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

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

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

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

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

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

7. Less is more. (Chapter 5) 

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

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

10. As a Catalan living in the Netherlands, I have concluded that “doei!”, screamed 
very loudly, is the only correct way to say goodbye in Dutch.  

 

−  Marc del Pozo Puig 
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Summary 
4D Printing of Liquid Crystals 
Additive manufacturing (AM), or 3D printing, consists of building an object from smaller ele-

ments deposited in a pre-designed manner. This approach was first intended for small scale, rapid 

prototyping of new device designs since it has few barriers of achievable geometries. Alongside 

advances in equipment, expansion of the material portfolio for AM has been dramatic over the 

last decade, making 3D printing a common tool in many fields. Of special interest is the printing 

of stimuli-responsive materials, also known as “4D printing”, which combines freedom of design 

with the capacity of the responsive materials to perform untethered, autonomous tasks; making 

4D printing appealing to fields such as soft robotics and health care. Common stimuli-responsive 

materials deposited with AM techniques include shape memory polymers, hydrogels, and liquid 

crystals (LC). The latter, despite being the latest addition to the portfolio, have the advantage over 

the earlier materials in that they can deliver programmed, reversible, rapid deformations triggered 

by different stimuli in both dry and wet environments. LC materials hold great potential when 3D 

printed, calling for advancement in: (1) the design of new LC materials suitable for AM, (2) mate-

rials that combine different functionalities and stimuli responses, and (3) approaches that facili-

tate multiple, controlled deformation modes in single devices. This thesis explores these three 

points to advance the state-of-the-art of 4D printing of liquid crystals. The work is divided in two 

main sections: fabrication of responsive microstructures via direct laser writing by two-photon 

polymerization (DLW-TPP) (Chapter 2&3) and fabrication of centimeter scale objects via direct 

ink writing (DIW) (Chapter 4&5). 

DLW-TPP consists of the formation of a 3D object by scanning a focused laser beam in a vat 

of monomers. The reaction mechanism is such that only at the focus of the laser beam polymer-

ization does occur. This grants this technique outstanding resolution. However, when designing 

a stimuli-responsive photoresist for DLW-TPP a decision needs to be made: high resolution or 

large deformations. This choice arises because low crosslink-density networks, characteristic for 

stimuli-responsive materials, can easily swell during the DLW-TPP step. Swelling hampers the 

maximum resolution attainable during the printing process. To reduce the swelling, one can 

choose to increase the crosslink density of the network, which in turn improves resolution. How-

ever, this also compromises device performance at the same time. Chapter 2 explores the limits 

of this compromise. A LC-photoresist is designed that results in a network with a high crosslink 
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density. Distinct 3D microstructures are generated showing sub-micron features. These struc-

tures showed only small shape changes upon heating to high temperatures. In Chapter 3, a more 

optimized cholesteric LC-photoresist is presented using monomers with supramolecular hydro-

gen bonds and monomers acting as crosslinking loci. As a result, during printing a high crosslink 

density network is formed by chemical and physical bonding, reducing swelling during the fabri-

cation step and so enabling a high resolution. After DLW-TPP, the supramolecular bonds can be 

cleaved, lowering the effective crosslink density without significantly effecting the structure’s ge-

ometry or integrity, allowing the network large shape deformations upon environmental changes. 

Furthermore, the helical molecular alignment of these structures results in a 1D Bragg reflector. 

This characteristic structural color acts as an optical sensor for the response of the microstruc-

tures to environmental changes in temperature and humidity.  

DIW consists of the extrusion and deposition of a material through a nozzle in a pre-deter-

mined way; line-by-line a layer is formed, and layer-by-layer a 3D structure is constructed. DIW has 

demonstrated suitable for printing LC-oligomers with molecules aligned parallel to the printing 

path, giving both freedom and a high degree of control over the alignment in the 3D object, crucial 

for pre-programming actuator response. LC-actuators enabled via DIW show inherent response 

to temperature, but light is a much versatile trigger and a promising platform to control move-

ment in an easy and rapid manner. Chapter 4 shows the design and characterization of a LC-

oligomer suitable for DIW that results in a network with temperature-controlled directionality of 

light-driven bending motion. By carefully combining different stimuli, DIW is used to fabricate a 

rectangular actuator in which three different deformation modes are shown. Illumination at room 

temperature result in a bending away from the light source, while at temperatures around 60 °C 

it bends towards the light source. Temperature by itself induces an anisotropic expansion-con-

traction. Furthermore, this actuator functions in both wet and dry environments. Chapter 5 stud-

ies the use of this material to fabricate actuators with multiple deformation modes while combin-

ing multiple functionalities in one device. This is accomplished by printing different patterns on 

top of a thermoplastic sheet with a thickness of 10 µm. By carefully illuminating areas of the pat-

terns, or their entirety, different distinct, controlled light-driven deformations are achieved under-

water. In addition, the possibility of combining multiple functionalities in a single device is demon-

strated by printing a photonic material between the light-responsive pattern. This approach in 

fabricating bilayers via DIW explores how amphibious actuators that show diverse and controlled 

deformation modes while having various functionalities can be produced. 
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Chapter 6 puts the advances demonstrated in this thesis for the fabrication of micro- and 

centimeter scale stimuli-responsive objects in context. In addition, suggestions on new research 

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

Overall, this thesis elucidates new LC materials suitable for different AM techniques and on 

their use for the fabrication of devices that show multiple functionalities or/and deformations 

modes. The results shown here bring autonomous untethered 4D printed liquid crystal devices 

one step closer to widespread deployment.  
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Abstract 

Recent years have seen major advances in the developments of both additive manufacturing con-

cepts and stimuli-responsive materials. When these two are combined in a process known as 4D 

printing, the result can lead to functional devices for use in health, energy generation, sensing, 

and soft robots. Among responsive materials, liquid crystals -which can deliver programmed, re-

versible, rapid responses in both air and underwater- are a prime contender for additive manufac-

turing, given their ease of use and adaptability to many different applications. In this chapter the 

junction between liquid crystals and additive manufacturing is introduced by using selected ex-

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

This chapter is partially reproduced from: 

M. del Pozo, J. A. H. P. Sol, A. P. H. J. Schenning, M. G. Debije, ”4D Printing of Liquid Crystals: 
What’s Right for Me? ”, Advanced Materials, 2021, 2104390  
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1.1 Introduction 
Additive manufacturing (AM) is a bottom-up approach that builds an object from smaller ele-

ments by consecutively adding them step-by-step. The initial use of AM was for rapid prototyping 

of device designs, usually with inferior materials optimized for production speed at the expense 

of final material or device properties.1 In development for about four decades, AM has now 

achieved greater public recognition, and is being applied in a growing variety of academic and 

industrial fields to produce performance materials and devices. AM is beginning to be considered 

a manufacturing technique in its own right—its forte being ease of use (no large industrial ma-

chines are required), ease of model design (any personal computer can be used to generate de-

signs) and a growing library of materials available for printing, ranging from thermoplastics to 

cement.2 Control of AM techniques is such that objects can be manufactured spanning from mi-

crometers3 to tens of meters:2 consider the wide variety of current uses of AM, including in avia-

tion,4,5 biomedical and tissue engineering,6–8 dietary,9,10 construction,2,11,12 garment design,13 labor-

atory wares,14,15 water purification,16 and sensing applications.17–19  

Most of the materials used in AM have essentially been static. What is needed for new appli-

cations are materials that can react to changes in their environment, autonomously altering their 

properties to perform untethered tasks, which are most desired for compliant soft robotics for 

healthcare,20 or devices that work at the human-machine interface or handling fragile objects.21 

This is where the term “4D printing” originates: a printed object generated from stimulus-respon-

sive materials (sometimes called “smart”). Since both the geometry and responsivity of the ma-

terials can be tuned, impactful applications are envisioned for 4D printed devices.22,23 Among the 

different stimuli-responsive materials available, liquid crystals (LC) polymers are emerging as a 

prime contender as they deliver pre-programmable, reversible, anisotropic actuation in both dry 

and wet environments while having tunability in terms of material properties and stimuli that 

triggers their response. LCs have a proven track record as “smart” materials in a wide variety of 

application fields, including water purification, optical sensing, display technology, energy man-

agement, and as artificial muscles.24–32 Despite LCs being a recent addition to the materials library 

used in 4D printing, they are already proving to be an appealing alternative to the conventional 

stimuli-responsive materials such as hydrogels or shape memory polymers which cannot show 

response in dry environments or reversible deformations, respectively.33–43 4D printing of LC is 

still in its infancy, and further development of the material and applications are imperative to truly 

unleash the potential of this young, rapidly-advancing, and exciting field.  
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1.2 Additive Manufacturing Techniques 
Over the past four decades, since the introduction of stereolithography (SLA)44 and fused filament 

fabrication (FFF, also commercially known as “fused deposition modeling”, FDM),45 the two most 

known techniques, additive manufacturing has been the umbrella term encompassing 3D printing 

techniques.1 These techniques can be classified in different branches, but all have one thing in 

common: fabrication of 3D objects by depositing and/or solidifying material in place, rather than 

sculpting an object out of a larger material block. The process always starts with a computer-

assisted design (CAD) which is “sliced” into layers using software that generates a fabrication 

instruction file for the printing equipment (Figure 1.1) written in “G-code”. When creating this 

instruction file, decisions are made affecting the structure’s fidelity to the CAD design (degree of 

correspondence of the final print to the intended structure in the CAD model) and its physical 

integrity (the physical “stability” of the print resulting from proper adhesion between layers). De-

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

 

Figure 1.1 Schematic describing the process from a CAD design to a 3D printed object. 
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the more faithful the final object to the original design. In some techniques, the layer “infill” also 

needs to be defined, the infill being the track pattern which the individual physical print lines follow 

in building the layers. There are several options for infill: rectilinear, concentric, or triangular, 

among others (Figure 1.1). For anisotropic materials aligned by the print path direction, such as 

liquid crystal elastomers (LCE), the type and density of infill can strongly affect the final mechan-

ical properties in all three spatial dimensions (see Section 1.5).39,46,47 What determines the tech-

nique best used for the print is dictated by the structure’s dimensions and the properties of the 

materials chosen to create it. As shown in Figure 1.1, in each step of the process different deci-

sions are made which affect the final structure. 

For fabrication of LC-based 3D objects, two categories of AM techniques have been primarily 

used: vat polymerization and 3D microextrusion.33–37,39,40,46,48–51 Each branch is suitable for specific 

classes of LC monomers. Vat polymerization is appropriate for low molecular weight mesogens, 

and 3D microextrusion for mesogenic oligomers.52 For each technique there are equipment op-

tions, each with different resolution as shown in Figure 1.2. Vat polymerization tends to have a 

higher resolution than microextrusion, and so it is often used for fabrication of microstructures, 

while 3D microextrusion is typically employed for millimeter- to centimeter-scale objects. These 

two branches will be discussed in more detail in Section 1.4 and Section 1.5 after LC have been 

properly introduced in the next section.  

