ Black”, which was extruded with the CPE+ preset in the slicing software, at
a layer thickness of 0.06 mm. Afterwards, the polymer slabs were placed in a UV/O3 oven (20
minutes), after which 3-(trimethoxysilyl)propyl methacrylate (1 % v/v, in 1:1 v/v 2-propanol–H2O)
was drop cast on the material. Subsequently, this was reacted for 20 minutes on a 90 °C hot plate,
after which unreacted methacrylation agent was removed by cleaning the surface of the CPE slabs
with ethanol.
Synthesis of chiral diacrylate 3 Esterification reactions were carried out under Steglich conditions (30). (3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-diol was first dried in vacuo over
NaOH pellets. To a 250 mL flask was added 3.067 g (20.98 mmol) (3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-diol, 12.283 g (42.02 mmol) 4-(6-acryloyloxyhexyloxy)benzoic acid, 0.521 g
(4.26 mmol) N,N -dimethylpyridin-4-amine, and all were dissolved in 125 mL dichloromethane.
The flask was lowered into an ice bath, and after cooling to 0 °C, 9.095 g (44.08 mmol) N,N ′ -dicyclohexylmethanediimine was added to the mixture. The reaction was left overnight, after which a
vacuum filtration through a silica plug was used to get rid of solids formed during the reaction. Final
purification of 3 was done using column chromatography over silica with n-heptane/ethyl acetate
(2:1 v/v) as eluent, where the second solids fraction contained 3, 3.09 g (4.76 mmol), in a yield of
21.2 %. 1 H-NMR (400 MHz, Chloroform-d): δ = 8.07 − 7.97 (m, 2H), 8.00 − 7.91 (m, 2H),
6.96 − 6.84 (m, 4H), 6.40 (dd, J = 17.4, 1.5 Hz, 2H), 6.12 (dd, J = 17.3, 10.4 Hz, 2H), 5.82 (dd,
J = 10.4, 1.5 Hz, 2H), 5.46 (d, J = 3.2 Hz, 1H), 5.39 (q, J = 5.5 Hz, 1H), 5.04 (t, J = 5.0 Hz, 1H),
4.67 (d, J = 4.6 Hz, 1H), 4.17 (td, J = 6.6 Hz, 1.3), 4.17−4.06 (m, 2H), 4.05 (ddd, J = 17.6, 6.7, 3.8
Hz, 5H), 4.00 (d, J = 4.1 Hz, 1H), 1.83 (qt, J = 6.3, 3.1 Hz, 4H), 1.72 (dq, J = 13.7, 6.8, 6.2 Hz,
4H), 1.56 − 1.40 (m, 6H). FT-IR (ATR, bulk; ν̃, cm−1 ): 2933, 2868, 2855, 1712, 1635, 1606, 1580,
1510, 1463, 1415, 1405, 1387, 1350, 1298, 1253, 1203, 1167, 1123, 1084, 1062, 980, 906, 847,
810, 764, 695, 655. Melting point (DSC; Tm , °C): in heating 40.5 °C; in cooling 19.7 °C (–1 °C
min−1 ), 8.3 °C (–5 °C min−1 ), 5.2 °C (–10 °C min−1 ).
Synthesis of humidity responsive cholesteric oligomer inks Autocatalysed “aza-Michael”
amine-acrylate reaction between reactive mesogens 1 and 2, chiral diacrylate 3, and amine 4 were
employed. To ensure an ink that aligns swiftly after direct ink writing, the targeted average mesogenic chain length is 3, which required a molar ratio diacrylate-to-amine of 1.5 (22). For synthesis of
the ChLC oligomer ink, the following quantities were used: 2.65 g (3.95 mmol) of 1, 2.32 g (3.93
mmol) of 2, 0.48 g (0.67 mmol) of 3, 0.58 g (5.72 mmol) of 4. In this formulation, 3 constitutes
≈8.5 wt% of the diacrylate fraction. First, all diacrylates (1, 2, 3) were weighed into a three-necked
100 mL flask, dissolved in ≈25 mL tetrahydrofuran assisted by a magnetic stirrer bar, and heated to
60 °C using an oil bath. After installing a reflux column and replacing the atmosphere with argon,
amine 4 pre-mixed in ≈1 mL tetrahydrofuran was added to the mixture. The reaction continued
overnight under continuous agitation. The next day, an analysis sample was taken from the reaction mixture, after which ≈3 mg (≈0.05 wt% to reactants) 5 was added from a pre-mix in ≈1 mL
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tetrahydrofuran. Temperature of the oil bath was increased to 100 °C, and one stop was removed
from the flask to facilitate solvent evaporation. At this point the oligomerisation reaction proceeds
in bulk conditions and was left to run overnight. The next day, the oil bath was removed and the
reaction mix re-dissolved in ≈10 mL tetrahydrofuran. After dissolution, an analysis sample was
taken from the reaction mixture, after which ≈120 mg (≈2 wt% to reactants) of PI was added from
a pre-mix of ≈1 mL tetrahydrofuran. The solution is quantitatively transferred into a PTFE evaporation dish and first dried overnight at room temperature in a fume cupboard, and finally dried
at vacuum, 85 °C, for 2 hours. After the ink is rid of solvent, it is transferred into a stainless steel
syringe for direct ink writing. 1 H-NMR (400 MHz, Chloroform-d): δ = 8.15 (ddt, J = 10.8, 9.2,
1.7 Hz), 8.02 (d, J = 8.5 Hz), 7.95 (d, J = 8.5 Hz), 7.71 (d, J = 6.8 Hz), 7.17 (d, J = 8.6 Hz), 7.12
(d, J = 2.6 Hz), 7.08 (dd, J = 8.7, 2.7 Hz), 7.02 − 6.85 (m), 6.42 (ddd, J = 17.3, 7.9, 1.5 Hz), 6.13
(ddd, J = 17.3, 10.4, 4.9 Hz), 5.84 (td, J = 10.6, 1.5 Hz), 5.45 (s), 5.38 (d, J = 5.3 Hz), 5.03 (s), 4.66