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

(LCDs) and into functional devices of all kinds, and now into the AM world. As materials that can 

 

Figure 1.2 Overview of the most common additive manufacturing type classified by the resolution 
typically achieved.  
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be molecularly aligned, they are the ideal constituents for bottom-up construction of responsive 

objects. Situated between ordered solid and isotropic liquid phases (abbreviated as “I” or “Iso” in 

the LC literature), the LC phases combine molecular orientational order with the ability to flow 

and reorient when an appropriate trigger is imposed, first seen over 150 years ago.53–55 This stim-

uli-responsive molecular reorientation is the basis of their wide applicability in stimuli-responsive, 

“smart” materials.24 In the 1970s, the first compounds with liquid crystalline properties at room 

temperature (RT) were developed for LCDs,56 which also ushered in a time of wider applicability 

of this class of matter. Since then, many different LCs have been developed for a variety of appli-

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

LC phases are also called “mesophases” (after Ancient Greek μέσος, mésos, “middle, be-

tween”), and the molecules “mesogens”. LC phase behavior can be a function of temperature 

(“thermotropic”), or for those that occur in solution, dependent on both temperature and con-

centration of LC in the host medium (“lyotropic”).57 Thermotropic mesogens have strongly ani-

sotropic geometries, whether disc-shaped (“discotic”) or rod-like (“calamitic”) (Figure 1.3a), alt-

hough there are even more possibilities, such as bent-core.58  

Here, only thermotropic, calamitic LCs and their uses, are considered given their leading po-

sition in stimuli-responsive materials for 4D printing.24,29,59,60 Additionally, there are liquid crystal 

polymers (LCPs) that are not liquid crystalline in bulk at room temperature like the low-molecular 

weight molecules discussed here, but show LC phases during processing. The initial molecular 

alignment is retained which gives these materials—such as polyaramids—their exceptional ani-

sotropic mechanical properties. 

Low molecular weight calamitic mesogens are conventionally constructed from a stiff core 

built using a (series of) ringed structures (phenyl, pyridyl, cyclohexyl) substituted with flexible alkyl 

chains of variable lengths, typically C3 up to C12 (Figure 1.4). Given a suitable environmental tem-

perature, these mesogens self-organize into a nematic phase (N) wherein the molecules display 

orientational order; some mesogens can form one of many smectic phases (Sm), which combine 

orientational with spatial ordering (Figure 1.3b). The averaged direction of the molecular long 

axes of the mesogens is described as the molecular director (n) (Figure 1.3c). Numerically, the 

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

𝑆𝑆 = 3〈cos2(𝜃𝜃) − 1〉/2    (1) 
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with θ being the tilt of a mesogen relative to n. Typical nematic mesophase S-values are 0.5 to 

0.6,31 with smectics having slightly higher order (0.7-0.8).61 S can be determined using optical62 or 

X-ray scattering63 methods.  

As a result of the anisotropic shape of calamitic molecules, the dielectric properties are also 

anisotropic; a trait at the root of the “smartness” of many LCN-based devices. This is expressed 

as two orthogonal relative permittivity values, extraordinary (εe) and ordinary (εo). Depending on 

the difference, Δε=εe -εo, the mesogens will reorient along (Δε > 0, positive dielectric) or against 

(Δε < 0, negative dielectric) imposed electric fields. The inherent link between ε and index of re-

fraction (n) means that LCs also have two refractive indices, extraordinary (ne) and ordinary (no), 

which when the mesogens are aligned over large length scales, expresses itself as birefringence 

(Δn= ne - no) (Figure 1.3d). This birefringence allows users to swiftly recognize alignment patterns 

and mesophases by observing samples held between crossed polarization filters.  

Classes of Liquid Crystal Alignments  

The molecular order is an important characteristic of LCs that has a direct effect on the quality of 

its anisotropic properties and how it responds to external stimuli. Thus, controlling the molecular 

alignment during the 3D printing process is imperative. The mesogenic orientation can be ho-

mogenized at the macroscale by imposing boundary conditions. These boundary conditions can 

be obtained via treating the substrate surface(s) chemically, applying electric or magnetic fields, 

or using mechanical force fields such as shear or elongation. AM techniques where the LC is in a 

vat generally use treated surfaces in the vat or electric/magnetic fields across it. Extrusion-based 

AM mostly depend on process-inherent elongation and shear of the ink for alignment. Typically, 

the bulk of the material is first heated to the isotropic temperature and then cooled down to the 

LC phase (Figure 1.3e) in which depending on the boundary conditions imposed different organ-

ization of the mesogens can be obtained. The most common arrangements have names that 

helps their identification: when they are aligned parallel (“planar”),33 perpendicular to the sub-

strate (“homeotropic”),64 with mesogens aligned parallel to the surface plane at one side and 

perpendicular to the surface plane at the other (“splay”),51 or with the mesogens at different sur-

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

A self-induced helicoidal alignment pattern in the bulk of the material can be attained by add-

ing a chiral molecule to a nematic LC. This forms a chiral nematic (N*), or “cholesteric” (Ch), 

phase. When the periodicity of the mesogenic rotation is at the same scale as the wavelength of 
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light, selective reflection of light can occur, similar to a one-dimensional Bragg reflector,28 but in 

this case the circular polarization of the reflected light matches the helical pitch of the cholesteric, 

either right- or left-handed. The birefringence of the host LC determines the width of the reflection 

band, while the concentration of chiral dopant dictates the central wavelength of reflection. The 

alignment periodicity is quantified with pitch length (p), which is the distance taken for a 360° 

rotation of n along the helix director (Figure 1.3f). For reflection in the visible region of the elec-

tromagnetic spectrum, this means p is required to be in the hundreds of nanometers. Multiple 

factors influence the reflected wavelength (λmax) and width of the reflection band (∆λ), these being 

the average refractive index of the LC (〈𝑛𝑛〉), “helical twisting power” (HTP) of the chiral dopant, 

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

 

〈𝑛𝑛〉 = (𝑛𝑛𝑒𝑒 + 2𝑛𝑛𝑜𝑜)/3    (2) 

𝑝𝑝 = (𝐻𝐻𝐻𝐻𝐻𝐻 · 𝑥𝑥)−1    (3) 

𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑝𝑝 〈𝑛𝑛〉 cos(𝜃𝜃)    (4) 

∆𝜆𝜆 = (𝑛𝑛𝑒𝑒 − 𝑛𝑛𝑜𝑜) 𝑝𝑝    (5) 

 

Figure 1.3 Schematic drawings of (a) discotic and calamitic mesogens in an unspecified mesophase. 
(b) Typical calamitic mesogen alignments in the nematic (N), smectic A (SmA), and smectic C (SmC) 
mesophases. Visualized underneath are the molecular directors n. (c) Molecular orientation and angle 
θ with respect to the molecular director n. (d) Orientation of ordinary (no) and extraordinary (ne) re-
fractive indices and relative permittivities (εo, εe). (e) Generalized temperature-dependence of calamitic 
mesophases between crystalline (Cr) solid and isotropic (I) liquid. (f) Splay, twisted, and chiral ne-
matic/cholesteric (N*/Ch) director configurations and the associated local molecular directors n. Also 
shown for cholesteric is p/2, half the length of a full 360° rotation (the “pitch”) of n. 
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The helical twisting power is perhaps the most abstract variable in this set. Briefly, it is a property 

deriving from the unique interactions between the chiral dopant species and the LC mixture, de-

fined with units µm-1. Larger HTP means a lower weight fraction is required to reflect a given 

wavelength, while the sign of HTP indicates whether the resulting helix is left-handed (–) or right-

handed (+).  

Liquid Crystal Networks and Elastomers 

Macroscopic expression of liquid crystalline properties, such as birefringence and thermal con-

traction, requires the presence of molecular ordering. Normally, this only occurs in the LC 

mesophases, which are situated at defined temperature ranges, typically above room temperature. 

This temperature range can be extended by fixing the molecular alignment of the mesogens into 

a chemically bound polymer network. Calamitic reactive mesogens (RMs), LC mesogens modified 

with crosslinkable chemical end-groups either at one or both ends of the mesogen (Figure 1.4a), 

were first developed in the 1980s.66 A selection of common materials and their names are given 

in Figure 1.4b. By reacting the crosslinkable chemical groups, the RMs are chemically bonded, 

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

 

Figure 1.4 (a) Visualization of reactive mesogens (di- and mono-substituted) and the reactive func-
tional groups commonly encountered. (b) Molecular structures and common names of some typical 
mesogens used in reactive LC research. (c) and (d) are schematic drawings of the monomers used to 
make LCNs and LCEs and characteristic figures defining each class. Idealized network structure for 
LCNs and LCEs after crosslinking, and common mechanical properties.29  
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as an liquid crystal network (LCN). LCNs characteristically have glass transition temperatures (Tg) 

above RT and high crosslink densities.60  

Reducing the crosslink density can be accomplished by forming LC oligomers by chemically 

concatenating RMs before crosslinking. Crosslinking LC oligomers leads to a loose network, 

known as an liquid crystal elastomer, LCE, which are, as the name suggests, more “elastic”; they 

typically feature viscoelastic, non-Newtonian flow behavior46,67,68 with large strain-at-break values 

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

Liquid Crystal-based Actuators and Triggers 

Molecular alignment coupled with chemical crosslinking is the basis of many “smart” applica-

tions, including 4D printing of LCs. The most basic actuation arising from planar and homeotropic 

crosslinked networks is thermal contraction, but many other, more complex motions are possible. 

With increased temperature, mesogens making up LC networks naturally lose order—the “order–

disorder transition”—which in the case of an aligned network leads to contraction along n as the 

mesogens pull the network together through their crosslinked ends, and expansion perpendicular 

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

Reduced crosslink densities, as found in LCEs, leads to large contractions, since the order–

disorder transition is given more freedom to strain the network.69 As a result, LCNs contractile 

strains are generally below 10 %,29 being restricted by the high crosslinking density; while in cross-

linked LCEs, values up to 50 % are common. When it comes to designing an 4D printed object 

with LCEs, the two distinguishing features—freedom in structural design, and mesogen align-

ment—are best used in synergy. As depicted in Figure 1.5, the molecular alignment of the liquid 

crystals determines the direction of contraction and/or bending. For example, a strip with uniaxial 

molecular alignment leads to contraction along a single direction (see Figure 1.5a), a design 

suited for artificial muscles. In cholesterics, since there is a continuously rotating molecular direc-

tor distribution along the helix director, disorder leads to expansion along this helix director and 

a slight contraction in-plane.70 Out-of-plane deformation, similar to the workings of a hinge, can 

be accomplished with molecular director patterns such as splay and twisted (see Figure 1.5b). 