(d, J = 4.7 Hz), 4.39 (t, J = 6.2 Hz), 4.29 (td, J = 6.3, 2.0 Hz), 4.22 − 3.97 (m), 2.82 − 2.73 (m),
2.45 (tq, J = 7.2, 4.2 Hz), 2.24 (s), 2.20 (t, J = 2.6 Hz), 2.17 (q, J = 6.4, 5.4 Hz), 1.83 (t, J = 6.9
Hz), 1.77 − 1.70 (m), 1.70 − 1.64 (m), 1.64 − 1.54 (m), 1.54 − 1.40 (m). FT-IR (ATR, bulk; ν̃, cm−1 ):
2937, 2857, 2815, 2765, 1718, 1604, 1579, 1509, 1492, 1465, 1405, 1249, 1162, 1062, 1006, 983,
896, 844, 809, 763, 692. Melting point (DSC; Tm , °C): in heating 63.9 °C (1 °C min−1 ), 65.9 °C (5
°C min−1 ), 67.5 °C (10 °C min−1 ); in cooling 62.2 °C (–1 °C min−1 ), 60.2 °C (–5 °C min−1 ), 59.1
°C (–10 °C min−1 ).
Direct ink writing of the water-responsive cholesteric liquid crystal oligomer inks A Hyrel
EHR direct ink writer with TAM-15 high-operating temperature syringe extrusion head was used
for ChLC oligomer ink writing. 0.335 mm I.D. (27 ga A.W.G.) micronozzles (Fisnar QuantX
Micron-S Red) were fitted to the stainless steel ink syringe using a Luer-Lock adapter. Temperatures during printing were dependent on the ink being printed. Since the temperature reported
for the printing bed does not match the printing substrate due to various heat losses, the print bed
temperature was calibrated using a separate digital thermocouple. For the ChLC oligomer ink, we
used Tbed = 39 °C and Tsyringe = 70 °C. Objects were photo-crosslinked for 2 minutes after printing
with a printer-attached UVATA 405 nm LED (set to 10 mW cm−2 ), followed by exposure to a high
intensity UV light source (Excelitas EXFO Omnicure S2000, ≈10-15 mW cm−2 ) for 15 min on
both sides of the print, in a N2 atmosphere. Layer spacing for the direct ink written patterns was set
anywhere between 50–100 µm with line spacing 250–335 µm. Preparation of print path .gcode
files was done in two ways: if the print pattern consisted mainly of simple lines, such as printed
strips, they were written manually in g-code. For more complex shapes, such as the Pecten jacobaeusinspired clam shell and the Tmesisternus isabellae beetle, a combination of software tools was used.
First, a vector file was prepared in Adobe Illustrator CC, and saved as an .svg (Scalable Vector
Graphics) file. This file was imported into Blender (www.blender.org), given a thickness (“solidify” modifier) and exported as a .stl (stereolithography) file. Finally, this .stl file was opened
using Slic3r 1.3.0 (www.slic3r.org), where a .gcode file was made according to chosen direct
ink writing settings (speed, layer height, line spacing, infill settings). When printing on 4 mm thick
polyester slabs, the bed temperature Tbed was set to 53 °C for the ChLC oligomer ink. CPE slabs
were fixed to the glass printing bed using poly(vinyl alcohol) glue (Staples glue stick, product no.
39610). Alignment of the Tmesisternus isabellae supports was done using a mask that was designed
in Blender and printed with the Ultimaker 3 FFF 3D printer; through the openings in the plastic
mask, markings were made on the glass underneath using a permanent marker.
Gel fraction measurements of the ChLCE Small strips of material (25 mm × 3 mm × 100 µm,
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minitial ≈ 10 mg) were submerged in CH2Cl2 for 48 hours. After this time, the material was retrieved from the solvent, dried in vacuo, and weighed. The gel fraction was calculated according to
wgel = mextracted /minitial .
Fourier-transform infrared characterization A Varian 670-IR with Golden Gate ATR module
(wavenumber resolution set to 4 cm−1 ) was used to record infrared absorbance data.
Optical characterization of the ChLCE Prior to optical characterization, sample strips of material (25 × 3 mm2 , thickness d variable) were printed at different printing conditions. Transmittance and reflectance measurements were performed using a PerkinElmer Lambda 750 with 150
mm integrating sphere detector. Angle-dependent UV-vis transmittance measurements were performed with the same spectrophotometer, with an OMT Solutions ARTA detector module. In
situ spectrometry during acid activation was performed by placing sample fixed to methacrylatefunctionalised glass in a temporary glass cell on the sample table of a Leica DM 6000 M optical
microscope, to which an OceanOptics HR2000+ spectrophotometer was attached (exposure time
10 ms, spectra averaged over 128 scans). Photographs of the samples were made with an Olympus
OM-D E-M10 Mark III (with M.Zuiko 60 mm f /2.8 macro lens) in manual mode, files recorded in
.orf raw file format. Images were developed in Adobe Lightroom Classic CC, where slight clarity
and exposure adjustments were made. Sample lighting was provided by a halogen light source.

Direct Ink Writing of 4D Structural Colour

|

93

5.5 Appendix: video files
Video files supporting this experimental chapter are available free of charge at
4TU.ResearchData: https://doi.org/10.4121/19181744.

Video S1.

Printing process of the humidityresponsive beetle elytra. Playback
rate: 50×.

Video S2.

Two cycles of dry-humid-dry air exposure on the artificial, humidityresponsive beetles. Data also visualised in Figure 5 and Figure S12.
Playback rate: 375×.

Video S3.

Printing process of the 4D scallop
actuator. Playback rate: 50×.

Video S4.

Actuation cycle of the 4D scallop
actuator, showing response to dryhumid-dry air. Data also visualised
in Figure 6. Playback rate: 125×.
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Chapter

6

The Future of 4D Printed
Cholesterics—Where, and
How?

Now that responsive cholesterics can be printed, what applications will they
be used in, and how? This ﬁnal, concluding Chapter, puts the results
described in this thesis into perspective. What is still needed to take these
materials and the associated direct ink writing method out of university
laboratories and into the wider world? What functionalities are desirable,
and how could these be implemented? And ﬁnally: a brief look at the state
of cholesteric liquid crystal-based “smart” material research now and
what is needed for it to prosper in the future.
This chapter is reproduced from: M. del Pozo+, J. A. H. P. Sol+, A. P. H. J.
Schenning, M. G. Debije, Advanced Materials 34, 2104390 (2022), and:
J. A. H. P. Sol, A. P. H. J. Schenning, M. G. Debije, Proceedings of SPIE
12023, Emerging Liquid Crystal Technologies XVII (2022), and:
J. A. H. P. Sol, R. F. Douma, A. P. H. J. Schenning, M. G. Debije, manuscript in
preparation.
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A brief recap of the work in this thesis