Twisting actuation results from actuator with their long axis offset from n.71 Similarly in liquid 

crystalline particles the molecular director determines the deformation of the particles.72–76 Addi-

tionally, by more intricate patterning of the alignment, highly localized responses can be generated 

leading to functional actuation pathways.77 Concentric and azimuthal alignment patterns can also 
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result in out-of-plane actuations, as these concentrate stresses to a single point (Figure 1.5c).78,79 

Tiling multiple concentric domains together leads to the formation of multiple cones within a 

single film, which can be used to lift masses.80,81 

The influence of the fabricated object’s macroscopic shape has been demonstrated in thin-

film LCN devices. Planar films produced with the length cut at angles oblique to n lead to coiling 

upon actuation.71,82 In splay films, having n on the planar aligned side parallel to the film’s long 

axis (“n ∥ film”) forms a thin coil, while having “n ⊥ film” leads to tube formation (this does not 

hold for twisted alignments). To add variability, the degree of bending is inversely related to the 

film thickness, thereby serving as an additional design parameter;83 and by varying thickness along 

the film, in essence creating a wedge, the amplitude of the bending can be dramatically enhanced, 

resulting in tightly rolled films (Figure 1.5d).83 Thus, it is not only the molecular alignment, but 

also the geometry that has a significant role in actuator performance. Normally, combining do-

mains of different alignments within a single film requires intricate alignment procedures, so as-

semblies of multiple LCN films have been explored in preference (Figure 1.5e). Orienting films in 

an assembly where they bend towards each other has been used as grippers and feet.84–87 A film 

with localized director patterns and cuts in strategic locations can lead to the reversible opening 

and closing of those cuts through actuating the LCN.88 Combining an LCN with a support material 

in a bilayer fashion can also guide the film to bend or curl, akin to bimetallic strips.89,90 For more 

information on different alignment-shape combinations, the reader is referred to reviews that 

showcase actuator designs and principles.25,26  

Temperature is not the only stimulus, trigger, available for generating the order–disorder tran-

sition that triggers the reversible actuation of LC networks (see Figure 1.6 for common environ-

mental responsivities). Light responsivity is typically obtained by including a dopant in the host 

LC network that either generates local heating (a photothermal effect), or changes its confor-

mation (a photomechanical effect) upon light exposure.91,92 Both mechanisms appeal to different 

applications. In a photothermal effect, the dopant absorbs light and subsequently releases the 

energy, increasing the local temperature of the network, generating a physical response. Upon 

removing the light source, the sample rapidly cools, and the response reverses. In the photome-

chanical response, the dopant changes its configuration and conformation upon absorbing light, 

forcing molecular re-arrangements and triggering stress in the network. By photoisomerizing, the 

molecules generate a photomechanical contraction of the network along the molecular director, 

which is transduced to the macroscopic object as a contractile strain which can last for months 
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depending on the lifetime of the isomer.26,60 Additionally, physical response to humidity can be 

integrated in the LC network by incorporating mesogens with hygroscopic groups which attract 

environmental moisture: a controlled swelling of the network is achieved dependent on the vol-

ume of water taken up. Hydrophilic blocks93 or polar groups24,94 are incorporated to make the LC 

water-absorbant. Polar groups (carboxylic acids or tertiary amines) are not yet sensitive to humid-

ity immediately after polymerization: to become active, these must be converted into a salt using 

 

Figure 1.5. Contraction and expansion directions for different LC alignments in response to increased 
disorder: (a) uniaxial, cholesteric, (b) splay, twisted. (c) Complex alignment patterns concentric and 
azimuthal depicted schematically and their response when crosslinked into an LCN. Adapted with per-
mission.79 Copyright 2012, Wiley-VCH. (d) Schematic drawing of a tapered actuator design with photo-
graphs showing the obtained effect upon actuation. Adapted with permission.83 Copyright 2019, Royal 
Society of Chemistry. (e) Example of an assembly of LCNs in which the alignments and orientations of 
different actuators have been chosen in such a way that 2D movement is possible. Steps (i) to (iv) 
illustrate the steps that make up a full “walking cycle”: (i) walker in its original location, (ii) legs per-
pendicular to intended movement direction irradiated, leading these to bend outward and temporarily 
lift the robot, (iii) front leg is triggered to bend forward, and finally (iv) the leg retracts, pulling the 
walker into the intended direction. Adapted with permission.86 Copyright 2020, Wiley-VCH. 
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alkaline or acidic aqueous solutions, respectively. Finally, besides orchestrating a molecular reor-

ientation, electrical and magnetic fields can also be used to trigger thermal actuation. This can for 

example be done by loading the LC with a conductive liquid metal,95–97 or by creating a bilayer of 

LC and iron doped polydimethylsiloxane (PDMS) layers, where exposure to strong magnetic fields 

causes induction heating of the sample.98,99 

1.4 Vat Polymerization of Liquid Crystals 
In vat polymerization, localized crosslinking is induced in a bulk of a light-sensitive material, typ-

ically known as the “photoresist”, using light of specific wavelengths, with a resolution generally 

between 0.1-100 µm.1 Direct laser writing by two-photon polymerization (DLW-TPP, Figure 1.7), a 

vat polymerization technique, has become the favorite fabrication method for researchers produc-

ing functional microscale structures as it offers both sub-micron resolution and freedom of struc-

tural design compatible with a wide variety of photoresists.100–104 As a result, fabrication of micron-

scale LC objects has been accomplished mainly via DLW-TPP, which has led to devices as diverse 

as microgrippers,51 microlenses,105 microwalkers,33 or different photonic elements.35,40 

In short, DLW-TPP, also known as “multiphoton lithography”, is a technique that relies on the 

non-linear optical process of “two-photon absorption” (TPA) to perform localized crosslinking the 

vat of monomers. TPA requires an extremely high photon density, as two photons need to be 

simultaneously absorbed to initiate polymerization. This high photon density can be achieved by 

focusing a femtosecond laser, typically a ~780 nm fs-pulsed Ti:sapphire, which concentrates the 

photons temporally; by using a microscope objective to focus the light, the photons are also con-

centrated spatially. The photon flux is the greatest at the focal point and exponentially decreases 

from there. Only at the focal point is the density of photons high enough for TPA to occur, 

 

Figure 1.6 Idealized schematic drawings of molecular responses to four different stimuli: temperature 
(isotropization), photomechanical (photoisomers), swelling in response to water uptake, and field-

induced reorganizations (typical examples E: electric, B: magnetic, ε: strain, γ: shear). 
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implying polymerization only occurs at the focus. By scanning the focal point through the bath of 

material, polymerization can be induced anywhere in the resist bath; a feature not possible with 

SLA or digital light projection (DLP), other vat polymerization techniques, in which polymerization 

can only occur at the surface of the vat as these rely on single-photon initiation of the crosslinking 

reaction. The 3D focal point has an ellipsoidal shape, with an equal length in the x- and y-axes, 

typically around 60 nm, and slightly elongated in the z-axis, this being ~ 180 nm;106 both the shape 

and dimensions are influenced by the laser intensity and the numerical aperture (NA) used.107,108 

Because of the small dimension of the focal point, the resolution of this technique is ~ 20 nm to 

5 µm:1,109,110 final resolution is critically dependent on both the material and the printing parame-

ters. After the fabrication exposure steps, any unreacted monomer is typically removed during a 

“developing” step to obtain the final object.  

Direct Laser Writing by Two-Photon Photopolymerization in Liquid Crystals 

An LC photoresist for DLW-TPP must contain the following: (1) difunctional mesogens to act as 

crosslinkers to form the network and fix the alignment in place, (2) monofunctional mesogens to 

provide flexibility to the network, and (3) a two-photon photoinitiator. However, a fourth condition 

can be imposed by the DLW-TPP equipment: (4) the material must have a stable LC phase at RT 

when there is no heating stage. Most reported LC mixtures satisfy the first three requirements, 

but their LC phases typically exist above RT or crystallization at ambient conditions occurs after 

only a few minutes, reducing the available printing time, and hence making these mixtures gen-

erally unsuitable for printing. While actual printing times may vary, in our experience single mi-

crometer-scale structures require a few seconds to complete, while structures on the order of a 

few hundred micrometers take minutes. What usually takes the longest is the period between 

filling the LC alignment cell and the actual onset of printing, which can take half an hour. This 

latter restraint imposed by the equipment can be overcome, for example by custom stages allow-

ing heating of the mixture during printing.111,112 

Other factors are relevant when selecting the mesogens for the LC photoresist. In general, 

stimuli-responsive objects are typically based on low crosslink density materials, and as a result 

suffer from swelling with the surrounding monomer both during and after the DLW-TPP pro-

cess,113–115 reducing resolution. When working with LCs, swelling can be avoided by increasing 

crosslink density, that is, the fraction of mesogens with two reactive end groups, which in turn 

improves the resolution achievable with the resist. Nonetheless, when working with acrylate-ter-

minated monomers, increasing the fraction of bifunctional mesogens augments polymerization 
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shrinkage. The use of epoxide and oxetane mesogens rather than acrylates can be used not only 

to reduce polymerization shrinkage, but also to ensure oxygen insensitivity during polymerization 

and a lower processing viscosity.111,116 Despite their advantages, epoxide-based LCNs are still in 

their early stage when compared to acrylate-based LCNs.  

The ratio of difunctional to monofunctional mesogens is an important parameter affecting the 

structure’s resolution, but increasing the crosslink density degrades the performance of the actu-

ating structures, as both speed and amplitude in actuation response are reduced.114 This effect 

can be exploited to obtain non-reciprocal motion in microstructures that have regions composed 

of mixtures containing different ratios of difunctional to monofunctional mesogens, thus differing 

crosslink densities.117  

Adding dopants to an LC photoresist may allow integration of additional optical properties,35,37 

response to different stimuli, e.g. light,33,118 humidity,37 or electric field,40 and/or improve the me-

chanical performance of the network.50 The two most important considerations when choosing a 

dopant are: (1) it should not disturb the LC alignment and (2) it should be transparent to the laser 

light, or at least not compete with TPA. The former can be easily satisfied by choosing a dopant 

that has dimensions and shape like the rod-like LC mesogens, while the latter is more specific to 

the material and chemical groups possibly present in any dopants. The reader is directed to the 

following literature for a guide on how to tune LC-photoresist to obtain response to different stim-

uli.52 

Additionally, there are several tunable printing parameters that not only influence a structure’s 

fidelity to the computer design, but, in the case of DLW-TPP in LC photoresists, also affect the 

characteristics of the network formed, and even how the final print actuates. Figure 1.7 displays 

these parameters and summarize their effects, for further explanation the reader is directed to the 

literature.52  

4D Printed Micrometer Scale LC Structures 

Using DLW-TPP, a wide variety of LC microstructures have been fabricated. These can be classi-

fied in groups according to different criteria, e.g. trigger of the response, application, properties, 

etc. Here, they are categorized in two different groups according to the structure’s intended pur-

pose. Thus, structures that show a shape deformation triggered by an external stimulus are 

grouped as micro-actuators and structures that have shown to interact with light, either because 

of their molecular arrangement or due to their dimensions, are grouped as photonic 
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microstructures. As a result, some structures that could be considered micro-actuators are 

grouped with photonic structures since they use the anisotropic shape of the network to obtain 

dynamic optical properties.  

Micro-actuators 

The key feature of micro-actuators is that there is a triggered shape change upon exposure to an 

external stimulus. LCs allow for the fabrication of micro-actuators that show a wide variety of pre-

programmed shape deformations triggered by different external stimuli. Here, we will discuss 

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

LCNs are inherently responsive to temperature changes; however, most of the work on LC-

based micro-actuators has not focused on characterizing their response to this stimulus. This 

could be because it is difficult to analyze this response in microstructures and it is challenging to 

induce a controlled temperature change in only a single micro-object. Nevertheless, there is one 

example consisting of a hybrid system: LCN films that have embedded and epoxide-based micro-

patterns.111 The epoxide-based micropatterns are first produced via DLW-TPP inside a cell, after 

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

 

Figure 1.7. Schematic representation of the printing process of LCs in DLW-TPP. In the drawing, the 
different user-adjustable parameters are highlighted: the writing speed, laser intensity, temperature, 
and layer spacing. The insets for LC photoresist and LCN show an example for an approximate orien-
tation of the mesogens, in this case planar, in the vat and after polymerization, which are typically the 
same. 
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mesogens that are used to then polymerize a film around the epoxide-based micropattern. The 

advantage of having a micropattern of a different material in the film comes from the enhanced 

mechanical and actuation performance of the composite which can be tuned by changing the 

geometry and dimensions of the patterns.  