Reading the experimental Chapters 2 to 5 in their presented order reveals a story of the
development of a humidity-responsive cholesteric liquid crystal (ChLC) material for additive manufacturing—one of the many possible “stimulus responsitivities” available to
liquid crystalline materials. In Chapter 2, a path was shown to bring responsive cholesteric
to fused filament fabrication, one of the most common additive manufacturing techniques
around. Another common technique, ultrasonication, was used to break up a larger film of
a responsive cholesteric LCs, into tiny, micrometre-sized flakes. These flakes retained the
stimulus-responsiveness of the parent polymer film, showing a large and optically appreciable colour shift upon submersion in water or in the presence of humid air. Unfortunately,
the need for water to physically infiltrate the cholesteric polymer flakes to trigger the colour
shift also proved to be the Achilles’s heel—as understandably, most fused filament fabrication (FFF) printing filaments are engineered to be non-permeable and stable towards water
exposure.
To circumvent the problem introduced by the host polymer—impermeability to
water—a cholesteric liquid crystal material itself capable of being 3D printed was developed in Chapters 3 and 4. A one-pot synthetic procedure was used to tune the viscoelastic
properties of the liquid crystal, resulting in a structurally coloured ink with the capability
of being bar coated and direct ink written. The material shows a bright reflection colour after processing, and subsequently can be photopolymerised into either coatings or released
from their substrates to form free-standing objects.
An intriguing finding was that cholesteric oligomer inks, such as those used in Chapters 3 and 4, can be readily aligned in a slanted cholesteric phase. Compared to “regular”
planar cholesteric alignment, the slanted alignments reflect the longest reflected wavelength
at an offset from the surface normal direction. A loss of circular polarisation selectivity is
also characteristic for slanted cholesterics.
Based on the inks and procedures developed for the DIW of cholesterics, a humidityresponsive structurally coloured ink for additive manufacturing was designed and demonstrated in Chapter 5. As is common to cholesterics, the reflected colour could be easily
tuned by changing the ratio of chiral dopant to reactive nematic liquid crystal. A turquoisereflecting ink was synthesised which after crosslinking and acid treatment, manifests a large
colour shift when submerged in water. The inks versatility was shown by fashioning it into
a free-standing, humidity-responsive photonic actuator, as well as a DIW-printed surface
coating on a FFF 3D printed free-form substrate, opening the door for use of this responsive ink in multi-material printing procedures, which conventionally use all-static feedstock
materials.
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Increasing the applicability of cholesteric 3D prints

6.2.1 Responsive cholesterics for FFF
Compared to direct ink writing, fused filament fabrication boasts a couple of advantages,
mainly in the commercialisation of this technique seeming to be slightly ahead, and as a
result, a more comfortable user experience. Secondly, the filament being in the solid state
allows for easier storage compared to the viscoelastic resins used in DIW.

a)

b)
25 31 39 43 46 49 51 53 65 °C

c)

Figure 6.1: a) Thermo-responsive cholesteric liquid crystal with a polydimethylsiloxane top coating. Adapted under the terms of the Creative Commons CC BY-NC-ND
licence from ref. (1), copyright 2021 American Chemical Society. b) One-way shape
memory and colour change in a FFF 3D printed object consisting of a thermoplastic
polymer doped with thermochromic pigment particles. Reproduced with permission
from ref. (2), copyright 2019 Wiley-VCH. c) Particles of a thermochromic cholesteric
enclosed in an alginate shell. Reproduced with permission from ref. (3), copyright 2021
Wiley-VCH.

So, while the cholesteric flakes presented in Chapter 2 were not able to be used to their
fullest given the loss of responsivity in the poly(lactic acid) (PLA) filament, there are other
methods that might lead to stimulus-responsive filament: shown previously in the literature was a PLA filament compounded with temperature-responsive particles (2), based on
thermochromic organic pigments (4) (see Figure 6.1b). An advantage of using cholesterics over these pigments is their brighter perceived colour and stability. There are several
different thermochromic cholesteric formulations (see Figure 6.1a) (5), which need to be
adapted into particles that can be compounded with appropriate polymers to form FFF
printing filaments. As an example, one such thermochromic ChLC encapsulated in alginate gel shells was recently reported (see Figure 6.1c) (3)—although for compounding an
FFF filament, the particles would need to be more mechanically robust. Alternatively, UV
dosimeters based on a cholesteric LC (6) could conceivably be fabricated in a similar fashion. Stimulus-responses to chemicals are more difficult to realise, as the polymer matrix,
similar to our experience with the water-responsive flakes, might act as barrier and hinder
interaction with the cholesteric sensor.
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Direct ink writing of cholesterics for intricate photonic coatings

The roles as originally defined in Chapters 3 and 4 can also be reversed: instead of developing a cholesteric oligomer ink for direct ink writing, the direct ink writing process is engineered to achieve specific optical properties from the cholesteric oligomer ink. Chapter
4 demonstrates this, as the printing speed determines the (extent of) formation of a slanted cholesteric, and the print path direction dictates the direction in which the cholesteric
alignment is slanted.
A technique often used for application of ChLCs is photolithography, as described in
Chapter 3. Initial selective crosslinking of the ChLCs through a mask followed by crosslinking the remaining material in a non-reflective state has been the basis of many patterned
(multi-coloured) reflectors (7–13). Using DIW to deposit ChLC oligomer ink in specific
pre-programmed slant directions before photolithography, allows for coatings with highly
customisable appearance, as demonstrated in Figure 6.2a.
During the first crosslinking step, slanted cholesteric alignment is locally fixed as a polymer network (see Figure 6.2b). After sufficient UV exposure through the mask, the sample
is heated to above TNI , and the entire unmasked film is subjected to a flood UV exposure
crosslinking the isotropic regions (see Figure 6.2c). By direct writing the cholesteric ink in
a back-and-forth pattern, an “inverse” cholesteric appearance can be created in the plane
parallel to the print direction. This effect relies on two underlying principles: (1) by printing into a slanted alignment, λmax is seen at an offset from the normal direction, and (2)
the colour at λmax is conceived more strongly than other reflected colours. Generating gcode with alternative slicing patterns can yield a variety of optical effects, as seen in the
demonstrators in Figure 6.2d,e, which show imprinted patterns with highly perspectivedependent appearances.
Besides the purely decorative potential of these patterned photonic coatings, a possible commercialisation route is as anti-counterfeit markers, an application that is often
suggested for ChLC polymer films (9, 14–18). The slanted alignment that can be created
with DIW, and the unique circular polarisation interactions it imparts provide an extra tool
in the design of unique, difficult-to-replicate optical films. Before this would be possible,
however, the optical clarity of the cholesteric oligomer ink needs to be enhanced.
As exemplified in reports of cholesterics printed using DIW, it is clear the imperfect
mesogen alignment results in a milky, scattering appearance (8). When the printed LCE
is to be used in optical processes, such as light-triggered actuation (19, 20) or as reflective
elements (8), light scattering can be detrimental to the LCE’s function, preventing precise focusing of light for actuation, or a reduced quality reflector. This is exacerbated if
thicker layers are printed, or multiple layers are printed on top of each other. Ideally, it
should be possible to print cholesterics with a homogeneous, optically clear appearance,
mostly through tuning the deposition procedure. Another option that might improve
transparency is to include a reactive surfactant in the printing ink to assist LC assembly
at the LC–air interfaces, such as the commonly used 2-(N -ethylperfluorooctanesulfon-
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Figure 6.2: Scheme detailing the procedure for the two-step direct ink writing–
photolithography process: a) direct ink writing deposits the cholesteric ink on a substrate, b) initial crosslinking is accomplished through a printed photomask at low UV
intensity, for short time, c) the bed temperature is increased beyond TNI , and the entire coating is irradiated with high-intensity UV to crosslink the isotropic regions. d,e)
Photographs of the patterned, perspective-dependent photonic coatings.