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

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

 

Figure 1.8 (a) A light-fueled microwalker. Top scanning electron microscopy (SEM) image of the walker, 
scale bar 50 µm. Bottom, electron micrograph sequence that shows the walker movement upon illu-
mination with a green laser. The topography of the surface is shown on the top left of the sequence. 
Adapted with permission.33 Copyright 2015, Wiley-VCH. (b) An autonomous light-responsive gripper. 
On the top, a scheme showing the mechanism for the response to grasp an object. On the bottom, 
micrographs showing the “microhand” in action. Adapted with permission.51 Copyright 2017, Wiley-
VCH. (c) NIR light-responsive microstructures. On the top, SEM images showing diverse 3D geome-
tries. On the bottom, micrograph images showing the response of structures to near-infrared light. 
Adapted with permission.50 Copyright 2019, American Chemical Society. (d) Various 3D-to-3D shape 
deformation from the same geometry, in this case a ring. The distinct deformations are accomplished 
by fixing different molecular alignment in the ring. Scale bars represent 50 µm. Reproduced under the 
terms of the Creative Commons CC BY license.41 Copyright 2020, Wiley-VCH. 
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produced in 2015 (Figure 1.8a).33 Upon illumination with a 532 nm (green) laser, the body con-

tracted anisotropically, and when the light was turned off, it expanded to its initial state. Due to 

the rapid response of the body to a pulsed laser beam, the object could walk. Later work reported 

an autonomous light-responsive “microhand” composed of two strips forming a cross, each hav-

ing splay alignment (Figure 1.8b).51 Upon illumination, the strips bent, closing the hand. Again, 

when the light was turned off, the hand recovered its initial state. Autonomous motion was 

achieved, as light would be redirected by an object passing in front of the hand, triggering the 

response, and allowing the hand to catch objects by itself. More recently, there have been reports 

of 3D planar samples expanding anisotropically upon illumination with near-infrared (NIR) light 

(Figure 1.8c).50 In all these light-responsive micro-actuators, both to green and NIR light, the 

actuations were based on photothermal effects. Photomechanical actuation in LC-based micro-

actuators has yet to be reported, but it would be more desired than photothermal actuation in 

some applications, so worth exploring.  

Response to ambient changes such as humidity and temperature, or to solvents, can also be 

desirable. In these cases, the response comes from the swelling of the network, expanding per-

pendicularly to the molecular alignment. This anisotropic swelling has been explored in micro-

structures that present different molecular alignments in the same geometrical object shape (Fig-

ure 1.8d).41,65 As a result, different deformation modes triggered by swelling in N,N-dimethylfor-

mamide (DMF) could be obtained depending on the LC alignment. The solvent triggered an ab-

rupt actuation, while humidity changes, in contrast, result in a gradual actuation which can be 

much desired in some applications.  

Photonic Microstructures 

A microstructure is considered photonic when it interacts with light, mainly through reflection 

and diffraction in printed materials. This can occur at two different length scales: the molecular 

level when the light is modulated by chromophores in the material itself, and/or the nanometer 

to micrometer scale when light interacts via the geometry and periodicity of the structural features. 

Owing to the optical anisotropy of LCs, it is possible to fabricate photonic microstructures that 

interact with light simultaneously at different length scales.  

As described in Section 1.3, when a chiral molecule is added to an LC mixture, the mesogenic 

planes can self-organize in a helical fashion, known as cholesteric alignment, resulting in a chiral 

1D photonic crystal, forming a photonic polymer, also known as a cholesteric liquid crystalline 
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(CLC) network. The use of the cholesteric alignment comes with the advantage that the physical 

shape of the print can be chosen arbitrarily and, coincidently, the first DLW-TPP LC photonic 

microstructures had this alignment.119 This early work focused on studying defect modes in CLCs 

by polymerizing regions at the top and bottom of the cell while leaving the intermediate region 

with unreacted monomers, in essence creating a polymer-monomer-polymer sandwich. After 

polymerization, the pitch length elongated, while the pitch length in the unreacted regions was 

reduced, modifying the selective reflective bands (SRB) of each region, in which microscopic in-

dented frames allowed a fine control of the shift of the SRB (Figure 1.9a).120 The contrast between 

the SRB of the monomer and the polymer results in stable temperature-responsive defects.119 

These photonic microstructures have the potential to become stimuli-responsive narrow band-

pass filters, heat sensors in integrated optical circuits, or/and advanced optical and photonic 

components. 

Instead of making use of the cholesteric alignment to fabricate structures in which the mate-

rials themselves interact with light, the inherent birefringence of the LC can also be used. When 

combining electrically addressable LC photoresists with DLW-TPP, the molecular alignment dur-

ing fabrication can be easily controlled and tuned.40,121–123 Hence, during fabrication, different mo-

lecular alignments can be fixed. As a result, one can accomplish complex spatial variations on the 

birefringence inside the cell, as the polymerized regions and the surrounding monomer can have 

different molecular alignments.122 When that is the case, the optical mismatch results in scattering 

and the structures being visible; but when viewed under an applied electrical potential matching 

the potential used during polymerization, the polymerized and non-polymerized components 

match in birefringence, and the structures become indiscernible (Figure 1.9b).40 Alternatively, the 

birefringence of LC microstructures can also be used to fabricate temperature-responsive color 

pixels for encryption, encoding, and anticounterfeiting elements at the microscale (Figure 1.9c).124 

Another option using the birefringence of LC is making photonic microstructures via DLW-TPP 

micropatterns65,125 and scaffolds126,127 which serve to precisely change the director of the mole-

cules, creating a controlled variation of the refractive index, within the structure. As a result, mi-

crolenses that specifically focus right-handed circularly polarized light and defocus left-handed 

circular polarized light, or vice versa,125 or as polarization-independent phase modulators           

(Figures 1.9d).127 Birefringence effects in microscale objects are rare and it would be of interest to 

investigate with LCs as starting point, as LC are well known for their use in LCDs which make use 

of their birefringence. 
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On the other hand, rather than using the internal material structure itself to interact with light, 

photonic interactions can be generated by fabricating periodic microstructures. Depending on the 

scale of the periodicity, the incident beam will be modulated or not. For example, gratings are 

well-known 2D photonic crystals that diffract incident light. When such a grating is made of a 

light-responsive LCN with a pitch of 1.5 µm (Figures 1.9e), it diffracts red light.118 Owing to the 

anisotropic shape change of the LCN, the diffraction pattern could be altered by illuminating the 

grating with a green laser. The rapid response of the network resulted in the possibility of convert-

ing the simple static grating into a beam steerer.118  

1.5 3D Microextrusion of Liquid Crystals 
In extrusion-based equipment, a thread of material known as a “filament” is forced through a 

nozzle and deposited on a substrate or previously printed layer in a predetermined fashion. Layers 

are formed line-by-line, and objects layer-by-layer. The resolution, from 100 µm to 1 cm,1 is 

 

Figure 1.9 (a) Polarized optical micrograph (POM) images of three CLC structures in which the SRB is 
controlled by introducing indentation in the frames; top without indentations, middle with 20 slits and 
bottom with 40 slits. Reproduced with permission.120 Copyright 2008, Optical Society of America. (b) 
POM images of a quick-response (QR) code formed by micropillars that were polymerized when no 
electrical potential was applied and consequently the QR code is only visible when a potential is ap-
plied. Adapted with permision.40 Copyright 2018, Wiley-VCH. (c) POM images of arrays of pillars pre-
senting different highs. As a result of the height difference, an encoded message is visible upon heating 
the structures. Adapted with permision.124 Copyright 2020, Wiley-VCH. (d) Schematic of a polarization-
independent phase modulator that consist a 3D scaffold that align the mesogens in distinctly along 
the structure. Reproduced with permission.127 Copyright 2017, Optical Society of America. (e) Scanning 
electron microscopy image of a light-responsive beam steerer. Reproduced with permission.118 Copy-
right 2012, Wiley-VCH.  
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primarily determined by the nozzle diameter and printing speed. Once extruded, the material 

must be able to maintain its shape. This excludes low viscosity materials and makes thermoplas-

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

Among the different extrusion-based equipment, direct ink writing (DIW) printers, Figure 1.10, 

have been predominantly used for 4D printing of LC-based centimeter-scale objects. In short, DIW 

is suitable for materials that cannot be stored as a solid filament, such as LC oligomers as they 

are viscoelastic thermosets, and was first intended as a technique to fabricate ceramic objects in 

complex, three-dimensional shapes.128 The syringe is loaded with a viscoelastic ink and pressur-

ized mechanically, or pneumatically, and a predefined print path is followed by the printer to write 

the material in place.129 Drying or curing of the material can be performed during the print process 

after each layer is deposited, or after the entire print is completed, depending on the material 

characteristics.  

Direct Ink Writing of Liquid Crystals 

Unlike techniques where the resin is in a bath, DIW requires material that does not escape the 

nozzle under the force of gravity, yet flows well from an extrusion slot under pressure, and shows 

 

Figure 1.10 Schematic representation of the printing process, detailing the ink reservoir, nozzle, and 
printed object. The inset shows a detailed schematic representation of the micronozzle indicating the 
user-adjustable parameters: the writing speed, nozzle diameter, and layer height. The molecular align-
ment for “LC oligomer ink” and micronozzle shows the approximate orientation of the mesogens in 
the reservoir, where it is polydomain nematic, and in the high shear environment of the micronozzle, 
where is it monodomain nematic. 
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good setting behavior once on the substrate.130 Such viscoelastic properties are found in LC oli-

gomers, which are the precursors of LCE networks. The last few years of extrusion-based AM of 

LCs has catapulted one specific class of LCE precursor to the foreground of research: main-chain 

liquid crystal elastomers (MCLCEs), which are commonly synthesized from oligomers of concat-

enated reactive mesogens. MCLCEs maintain the anisotropic LC characteristics of the original 

monomers, but also are viscoelastic; their shear thinning behavior is what makes them useful for 

DIW. Two similar synthetic methods have found wide appeal for making MCLCEs: amine-acrylate 

“aza-Michael” and thiol-acrylate “thiol-Michael” addition reactions.131,132 Both methods have been 

used extensively for linking diacrylate mesogens with chain extension molecules, the difference 

between aza-Michael and thiol-Michael being the reactant used for the chain extension. For 

amine-acrylate, the reaction is between a primary amine and a diacrylate and forms β-aminoester 

bonds between the reactive mesogens. Thiol-acrylate reactions on the other hand, form β-thioe-

sters. By virtue of the chemistry commonly employed, amine-acrylate or thiol-acrylate, the syn-

thetic procedure for making the LC ink is fast and easily performed. When the diacrylate mesogen 

is in molar excess over the chain extender, the MCLCE mix obtained is acrylate-terminated and 

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

In the same manner as LCN, significant research on responsive LCEs that show response to 

other stimuli than temperature have been reported, however mostly in works not related to 4D 

printing. Most of the work on DIW of LCs has reported temperature responsive objects; however, 

response to other stimuli such as light or humidity would be quite appealing. While first reports 

of DIW printed objects that response to stimuli have been already reported, the cases are still 

limited and the library of LC inks for DIW remains still limited to a handful of mixtures. Readers 

interested in learning how to tune an LC ink to obtain centimeter scale object responsive to other 

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

After loading the ink reservoir with an LC ink composed of MCLCE and a suitable photoinitia-

tor, printing can commence. The key variables that can be adjusted for DIW are printing infill, 

nozzle diameter, and printing temperature and speed, all of which influence the molecular order 

obtained after deposition, and thus device functionality and response. Typically, the optimal print-

ing conditions deliver extruded filaments that have a uniaxial alignment parallel to the printing 

direction,52 but other type of alignments have also been reported.47,133 Figure 1.10 shows schemat-

ically the DIW process and its different user-adjustable parameters accompanied with their effects 

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

One of the greatest advantages of DIW of LC is the control that it offers over the mesogenic 

alignment in the printing direction. Such control over the molecular director within a 3D objects, 

which determines how the network will respond to an external stimulus, has been explored to 

obtain actuators displaying different deformation modes including bending, 94,134 lifting, 38,46 and 

self-propulsion,34 among others. Objects displaying such actuations can be employed to fabricate 

soft robots or optical devices, for example. In this section some of these examples, which embody 

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

Soft Robots 

LCE networks are attractive as artificial muscles as they generally show load-free thermal aniso-

tropic shape changes in the order to 40-50%, 34,36,39,46,67,68,135–137 with actuation stresses in the kPa 

range at low strains.68,137 Additionally, typical reported values for the volumetric work capacity of 

LCE are on the order of 1-40 J kg-1, which is in the same order of magnitude as mammalian skeletal 

muscle (~8 J kg-1).138 As a result, lifting a mass vertically against gravity, both triggered by temper-

ature39,67 or light,38 has been reported in DIW LCE samples (Figure 1.11a,b).  