amido)ethyl methacrylate (13, 18), although as a result of the oligomer ink’s increased viscosity, it might mean that for proper diffusion of the surfactant and coherent cholesteric
alignment formation, wait times longer than the 15 minutes after printing suggested in
Chapter 5 are needed. Even then, it is unlikely that complete objects will be manufactured
out a cholesteric ink, since only a thin layer of a few micrometres is needed to reach maximal
reflection. Therefore, it is better to focus on the cholesteric inks as something to print as
top layers, or for thin devices.
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A final point concerning most LC 3D printing reported in the literature to date: the
reproducibility of the oligomer ink synthesis. As prepared in this thesis, the inks are commonly synthesised in a one-pot procedure where all reactants are added at the start (19–
26). While the average degree of polymerisation is controlled by the stoichiometry between
diacrylate and chain extension agent, this still leaves a lot of room for variation in chain
length distribution, and thus, variation in thermal and rheological properties of the resulting ink. For future upscaling endeavours, such batch-to-batch variation would surely limit
applicability. In addition, the influence of chain length dispersity on the helical twisting
power should be investigated—as it’s clear that increasing the degree of polymerisation has
a strong depressing effect on the helical twisting power (7). To combat reproducibility issues in future research, more attention should be given to extensive characterisation of the
synthesised inks, as well as standardisation of synthetic procedures in terms of duration,
temperatures, reactants, solvents, and catalysts.
6.2.3 Cholesterics in direct ink written soft actuators
Through addition of diacrylate azobenzene derivatives to LC oligomer inks during
oligomer synthesis, light-responsive printed actuators have been fabricated, as highlighted
in Chapter 1. These actuators can be upgraded with a light-reflecting feature through a
multi-material direct ink writing procedure. Printing both a cholesteric LC oligomer ink
and an azobenzene-functionalised LC oligomer ink on a single, static support foil and then
irradiating the photo-sensitive stripes causes bending of the assembly; photo-switchable
light transmission is the result (see Figure 6.3a) (26).
However, such a versatile device can also be reimagined to be based on a single ink
rather than relying on multiple inks for the same effect, see Figure 6.3b for a representative composition. Adding both azobenzene and a chiral dopant to the reactive mesogens
for oligomerisation creates an ink that is both structurally coloured and responsive to UV
irradiation. Perhaps contrary to expectation: it was found that triggering the trans–cis isomerisation does not lead to a noticeable shift in λmax , as the formation of a polymer network
fixes pitch length p sufficiently to be independent of azobenzene photoisomerisation.
Rather, the azobenzene-containing cholesteric LCE can be used for photoinduced
bending. In Figure 6.3c, this is demonstrated for a cholesteric oligomer ink containing
the diacrylate azobenzene derivative commonly used in light-responsive LCEs (20, 25, 26).
The oligomer ink’s increased viscosity compared to low-molecular weight LC mixtures allows for greater control over the molecular alignment obtained after direct ink writing;
from Chapter 4 it is known altering print speeds make the difference between depositing
planar-aligned or slanted cholesterics. Intriguingly, the change in molecular alignment
also leads to a significant change in actuation behaviour. Reducing the molecular order
(through increasing temperature, or photoswitch isomerisation) of cholesterics generally
leads to contraction perpendicular to the helical director (x, y) and concurrent expansion
along it (z) (27). When on a static, flexible substrate, contraction along a planar direction
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Figure 6.3: a) A bilayer device consisting of a static glassy foil onto which a lightresponsive azobenzene-containing LCE is printed, along with a photonic ChLCE.
Adapted under the terms of the Creative Commons CC BY-NC-ND licence from ref. (26),
copyright 2021 American Chemical Society. b) Molecular ingredients for a lightresponsive, light-reflective cholesteric LC oligomer ink. c) Comparison of UV-induced
bending of planar and slanted aligned strips of the azobenzene-functionalised cholesteric LCE.

leads to bending of the bilayer, with the active layer “on the inside of the bend” (26).
Contrastingly, slanted cholesteric alignments have an offset helical director, and this
is manifested in their photo- and thermomechanical behaviour. Irradiating the slanted
ChLCE-polyetherimide bilayer leads to bending with the ChLCE on the outside of the
bend, indicating a length increase in (one of the) planar directions. Control over bending
direction had previously been achieved with the aforementioned azobenzene-containing
LCE (20, 26), but in that system, the bending direction is dependent on the temperature
during actuation. In the ChLCE, planar or slanted alignment is created and fixed during
device creation and dictates the actuation pathway irrespective of the temperature while in
use.
A further demonstration of the unique versatility of these ChLC oligomer inks is given
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by polymerising the oligomer ink immediately after extrusion from the nozzle. Immediate
polymerisation fixes the ink in a uniaxial nematic mesophase with alignment (order parameter S = 0.3) comparable to literature-reported figures (22). This originally cholesteric ink
could function as contracting artificial muscles in devices designed to be independent of
static support layers; a single ink could be used for optical as well as actuating elements,
depending on the printing and polymerisation conditions.
6.2.4

The use of direct ink written cholesterics in biological settings

One of the promises of soft, responsive materials is their proposed application in biological environments because they would not pose a mechanical threat to soft, biological tissues (28). Liquid crystalline materials are seen as promising candidates for tissue engineering given their anisotropic molecular alignment and stimuli-responsiveness (29).
Cholesterics can be applied in tissue engineering by making use of their dynamic properties in cell scaffolds. An example based on an azobenzene-functionalised cholesteric network demonstrated that UV exposure through a mask caused localised deformations as
the trans-cis photoisomerisation leads to expansion in the helix direction (30). Cells seeded
on this coating deformed to accommodate the dynamic three-dimensional surface reliefs.
Since azobenzene photoisomerisation induces significantly larger deformations in LCEs
than it does in LCNs (31), designing similar coatings with ChLCEs will likely lead to larger
surface features, and possibly a different cellular response. Another advantage of cholesteric LCEs is that this thesis has proven their processability with direct ink writing; meaning this type of cholesteric, along with their proposed capability to form dynamic surface
topographies, can be 3D printed into other additively manufactured tissue engineering
scaffolds to handle these light-addressable scaffold-cell interactions.
However—before such tissue engineering or implants can be used, research is needed
into the biocompatibility of the LC inks. Reactive mesogens are not native to biological systems, and could thus pose a threat to organisms after implantation. From what is reported,
it is difficult to provide a conclusive statement over the biocompatibility of LC-based materials. The few results published do not paint a worrying picture, and mention low degrees
of cytotoxicity for LCNs (30, 32–35) and LCEs (36, 37). Another question that goes in
hand with investigating the toxicity of polymeric LC materials is the longevity of these
materials in biological environments. Research has shown that thiol-acrylate based LCEs
are sensitive to oxidative damage and which impacts their mechanical properties, although
no release of chemicals as a result of this damage was mentioned (38).

6.3 Securing a sustainable future for DIW with cholesterics
Recyclability becomes increasingly important as the volumes of LC materials increase to
meet the future demands of producing “smart” devices. Actually, it can be argued that
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“smart” devices need “smart” materials, and that materials are not truly “smart” until they
come at no (or very little) burden to the environment.
Most current polymeric LCs are thermosets which are difficult to recycle and eventually end up in landfills after use, or are mechanically ground down into low-quality filler
materials (39). In the development of sustainable LC materials, there are four options, in
ascending order considering their expected impact: (1) development of self-healing (dynamic covalent) crosslinked LC materials, (2) LC mesogens that can be degraded into welldefined, reusable species. Finally, and most importantly, (3) the use of biomaterials as cholesterics, and adjacent to this, (4) design of liquid crystalline materials based on renewable,
biobased sources.
One of the foremost solutions (“option 1”) is to develop thermosets with reversible
crosslinks, which would allow for reconfiguration of the material into new shapes, or complete melting for recycling. At the same time, many chemistries that allow for reconfigurability also inherently bring (self-)healing capabilities, which would extend the useful
lifetime of the materials. Dynamic covalent chemistries, which can be employed for this
purpose, have been briefly highlighted in Chapter 1.
Developing thermoplastic LCEs could be the middle road here, where short chains of
LC oligomers crosslink physically. Examples are polyureas or polythiourethanes based on
liquid crystalline monomers (40, 41). These materials can be synthesised by sequential onepot reactions, and can be processed relatively easily into polymer materials that show large
dimensional changes with temperature increase. Since during the polymer synthesis the
reactive mesogens are first transformed into LC oligomers, functional groups known from
LCN and LCE research may be incorporated into the chain, while the physical crosslinking
allows for remoulding, reshaping, and eventually, recycling. When the device survives the
task for which it was intended, it can be reprocessed for a new function.
Nevertheless, self-healing materials deteriorate over time. At that point, breakdown
of the material into useable molecular fragments is desirable (“option 2”). This requires
the design of new mesogens with labile chemical groups on strategic locations in the molecule. Non-mesogenic formulations have been developed for 2PP-DLW 3D printing that
make use of labile groups which disintegrate in alkaline conditions (42), or by enzymatic
means (43).
Securing a sustainable future for the materials presented in this thesis also requires reviewing methods of synthesising mesogens from renewable sources instead of from the
petrochemicals that many organic compounds are currently derived from (“option 3”).
This can be interpreted in multiple ways, one being to consider alternative natural materials that show LC properties. An example of such natural materials are aqueous dispersions of cellulose nanocrystals which display cholesteric phases at specific concentrations (44, 45), and as highlighted in Figure 6.4a,b,c, have been used for variety of coloured,
stimuli-responsive materials. Nanocellulose crystals have also been used as dopants in hydrogels, to induce anisotropic deformation upon hydration (46); so while bound to aque-
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ous environments, it is a possible direction for fully biobased actuators if a suitable biobased
hydrogel matrix is chosen.
Another way towards sustainable cholesterics is by considering renewable, bio-based
monomer sources (50). It should be noted that while a renewable feedstock is better than
one based on oil or natural gas—petrochemicals will run out at some point—renewable
monomers alone are not the ideal solution, as the nurturing and harvesting of the renewable source still requires energy, and the creation of new material also creates new waste
in the end. For this reason, it is interesting to consider existing waste streams as source of
mesogen building blocks.
Lignin, a waste product from wood processing, can be broken down into phenolic
compounds, which could possibly be used to synthesise the aromatic cores commonly seen
in reactive mesogens. Example in point: the lignin obtained from Populus trichocarpa trees
contains pendant 4-hydroxybenzoate groups (51), an essential part of the reactive mesogen
displayed in Figure 6.4d. Developing a synthetic pathway to cleave this moiety from the
biopolymer would be a great step towards a petrochemical-free future for reactive mesogens. The C6 spacer present in “RM82” and can furthermore be derived from 1,6-hexanediol, which can be prepared from d-fructose—in its turn attainable from cellulose—
through a couple of intermediates (52). The central ring of the mesogen in question,
the 2-methyl-1,4-benzenediol moiety, was found (in small quantity) among a plethora of
compounds during the hydrothermal breakdown of corn biomass (53). Additionally, the
blossoming field of coaxing microbes into performing industrial chemical conversions has
shown that glycerol can be used for the synthesis of acrylic acid (54).
In an ideal world, these options should be developed and used in concert. Current
functional materials based on reactive LCs cannot be translated into biopolymer LCs
overnight, and neither is a process to make the current reactive mesogens circular developed quickly; to bridge the gap, the synthesis of current mesogens from renewable or waste
stream sources should be swiftly investigated. Then, these could be used to design recyclable and self-healing functional materials, such as those based on polyurethane chemistry,
or containing dynamic covalent crosslinks. Finally, in the more distant future, it should be
possible for functional polymers based on (cholesteric) LCs to be processable circularly,
or even be biodegradable (on-demand) into harmless chemicals, although this will require
significantly more research on how to guarantee similar liquid crystalline properties (dielectric, optical, thermomechanical) from these new materials, as we demand from reactive
mesogens currently.