To fabricate an untethered autonomous robot, preprogramed actuation to an external stimu-

lus is imperative. Through engineering the molecular director via DIW in the 3D object, a variety 

of macroscopic deformations can be preprogramed. Fabricating “+1 point defect” spiral shape 

causes directional expansion or contraction, upon heating or cooling, respectively, along the 

mesogenic alignment direction, resulting in an out-of-plane deformation forming cone-like or sad-

dle shapes that can be used to lift weights from below. Bistable architectures can be generated by 

printing a spiral structure with inner and outer parts having opposite Gaussian curvatures, so 

heating builds stresses between these two parts that are released as a “snapping” motion, capable 

of lifting 5× the mass of the actuator.67 Furthermore, by printing two layers of LCE in orthogonal 

printing directions, hinges are formed.139 Strategically placing such hinges in an object in which 

these are made from different LCEs that respond at different temperatures leads to devices that 

sequentially respond, e.g. folding (Figure 1.11c)34,136 or even displaying self-propulsion.34 Addition-

ally, control over the porosity of an object can be achieved in a porous woodpile structure that 

contracts in both length and width with increasing temperature as the structural “beams” increase 

in diameter, lowering overall porosity.67  
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Incorporation of photoswitches, such as azobenzene, in the oligomer chain makes the con-

traction light-addressable,38,134,140–142 offering more versatility than only temperature to control the 

actuation. Light triggers contraction along the alignment direction of the LCE typically leads to a 

bending motion towards the light source; as the excitation light for the azobenzene is gradually 

attenuated, a concentration difference in the cis- and trans-isomers forms through the depth of 

the film, and thus a gradient in contraction.38,134,142 As light can be locally applied, a dynamic Braille 

pattern has been developed (Figure 1.11d). Furthermore, light can also be induce reprograming 

of the deformation post fabrication in reconfigurable LCE.36 For example, a spiral pattern that 

forms a cone shaped object upon heating can be fixed by UV light induced polymerization of free 

vinyl groups that cause network rearrangement (Figure 1.11e). More recently, a 4D printed LCE 

object that responds to light and humidity has also been demonstrated, showing the appealing 

of combining response to multiple stimuli in a single device.94  

 

Figure 1.11 (a) Soft actuator showing artificial muscle function. Adapted with permission.46 Copyright 
2018, Wiley-VCH. (b) Light-addressable artificial muscle. Reproduced with permission.38 Copyright 
2020, American Chemical Society. (c) A 4D printed object in which the hinges are made from two 
different LCE network that result in programmed sequential folding and deformation. Scale bars rep-
resent 1 cm. Adapted with permission.34 Copyright 2019, American Association for the Advancement 
of Science. (d) Light responsive Braille-like actuator. On the left, an illustration showing the pho-
toswitchable deformation in the pattern. On the right, the actual printed pattern in which the letters 
“L”, “C”, and “E” can be written in Braille code by locally triggering certain parts with light. Temperature 
is used to erase the deformations. Adapted with permission.142 Copyright 2020, Wiley-VCH (e) Print 
containing a +1 point defect that pops out into a cone upon heating, and can be permanently fixed in 
this shape using pendant photoreactive groups. Reproduced with permission.36 Copyright 2019, Wiley-
VCH.  
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Optical Devices 

Contrasting the widespread use of LCs in optical engineering, centimeter-scale printing of LC op-

tics has only rarely been demonstrated. For example, an adjustable lens was made by combining 

a printed ring of thermally-responsive LCE in a static, compliant PDMS slab.39 By designing the 

infill to follow a concentric pattern, heating the composite causes in-plane ring shrinkage, pushing 

out the clear PDMS, resulting in temperature-sensitive light refraction (Figure 1.12a). In another 

example, a responsive linear polarization filter was demonstrated by printing a chiral holder, in 

which the center element rotates as the outward spanning fibers contract.39 This contraction ro-

tates a small linear polarizer placed in the holder, which, when coupled with a second, static po-

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

Direct printing of a structurally colored material was achieved recently using a chiral nematic 

LC ink from the isotropic phase onto a heated print bed at low printing speeds (~ 1-2 mm s-1, 

Figure 1.12d),133 making it possible to print objects with optical behavior similar to chiral nematic 

films fabricated in specialized LC alignment devices.28 By printing at greater speeds                        

(~8-10 mm s-1), the normal helical alignment of the chiral nematic was distorted, forming 

 

Figure 1.12 (a) LCE-PDMS composite structure. The LCE is printed in a ring that effectively is a section 
of a +1 point defect. With increased temperature, the ring diameter diminishes, pushing out PDMS 
bound to it. This is seen in the side view. The transparent PDMS acts as optical element of varying 
focal point distance depending on its curvature. (b) Chiral architecture in which a small linear polari-
zation filter is rotated to reveal the image behind it. (c) Reflective optical element, the appearance of 
which was encoded by direct ink writing at high nozzle speed. Depending on the perspective of the 
viewer with respect to the object, it is either bright green, or very weakly colored. (d) Free-form reflective 
optical element that was direct ink written at low nozzle speed. After release from the substrate, a self-
supporting photonic object is obtained. (a) Adapted and (b) reproduced with permission.39 Copyright 
2017, Wiley-VCH. (c) and (d) were adapted under the terms of the Creative Commons CC BY license.133 
Copyright 2021, Wiley-VCH. 
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anisotropic reflectors (Figure 1.12c). Combining varying print paths and speeds, it is possible to 

write optical elements with highly perspective-dependent appearances.133 Consequently, the re-

flected polarization state can be controlled through the print parameters, as the distorted helical 

alignment does not discriminate between left- and right-circular polarized light at normal inci-

dence, unlike conventional chiral nematic reflectors or those printed at lower speeds which are 

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

1.6 Research Aim and Thesis Outline 
In recent years, additive manufacturing of liquid crystal materials has attracted rapidly growing 

interest from the scientific community. Chapter 1 has offered the reader an introduction to 4D 

printing of liquid crystals utilizing, basically, two different AM techniques: direct laser writing by 

two-photon polymerization and direct ink writing for the fabrication of responsive micrometer and 

centimeter scale objects, respectively. The examples discussed embody the potential and versatil-

ity of 4D printing LCs for fabricating numerous functional structures across different length scales. 

While significant progress has been made, there still remain several aspects to be addressed to 

unleash the full potential of this process. This thesis focuses on expanding the library of liquid 

crystal precursors suitable to use both in DLW-TPP and in DIW equipment with the aim of fabri-

cating, 4D functional materials and devices.  

First, we tackle on the fabrication of micro-actuators, which has been mainly accomplished by 

direct laser writing by two-photon polymerization of stimuli-responsive materials. This technique 

has one main challenge: the swelling of the polymerized network by unreacted monomers which 

reduces the resolution of the micro-object. This arises from the fact that this class of materials 

are based on low crosslink density networks. Chapter 2 reports a new LC photoresist suitable for 

DLW-TPP that results in a highly crosslink networks that overcomes such obstacle. A series of 3D 

micro-actuators are fabricated that show reversible anisotropic shape and unique polarization 

coloration changes triggered by temperature. The results demonstrate that, while limited in mag-

nitude (up to 26%), appealing actuation in LCN structures can be accomplished. Chapter 3 pre-

sents a novel approach to fabricated photonic micro-actuators that show large shape defor-

mations by incorporating into a LC photonic-photoresist supramolecular hydrogen bonded meso-

gens. These mesogens act as physical crosslink points during the DLW-TPP process that mini-

mize the network swelling, facilitating sub-micron resolution. The supramolecular bonds can be 

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

time identification of the structures’ status.  

Secondly, the focus is put on the fabrication of centimeter sized 4D objects, which have been 

predominantly fabricated via direct ink writing. DIW of LC permits a great degree of control over 

the molecular director in all directions in 3D centimeter scale objects, a control that is hard to 

achieve with other techniques. Light as a stimulus is appealing for untethered 4D materials and 

devices as it can be rapidly and locally applied, however few attention to develop LC ink that re-

spond to this stimulus has been made. To this end, in Chapter 4 a LC ink suitable for DIW that 

result in a light-responsive network is developed. Interestingly the light-induced bending motion 

of the fabricated film shows a temperature-controlled directionality. As a result, the network shows 

three different deformations modes, bending in opposite direction in additions to anisotropic 

shape changes, by carefully combining light and temperature. The potential use of this ink to 

fabricate multi-functional devices is explored in Chapter 5 by producing partially covered bilayer 

actuators via DIW. Surprisingly, the partial coverage of the passive layer does not significantly 

hinder the performance of the films and, in some cases, it can even improve it. By making use of 

the precise depositions of the LC material via DIW, discrete regions are created that can be trig-

gered individually, resulting in twisting and bending in perpendicular directions by sequentially 

triggering the different regions and by combining light and temperature. Additionally, the partial 

coverage facilitates the combination of different materials in one device, such as photonic rubber, 

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

Finally, Chapter 6 puts in context the future implications of the advances presented in this 

thesis. In addition, the current challenges of DLW-TPP and DIW of LC are addressed and future 

opportunities examined. The discussion offers a “roadmap” for the field of 4D printing of LC, 

across different lengths scale, for the realization of multi-functional, untethered devices and their 

future widespread use; from the perspective of material development, device’s design, and addi-

tive manufacturing equipment.    
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Direct Laser Writing of Temperature-Responsive 
Highly Crosslinked Micro-Actuator  

 

 

 

 
Abstract 

Over the past decade, progress in direct laser writing by two-photon polymerization of stimuli-

responsive materials has made considerable inroads into the realization of micro-actuators. With 

the focus on performing complex tasks such as walking, grasping, or delivering drugs, these ac-

tuators require a controlled pre-programmed actuation. Liquid crystalline enable such pro-

grammed movement when the mesogenic alignment can be successfully controlled. To date, this 

has necessitated low crosslink density networks, which are not readily conducive to the fabrication 

of 3D geometries. This chapter reports a liquid crystalline-based photoresist that results in a highly 

crosslinked network that permits fabrication of 4D micro-actuators in which the molecular align-

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

This chapter is partially reproduced from: 

M. del Pozo, C. Delaney, M. Pilz da Cunha, M. G. Debije, L. Florea, A. P. H. J. Schenning,          
”Temperature Responsive 4D Liquid Crystal MicroActuators Fabricated by Direct Laser Writing by 
Two-Photon Polymerization” , Small Structures, 2021, 2100158  
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2.1 Introduction 
Additive manufacturing of stimuli-responsive materials has found exciting application in the gen-

eration of micro-actuators. 1–14 Direct laser writing by two-photon polymerization (DLW-TPP), in 

particular, has proven suitable for inducing locally selective polymerization in various stimuli-

responsive materials.7,10,13–19 This technique offers outstanding resolution and a high degree of 

freedom in structural design,13,20,21  which has been used to generate micro-actuators which can 

perform advanced tasks such as walking, grasping, swimming, and delivering drugs among oth-

ers.10,12,14,15,17,22–24 Among the available stimuli-responsive materials, liquid crystals (LC) have at-

tracted special attention for the fabrication of micro-actuators via DLW-TPP as they can deliver 

rapid, reversible, pre-programmed anisotropic shape deformations in both dry and wet environ-

ments. 10,12,17,18,23,25–30 In an LC-based micro-actuator, control over the mesogenic alignment is key 

to pre-programming the actuation of the microstructure.31–33 To truly exploit the potential of highly 

functional 3D liquid crystalline micro-actuators, we must first improve our understanding of the 

effect fabrication method and structure geometry play in mesogens alignment, and consequently, 

in actuator response.   

This chapter reports a LC photoresist suitable for DLW-TPP fabrication of temperature respon-

sive 4D micro-actuators with a highly crosslinked network. A series of uniaxially aligned 3D struc-

tures is presented which demonstrates that mesogenic alignment is dictated by the alignment 

layer in the cell construct and not by the DLW-TPP parameters, allowing fabrication of microstruc-

tures with pre-programmed shape changes. Furthermore, owed to monolithic alignment, a char-

acteristic and unique polarization color is observed that can be used to identify and differentiate 

the structures. The fabricated 3D microstructures are responsive to temperature variations which 

trigger anisotropic shape changes of different amplitudes, depending on the structure’s geometry. 

Full structural and optical characterizations of the 3D constructs at different temperatures are 

presented. The results embody the advantages and limitations of using densely crosslinked liquid 

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

2.2 Results and Discussion 
Liquid Crystal Photoresist 

The LC photoresist used in this work consists of two classes of reactive mesogens: 1-3 are difunc-

tional mesogenic acrylates (58.4 mol%) acting as crosslinkers, and 4 is a monofunctional meso-

genic acrylate (40.0 mol%) that brings flexibility to the network, Figure 2.1a. This LC mixture has 
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an isotropic to nematic temperature (TI/N) at ~100 °C with the nematic LC phase at room temper-

ature without any signs of crystallization after at least 8h.34 To enable two-photon polymerization 

(TPP), 1.3 mol% of 5, a photoinitiator, was added. The photoinitiator chosen has been employed 

previously to induce DLW-TPP in acrylate-based resists.17,24,35–37  

By fabricating a polymer film using the LC-photoresist, the glass transition temperature (Tg) 

of the material was found to be ~69 °C and its degradation temperature (Tdegradation) ~363 °C.34 

Above Tg, the network is in its softer, rubbery state,38 and a higher temperature response is ex-

pected. In contrast, Tdegradation represents the temperature at which the polymer starts to irreversibly 

degrade, and so actuation of the structures was conducted well below this temperature. 

 

 

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

The fabrication process of uniaxially aligned 3D microstructures via DLW-TPP comprises several 

steps which are depicted in Figure 2.1b. Firstly, a cell (consisting of two glass plates held together 

by a 50 µm double-sided tape) prepared with alignment layers was filled with the LC photoresist 

at 105 °C using capillary forces. After filling, the cell was slowly cooled to room temperature, where 

the mixture exists in the more ordered nematic phase. The DLW-TPP process was then carried 

out to create 3D structures (hexagonal plates of 3 µm height and 20 µm width). The optimal 

writing speed was found to be 10 mm s-1, with laser (λ = 780 nm) powers from 20-25 mW. After 

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

 

Figure 2.2 (a) Electron micrograph of a hexagonal plate. The sample was tilted at 40° to visualize and 
characterize its 3D dimensions. (b) On the left, the CAD designs of hexagonal plates of 9 × 9 × 4 µm3 
in which the predetermined path of the laser is indicated in the drawings. The rectilinear paths are 0°, 
45°, or 90° shifted with respect to the alignment of the mesogens in the cell, which is indicated by the 
red arrow. On the right, a series of optical micrographs of the fabricated hexagonal plates without and 
with crossed polarizers. (c) Polarized optical micrograph of the grid. In (b) and (c) the white arrows 
indicate the direction of the polarizer (P) and analyzer (A). (d) Electron micrographs of the grid shown 
in (c). The micrograph offering a tilted view was taken with the sample tilted 40°. All scale bars represent 
4 µm. Error bars represent standard deviations for N = 3 measurements 
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isopropanol to dissolve unreacted monomers. Fabrication of the structures was started −0.5 µm 

from the glass/photoresist interface to improve the adhesion of the structures to the substrate. 

This served to avoid delamination, and any minor mismatch between the computer aided design 

(CAD) and the structure’s height can be attributed to this offset. After development, complete 

polymerization was confirmed via confocal Raman spectroscopy by verifying the disappearance 

of the peak corresponding to the double-bond stretch of the acrylate group at 1635 cm–1 and       

1725 cm–1.  

The dimensions and shape of the hexagonal plates were characterized via scanning electron 

microscopy (SEM), Figure 2.2a. The structures consist of an average 18.5±0.3 × 19.4±0.6 µm2 

hexagons with an average height of 2.4±0.2 µm. One dimension of the plates was remarkably 

close to the CAD design while the other dimension was ~8% shorter. 5-10% polymerization shrink-

age is normal in acrylic samples,39 and it occurs anisotropically in uniaxially aligned LC samples,40 

with the majority of the shrinkage along the axis parallel to the alignment, as was observed here. 

Further shrinkage could also be attributed to the removal of unreacted monomer from the network 

during the development step; however, we expect this to be minimal due to the high crosslink 

density of the network and the complete polymerization as verified by confocal Raman spectros-

copy. Horizontal lines depicting the laser writing path are clearly visible in the electron micro-

graph: the lines effectively exhibit the polymerization voxel with a width of ~245 nm when DLW 

was performed at a 10 mm s-1 with 25 mW laser power. Overall, the plates showed a good resem-

blance to the CAD design, indicating a good performance of the LC photoresist with the DLW-

TPP process.  

The influence of the laser path during fabrication on the mesogenic alignment was investi-

gated in the hexagonal plates (10 × 10 µm2). Three different plates were explored, Figure 2.2b. 

The first plate was fabricated by scanning the laser parallel to the alignment (0°). For the second 

and third samples, the scanning paths were rotated 45° and 90° to the alignment, respectively. In 

all three cases, the fabricated plates showed similar dimensions and geometries (Figure 2.2b), 

indicating that the path chosen to fabricate the plate did not have a significant influence on the 

shape. The mesogenic alignment was characterized by polarized optical microscopy (POM). Re-

gardless of the path chosen, all plates appeared darker when the cell alignment was parallel to the 

polarizer or analyzer and showed a stronger blue polarization color when aligned at 45° to the 

polarizer or analyzer due to the anisotropic optical property of LCs (vide infra). Such dark–bright 

states are associated with the presence of uniaxial alignment.33,41,42 Thus, the mesogenic 
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alignment of these microstructures is determined by the alignment layer in the cell construct and 

not by the printing parameters or the scanning direction of the laser. This allows for facile pre-

programmed determination of the alignment in the structures prior to fabrication by selection of 

appropriate alignment layers. 

A grid in which the horizontal lines were printed with scans parallel to the alignment while the 

vertical lines were fabricated with scans perpendicular to the alignment layer direction was then 

fabricated (Figure 2.2c-d). Both vertical and horizontal lines showed the same monolithic align-

ment, reinforcing the finding that the scanning direction does not disturb the alignment in the 

cell. The grid had uniaxially aligned lines of ~1 µm in width with a periodicity of ~2 µm, and a 

height of 2.3±0.2 µm.   

The potential of the presented LC photoresist with the DLW-TPP process was explored by 

fabricating more complex geometries, Figure 2.3. To this end, we printed an interwoven fabric, a 

woodpile, and a spiral disk. The interwoven fabric embodies a flat geometry that has intercon-

nected features. The woodpile shows the possibility of fabricating a 3D photonic crystal, and the 

spiral disk demonstrates the capability of making structures that constantly change dimensions 

in all three planes. In all three cases, the structures showed good fidelity to the CAD design. Upon 

investigating the molecular alignment by POM, we verified that the microstructures exhibited 

monolithic alignment. Furthermore, the microstructures displayed distinct polarization colors: 

the interwoven fabric and woodpile structures displayed a yellow color, while the spiral disk exhib-

ited a range of different colors. These colors arise from the anisotropic optical property of LCs, 

 

Figure 2.3 Uniaxially aligned 3D microstructures. (a) An interwoven fabric structure, (b) a woodpile, 
and (c) a spiral disk. From left to right, the CAD designs and optical and crossed polarized micrographs, 
respectively, with the polarizer and analyzer at 45° and 0° with respect to the direction of the alignment, 
which is vertical. For (c) the top row shows the spiral disk when the focus is located at the bottom of 
the structure and the bottom row when it is located at the top.  All scale bars represent 20 µm.   
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defined as the difference between the extraordinary (ne) and ordinary (no) refractive indices, also 

known as birefringence (∆n = ne - no).33,41 When light travels through a uniaxially aligned LC sample 

with a specific thickness (d), it encounters an optical path difference (OPD = d ∆n) between trans-

mitted extraordinary and ordinary rays that results in a polarization color when observed between 

crossed polarizers. Thus, the colors are dependent on the structure’s height and geometry. This 

supports the presence of multiple colors observed for the spiral disk, and one single color in the 

“flat” interwoven fabric structure, for example. This unique and characteristic polarization color 

facilitates the object’s identification, a characteristic much desired in the micro realm.17,43 

Temperature Response 

The temperature response of a row of hexagonal plates (18.5±0.3 × 19.4±0.6 × 4.1±0.1 µm3) was 

characterized using an optical profiling system. Upon heating from 20 °C to 220 °C, the plates 

showed an anisotropic shape change, contracting along the side parallel to the alignment direc-

tion (x) and expanding along the perpendicular side (y), with an increase in height (z); see Figure 

2.4a. The anisotropic temperature response observed in the x and y directions is characteristic of 

uniaxially aligned networks. Such response comes from the increased molecular disorder induced 

by temperature that results in a contraction in the direction parallel to the alignment and in an 

expansion perpendicular to it.10,25,33 A more detailed analysis of the temperature induced change 

of the plates’ dimensions revealed that temperature response starts above 60 °C, Figure 2.4b. 

This onset temperature is close to the Tg, ~69 °C, of the network. Above the Tg the network is less 

stiff, resulting in the observed anisotropic shape change. At 220 °C, a contraction of 4.2±0.1% was 

observed in the x direction, with an expansion of 4.3±0.1% and 10.2±0.1%, seen in the y and z 

orientations, respectively, compared to their dimensions at 20 °C. The larger shape change ob-

served in the z direction (~10%) with respect to the other orientations (~4%) could be attributed 

to the strong adherence of these structures to the glass substrate. We have previously character-

ized the swelling of micron sized structures fabricated using DLW-TPP.19 Adhesion can play sig-

nificant role in limitation of axial swelling, thereby focusing the possible swelling into the direction 

perpendicular to the substrate. Here a similar limitation could be occurring, explaining the bigger 

shape change in the z orientation. Additionally, the height changes between 30 °C to 220 °C over 

ten heating/cooling cycles were measured, and the results displayed in Figure 2.4c. The data 

show a reversible shape change with no indication of fatigue despite the actuation being at ele-

vated temperatures. 
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Finally, the temperature responses of a woodpile and a spiral disk were also investigated. In 

this case, the woodpile structure studied was composed of more stacks than depicted in Figure 

2.3 and therefore its birefringence color appeared blue instead of yellow, Figure 2.5. Upon heating 

to 200 °C, the structures showed an anisotropic shape change like those observed in the hexago-

nal plates (Figure 2.4). The woodpile reduced its dimensions 7% parallel to the mesogenic align-

ment and increased 6.5% perpendicular to it. Remarkably, the spiral disk expanded around 26% 

perpendicular to the alignment while it contracted only 5.5% in the parallel direction.  When cool-

ing to 30 °C, the structures recovered their initial shapes and dimensions. The enhanced perfor-

mance of both structures in the xy-plane, which for the spiral disk is also significantly asymmet-

rical, in comparison with the plates can be explained by the difference in geometries that bring 

higher degrees of freedom when actuating, which can directly affect the actuation of the 

 

Figure 2.4 (a) 3D profiles of an array of hexagonal plates at 20 °C and 220 °C. The red arrow indicates 
the direction of the alignment of the mesogens. The blue dashed lines represent the contour of a plate 
at 20 °C. (b) Dimension change of the plates over a range of different temperatures. The dimensions x 
(in pink) and y (in green) are indicated in (a). (c) Height variation of the hexagonal plates over ten 
heating and cooling cycles, from 30 °C to 200 °C. For both (b) and (c), the fractional change is deter-
mined by comparing the current dimension of the plate with its value at 20 °C. For all measurements, 
the temperature was held for 5 min before recording the dimension. Error bars represent standard 
deviations for N = 3 measurements.  
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microstructure. It has been shown before that by changing the geometry23 or by making the struc-

ture free-standing,44,45 larger actuation could be obtained. However, this is the first time that non-

freestanding structures made from the same LC network show different percentages of shape 

changes when their response is triggered by an external stimulus; elucidating on the importance 

of choosing the optimal shape of the micro-actuator and not only on the most suitable material 

to fabricate it. Furthermore, temperature also had an influence on the polarization color of the 

structures. Upon an increment on temperature, both the structures thickness, d, and its birefrin-

gence, ∆n, change and with them the OPD, which is responsible for the polarization color (vide 

supra).33,41 As a result, this inherent color can act as both an identifier and sensor for the micro-

structures. 