6.4 Recap: what 4D printed cholesterics can add to the future
3D printing techniques—those with static feed materials—are rapidly undergoing adoption in academia and industry alike (55, 56). An example that demonstrates the presence
of AM in daily life is its use in dentistry—by some already considered mainstream five years
ago (57). Recent developments in this field have shown the possibility for precise deposi-
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Figure 6.4: a) Optical mechanochromic stress sensor based on a glucose-cellulose
elastomer. The scale bar represents 1 cm. Reproduced with permission from ref. (47),
copyright 2020 Wiley-VCH. b) Microscopy image of a pressure-sensitive foil based on
an aqueous cholesteric cellulose suspension. Adapted under the terms of the Creative
Commons CC BY licence from ref. (48), copyright 2018 Springer Nature. c) Humiditysensitive optical sensor based on a cellulose doped with sodium chloride. Adapted
under the terms of the Creative Commons CC BY licence from ref. (49), copyright 2019
Wiley-VCH. d) An overview of possible bio-based sourcing methods for the synthesis
of the popular nematic reactive mesogen “RM82”.
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tion of multiple materials in single printed objects (58, 59). The next step is the addition
of “smart”, stimulus-responsive materials to the feedstock library of AM techniques. Designing autonomous, inherent responses to the environment is not simply an academic
exercise; for imagining a future where “micro-bots” carry out functions in medicine (60),
harvesters remove pollutants from the ocean (61), and larger soft assemblies operate in or
on living beings (62), it is imperative to rethink the materials, and the requirements for
such materials. For instance, currently, robots rely on electrical control circuits, the design of which gets increasingly complicated at smaller sizes, or when the device should be
strongly deformable.
This raises the question: how can structurally coloured materials add to the development of relevant devices? Throughout “smart” materials research, light is often named as
prime means of remote, “tetherless” control. This creates the need for control over light
for the design of advanced devices. Light might need to be redirected to different areas of
the machine, or the reflection of light or the lack thereof serve as indicator for the presence
of some predetermined condition—presence of a chemical or a temperature change—that
signify what environment encloses the robot. Using our imagination, we envision soft
devices aiding in surgeries, and can immediately, report optically on the condition of the
affected site.
Of course, this is just conjecture, but as highlighted earlier, cholesterics have a pedigree
as battery-free sensors for temperature (5), electromagnetic radiation (6), and identifying
chemical species (14, 63). Quantifying these phenomena can yield useful biometric or
environmental data; hinting at imminent hypo- or hyperthermia (64), the onset of sunburn (65), or indicating chemical imbalances in the body (66).
This thesis shows a path towards the 4D printing of devices that demonstrate both reversible colour and shape changes, based on a responsive, cholesteric liquid crystal oligomer
ink. We envision that this material will serve as starting point for many responsive, structurally coloured 4D printing inks of the future, to be used in many different applications:
sensing labels and light management systems to fully additively manufactured self-sensing,
photonic soft robots.
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This thesis chronicles the development of cholesterics for
“4D printing” starting at conventional material formulations, then the synthesis of a printable cholesteric
oligomer material, ending with a water-responsive, colour
changing ink for direct ink writing—and each chapter
employing demonstrators to highlight the unique capabilities of cholesterics. The ﬁnal chapter discusses how
cholesteric liquid crystals can fulﬁl their bright, lustrous
future, and their newfound role in additive manufacturing.