2.3 Conclusions 
Through the development of a LC photoresist, high-resolution 4D micro-actuators were fabricated 

via direct laser writing by two-photon polymerization. The mesogenic alignment of the structures 

was dictated by the one imposed by the alignment layers in the cell construct: the scanning 

 

Figure 2.5 Temperature response of the 3D woodpile (top) and spiral disk (bottom) microstructures. 
From left to right: the CAD design and sets of crossed polarized optical micrographs recorded at dif-
ferent temperatures. The white and red dashed lines illustrate the contour of the structure at 30 °C and 
200 °C, respectively. The red dashed arrows mark the direction of the shape change that occurs upon 
heating. The black arrows indicate the direction of the polarizer (P) and analyzer (A). The solid red 
arrow represents the direction of the alignment. The scale bars represent 20 µm.   
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direction of the laser had no influence on alignment. As a result, a series of uniaxially aligned LC 

3D microstructures were successfully fabricated displaying good fidelity to the CAD design. The 

structures showed reversible, anisotropic shape changes triggered by temperature that resulted 

in expansions between 10-26% at 200 °C, depending on the structure’s geometry. The anisotropic 

shape change is attributed to the increased disorder that the mesogens undergo upon a temper-

ature increase and can be easily controlled by controlling the direction of the mesogenic align-

ment. Furthermore, thanks to the monolithic alignment, the structures have unique and respon-

sive polarization colors that makes them easy to identify and differentiate while permitting a facile 

verification of their status.  

The results discussed in this chapter demonstrate the benefit of using highly crosslinked LCNs 

to fabricate micro-actuators via DLW-TPP, which reduces the swelling of the network from the 

unreacted monomer immediately after polymerization that otherwise hampers resolution. How-

ever, this comes at the expense of the micro-actuator’s response which could only be achieved at 

elevated temperatures, which limit their implementation. Additionally, the results show the appeal 

of having unique and responsive, coloration in micro-actuator as it allows an in situ readability of 

their performance. The next chapter will focus on developing an LC photoresist to obtain response 

at lower temperature while maintaining high resolution and that result in micro-actuators that 

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

2.4 Experimental Details  
Materials and Reagents  

2-methyl-1,4-phenylene bis(4-(((4-(acryloyloxy)butoxy)carbonyl)oxy)benzoate) (1) was purchased 

from BASF. 1,4-di(4-(6-acryloyloxyhexyloxy)benzoyloxy)-2-methylbenzene (2), 1,4-di(4-(3-acrylo-

yloxypropyloxy)benzoyloxy)-2-methylbenzene (3), and 4-(4-(6-acryloyloxyhexyloxy)benzoyloxy)ben-

zonitrile (4) were supplied by Merck. The photoinitiator bis(2,4,6-trimethylbenzoyl)phe-

nylphosphine oxide was purchased from Ciba Specialty and the thermal inhibitor 2-tert-butylben-

zene-1,4-diol from Sigma-Aldrich. The polyamide AL 1051 was obtained from JSR Micro. All sol-

vents were purchased from Biosolve. 

LC Photoresist Preparation and Characterization  

The LC photoresist consisted of 33.3 mol% 1, 11.7 mol% 2, 13.4 mol% 3, 40.0 mol% 4, 1.3 mol% 

photoinitiator. To avoid temperature-induced polymerization during the filling of the cell, a small 

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

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

Cell Preparation  

High-precision microscope cover glasses (22 × 22 mm2, thickness 170 ± 5 μm; from Marienfeld) 

were cleaned by sonication for 20 min in acetone and subsequently treated in a UV-ozone photo-

reactor (Ultra Violet Products, PR-100) for 20 min to activate the surface. Polyamide AL 1051 was 

immediately spin coated on the glass (step 1: 800 rpm for 5 s; step 2: 5000 rpm for 40 s; both 

with an acceleration of 500 rpm s-1) followed by a curing step of 180 min at 180 °C. The polyimide 

layer was then uniaxially rubbed with a velvet cloth, and the cell assembly made using a 50 μm 

thick double adhesive tape spacer in which the rubbed polyimide layer, acting as an alignment 

layers, were on the inside of the cell.  

Computer Design of the Structures  

All structures were fabricated based on a computer aided design. The designs of the hexagonal 

plates, grids, and woodpiles were custom made by the authors using the website www.tinker-

cad.com. The spiral disk and the fabric-like structure were adapted from files licensed under the 

Creative Commons Attribution 4.0 International license and available at www.thingiverse.com. 

The files were modified using DeScribe 2.4.4 software to choose the slicing (0.2−0.5 μm) and 

hatching (0.2 μm) values. 

Direct Laser Writing  

First, the cell assembly was filled using capillary action with the LC photoresist in its isotropic 

phase at 105 °C. After filling, the temperature was slowly lowered to room temperature. Below the 

TI/N, the molecules aligned parallel to the rubbing direction,33 which in this case resulted in a 

uniaxial alignment, confirmed in situ by observing the cell between crossed polarizers. After veri-

fication of the alignment, localized TTP was performed in a commercial DLW workstation (Pho-

tonic Professional, Nanoscribe GmbH) equipped with a 170 mW femtosecond solid-state laser (λ 

= 780 nm) that delivers 120 fs pulses with an 80 MHz ± 1 MHz repetition rate. At a power scaling 

of 1, the average laser output is 50 mW. The laser beam was focused with a 63× oil objective (NA 

= 1.4; WD = 190 μm; Zeiss; Plan Apochromat) into the filled cell. The sample movement was 

controlled by a piezo translation stage in the z-axis and by a galvo stage in the x- and y-axes. The 

fabrication of the 3D microstructures was performed with scan speeds of 10 mm s−1 and laser 

powers between 20−25 mW, depending on the structure’s geometry, hatching, and slicing values. 
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The fabrication started 0.5 μm below the automatically detected glass/photonic photoresist inter-

face. Finally, the cell was submerged in warm isopropanol to dissolve the unreacted monomer. 

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

Characterization  

Electron micrographs were recorded using a Quanta FEG 3D SEM in secondary electron mode, 

beam current of 5 kV. Prior to imaging, the structures were sputtered coated with an Au-Pd layer. 

Optical micrographs were recorded on a Leica DM2700 M polarized optical microscope equipped 

with a Leica MC170 HD camera. All structures were visualized both in bright field and in trans-

mission modes. The 3D profiles of the structures were obtained using an optical profiling system 

(S Neox 3D Optical profiler, equipped with a ×50 objective). When characterizing the temperature 

response of the structures, both the microscope and the optical profiling system were equipped 

with a Linkam TMS 600 hot-stage.     
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Abstract 

Developing stimuli-responsive photonic-photoresists suitable for direct laser writing using two-

photon polymerization for creating 4D microstructures remains a challenge. This chapter pre-

sents a supramolecular cholesteric liquid crystalline photonic-photoresist for the fabrication of 4D 

photonic micro-actuators, such as pillars, flowers, and butterflies, with sub-micron resolution. 

These micron-sized features display structural color and shape changes triggered by variation of 

humidity or temperature. These findings serve as a roadmap for the design and creation of high-

resolution 4D photonic micro-actuators. 

This chapter is partially reproduced from: 

M. del Pozo, C. Delaney, C. W. M. Bastiaansen, D. Diamond, A. P. H. J. Schenning, L. Florea, 
”Direct Laser Writing of Four-Dimensional Structural Color Microactuators Using a Photonic Pho-
toresist”, ACS Nano, 2020, 14, 8, 9832–9839  
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3.1 Introduction 
Micro-actuators that respond to external stimuli have been fabricated using direct laser writing by 

two-photon polymerization (DLW-TPP) from low crosslinking density materials such as hydro-

gels,1–4 polymerizable ionic liquids,5 and liquid crystals (LC)6–9 photoresists. In Chapter 2, we saw 

that highly crosslinked liquid crystal networks reduce swelling and improve resolution, but this 

comes at the cost of the structures’ performance. The design of new LC photoresists is necessary 

to overcome this obstacle. Chapter 2 also showed the benefit of having a responsive coloration 

in micro-actuators for tracking performance in situ. This could be appealing for microfluidics,10 

microelectromechanical systems (MEMS),11 biotechnology,12,13 surface modification,14,15 and mi-

crorobots 16,17 as they would sense an external stimuli such as temperature, light, or other envi-

ronmental stimuli and act by changing their color and shape in response.18 Thus a photonic-pho-

toresist that facilitates such 4D photonic micro-actuators is appealing, but it remains challenging 

to produce.  

This chapter reports a photonic-photoresist based on supramolecular cholesteric liquid crys-

tals (CLC) for the generation of stimuli-responsive photonic micro-actuators with sub-micron res-

olution via DLW-TPP. CLC networks exhibit a self-organized helical photonic structure that can 

selectively reflect light (Figure 3.1).19 These networks can respond to a stimulus which triggers a 

shift in the reflection band, as a result of an anisotropic shape change of the helix.20,21 To date, 

CLCs have been used in combination with DLW-TPP to investigate the effect of the surrounding 

monomer on the pitch of the polymerized CLC network22–24 or to fabricate a stable uniform lying 

helix state,25 but have not yet been explored for the fabrication of 4D photonic micro-actuators, 

despite CLCs being an ideal candidate for this purpose. This chapter demonstrates that the mar-

riage of stimuli-responsive self-ordering materials with DLW-TPP enables the fabrication of a 

range of dual-responsive 3D microstructures, which can respond to variations in humidity and 

temperature through modulation of their shape and color.  

3.2 Results and Discussion 
Liquid Crystal Photonic-Photoresist 

The photonic-photoresist reported here is based on a hydrogen bonded CLC mixture which can 

be polymerized into coatings to demonstrate structural color and shape changes.21,26 Optimiza-

tion of the photonic-photoresist composition, to enable room temperature fabrication, yielded a 

LC mixture comprising the compounds in Figure 3.1a. The optimized photonic-photoresist has 
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an isotropic to chiral nematic phase at ~48 °C that is stable at room temperature for several hours 

without crystallizing. The di-functional mesogenic acrylates 1-2 act as chemical crosslinkers to 

ensure that a network is obtained during the DLW-TPP fabrication process. The mono-functional 

mesogenic acrylates 3-4 add flexibility to the network. The mono-functional mesogenic carboxylic 

acids 5-8 act as supramolecular hydrogen bonded crosslinkers during the DLW-TPP fabrication. 

After polymerization, the hydrogen bonds can be cleaved via base treatment, by exposing the 

structures to 1M KOH for 1 minute. This gives flexibility and humidity-responsiveness to the 

 

Figure 3.1. (a) Overview of the reactive mesogenic monomers used to prepare the photonic-photore-
sist. (b) Schematic of the fabrication (Step 1) and structure activation (Step 2), to obtain 4D photonic 
micro-actuators. Red spheres represent the potassium cations present after base treatment and the 
blue and green rods represent the mesogens. 
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network due to the creation of a charged, hygroscopic polymer. The chiral dopant 9 (optimized at 

2.3 mol%) induces a helical organization in the nematic LC mixture to achieve a photonic-photo-

resist, with a reflection band centered at 400 nm.27 Lastly, 0.8 mol% of Irgacure 819 photoinitiator 

was added. This photoinitiator has been previously employed as a two-photon free-radical initiator 

for acrylate-based resins in DLW-TPP.28–32 To ensure covalent attachment of the microstructures 

to the substrate, the glass surface was treated with 3-(trimethoxysilyl)propyl acrylate. The fabrica-

tion of photonic micro-actuators via DLW-TPP and subsequent activation are depicted in             

Figure 3.1b. 

Fabrication of 3D Photonic Micro-Actuators 

To initially test and optimize the DLW set-up, arrays of micron-sized square pillars were fabricated, 

Figure 3.2. Optimized printing parameters yielded writing speeds between 5000 µm·s-1 –                   

10000 µm·s-1, with laser powers between 20 – 22.5 mW. To ensure complete attachment to the 

functionalized surface, fabrication of the structures started at -0.5 µm from the glass/photonic-

photoresist interface and any minor mismatch between the structure height and computer as-

sisted design (CAD) can be attributed to this. After removing the unreacted monomer, the pillars 

show a blue reflection which confirms the preservation of cholesteric alignment, as shown in 

 

Figure 3.2. Structural and optical characterization of an array of pillars after polymerization and after 
base treatment. Top-crossed polarized micrographs; bottom-3D profiles of the array of pillars. The scale 
bar represents 10 µm. 
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Figure 3.2. Visualization of the photonic character of the objects is enhanced through the use of 

crossed linear polarizers.27 Polymerization was confirmed via confocal Raman spectroscopy, by 

observing the reduction of the peak corresponding to the double bond stretch of the acrylate 

group at 1635 cm-1.27 The shape of the pillars was characterized using an optical profiling system. 

The CAD design comprised pillars of 6 µm width and a height of 3 µm in a square lattice. The 

fabricated pillars showed an average width of 6.2±0.4 µm, and an average height of 2.3±0.1 µm. 

Such high fidelity between the fabricated object and design file indicates that only minimal swell-

ing occurred during the DLW-TPP process; most likely due to the highly effective supramolecular 

crosslinking density achieved during fabrication.  

Subsequent base treatment of the pillars served to cleave the hydrogen bonds between mole-

cules 5-8; as verified via confocal Raman spectroscopy by observing the reduction of the carboxylic 

acid peaks at 1647 cm-1 and 1280 cm-1 and the appearance of the carboxylic salt peak at                  

1395 cm-1.27 This treatment results in a charged hygroscopic photonic polymer which is sensitive 

to changes in humidity and temperature.26,33 Figure 3.2 shows the pillars before (middle) and 

after the base treatment (right). Firstly, the micrograph indicates that the activation step has re-

duced the intensity of the reflection band, which is a phenomenon also observed in a homogene-

ous coatings made with the same photonic-photoresist that is attributed to the loss of molecular 

order due to the cleavage of the hydrogens bonds.26,33 Secondly, the dimensions of the pillars 

appear to be slightly bigger than prior to the activation step, showing an average width of        

6.7±0.4 µm with an average height of 2.8±0.1 µm. This difference can be explained due to the fact 

that the structures are now responsive to humidity changes (vide infra).  

Photonic micro-structures were then fabricated to explore the possibilities of making high res-

olution photonic 3D constructs (Figure 3.3). A flower (Figure 3.3a), a butterfly (Figure 3.3b) and 

the pattern of the wing of the Papilio paris butterfly (Figure 3.3c) were fabricated. In the micro-

graph of the flower, the tiered layers of the structure can be easily observed. In this instance, a 

slice thickness of 0.5 µm was used to fabricate the 6 µm tall flower. In the other structures such 

layers are not clearly visible due to their geometry and decreased slice thickness. In all cases, the 

structures displayed a blue color after fabrication, confirming preservation of the photonic struc-

ture within the polymer and showing good fidelity to the computer design, even after base treat-

ment. The biomimetic pattern, shown in Figure 3.3c, serves to demonstrate the capabilities of 

the photonic-photoresist, when used with DLW-TPP, to produce high-resolution nanometer 
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features. Additional fabrication studies confirm that feature sizes below 200 nm can be reproduc-

ibly fabricated using the methods outlined herein.27 

It is worth noting that for the butterfly, shown in Figure 3.3b, the amount of light reflected is 

notably less than other structures owed to the small height of features. To efficiently reflect light, 

a minimum height needs to be achieved, which can be calculated using the following equation: 

𝜆𝜆 = 𝑛𝑛 ·  𝑃𝑃 · cos  (𝜃𝜃)                                                     (1) 

in which λ is the center of the reflection band, n is the refractive index, P is the pitch size, which 

represents a full rotation of the molecules, and θ is the incident angle.19 Taking the center of the 

reflection band to be at 400 nm, an incident angle of 90° and a refractive index of 1.5, the calculated 

pitch size is 266 nm. As at least ten pitches are required to efficiently reflect light, the minimum 

feature height to reflect light is 2.66 µm. For this reason, reflected color of features with heights 

in this range can only be observed between polarizers, as seen in Figure 3.3b (inset). 

Humidity and Temperature Response 

The response of CLC networks, outlined in Equation 1, shows that a change in pitch results in a 

shift of the reflection band, with an increase in pitch resulting in a relative red shift, and a decrease 

resulting in a blue shift. A detailed characterization of the flower shown in Figure 3.3 was con-

ducted by an optical profiling system, to characterize shape change (Figure 3.4) and by an optical 

microscope to quantify color change (Figure 3.5). Figure 3.4a shows the height increase of the 

flower across a range of temperatures and humidity values. The control of humidity was achieved 

through the use of a custom-built humidity chamber which encased the sample and the micro-

scope objective. At 75 percent relative humidity (%RH), as the temperature of the structure 

reached the dew point (18 °C), the height increased dramatically and reached an increase of 42 % 

at 19 °C. This trend was also observed for the 60 %RH measurements showing a maximum height 

increase of 22 % at 19 °C. However, at 15 %RH the increment was less steep, owed to a larger 

temperature deviation from the calculated dew point (-5 °C). Upon heating, water was removed 

from the flower, which resulted in a decrease in height. At 70 °C, regardless of the humidity, the 

structure showed no discernible change in height. Figure 3.4b demonstrates the reversibility of 

the response at 75 %RH, over ten cycles, between 25 °C (12-18 % expansion) and 20 °C (25-30 % 

expansion). It is known that the shape change of the structures is related to the charged hygro-

scopic polymer network obtained after base treatment which, in the presence of water vapors, 

results in a significant uniform expansion of the polymer network,19,26 which occurs perpendicular 
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to the glass substrate. Figure 3.4c shows the dynamic response in the flower’s height when 

changes in humidity or in temperature occur. When the relative humidity is varied, the amount of 

water vapor in air changes and accordingly the flower expands or contracts. This may also be 

achieved by modulating the temperature of the structure. As temperature dictates the rate of water 

evaporation, increasing temperature results in contraction of the structure. Conversely, decreas-

ing temperature close to the dew point results in expansion. This enables actuation of the struc-

tures directly (via humidity changes) and indirectly (via temperature changes). The controlled ex-

pansion of the micro-actuators via temperature or humidity triggers changes in the pitch of the 

ordered CLC, thereby leading to variations in the reflection band (Figure 3.5a). Figure 3.5b shows 

 

Figure 3.3. Photonic 3D microstructures. From top to bottom, the CAD designs of the structures, 
optical microscopy and scanning electron microscopy (SEM) images before base treatment of (a) a 
flower, (b) a butterfly, and (c) the pattern of the wing of the Papilio paris butterfly. The inset in (b) is a 
crossed linear polarized micrograph of the butterfly, used to enhance observation of the reflected color. 
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the color change of the structure achieved by varying temperature at constant 75 %RH. The data 

points were obtained from the corresponding polarized micrographs following a previously re-

ported procedure.34 Upon decreasing the temperature, a gradual and linear response of color 

change from colorless to light blue was observed. However, it was not until below the dew point 

(18 °C), that the flower showed its most spectacular color change, from light blue to bright green, 

corresponding to the increased water absorption of the network.26 

The dual-response of this type of 4D photonic micro-actuators can be seen in Figure 3.5c. 

When breathing on top of the flower, it displayed the same response as observed in Figure 3. 5b, 

but this time much faster and stronger due to the steeper and higher change in humidity. As a 

 

Figure 3.4 Characterization of the actuation of a flower at different atmospheric conditions and tem-
peratures. (a) Height changes of the flower over a range of different temperature and humidity values. 
(b) Increment of the flower height over ten cycles, going from 25 °C to 20 °C, at 75±2 %RH. For both 
(a) and (b), the percentage of height increment is obtained by averaging the values of the top of the 
flower and comparing them to the height of the flower before base treatment. For all measurements, 
the flower was held for 5 min after reaching the desired conditions before recording its height. Error 
bars represent standard deviations for N=3 measurements. (c) 3D profiles of the flower which depict 
direct (triggered by humidity) or indirect (triggered by temperature) actuation.  
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result, the flower changes from transparent to blue in ~8 s and from blue to green within ~4 s and 

then recovers its initial state within ~3 s. This demonstrates the ability to exploit a fast visual 

response, which can be attributed to the miniaturization of the system when compared with anal-

ogous macro-sized systems.21,26 This behavior shows how, for example, the system presented 

herein is attractive for the fabrication of 4D photonic micro-actuators in which the synergistic 

 

Figure 3.5 Characterization of the optical response of the microflower. (a) Crossed polarized micro-
graphs of the flower showing the direct (triggered by humidity), or indirect (triggered by temperature), 
induced color changes. (b) Chromaticity diagram (standard CIE 1931) showing the color changes of the 
flower over a range of temperatures, at a constant 75 %RH. The data points are obtained from the 
corresponding crossed polarized micrographs that can be found in the supporting information. (c) A 
sequence of micrographs that display the optical response of the flower upon exposure to breath (top 
row) and after (bottom row). All scale bars represent 20 µm.  
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photonic response can act as a visual probe for shape change or for the generation of fast re-

sponse anti-counterfeiting features. Furthermore, the incorporation of structural color in micro-

structures can be used to enhance their visualization and enable real-time interrogation, as re-

cently shown for microrobots.35 

3.3 Conclusions 
In conclusion, through the development of a supramolecular photonic-photoresist, high resolu-

tion 4D photonic micro-actuators were fabricated via DLW-TPP. These structures showed a dual-

response to changes in humidity (directly) and temperature (indirectly). The shape change, up to 

42 % at 75 %RH, is attributed to the hygroscopic character of the polymer network, after activa-

tion. The controlled expansion of the micro-actuators at different temperature and humidity values 

results in a corresponding structural color change, owed to modulation of the nanoscale CLC 

pitch in the ordered network. As a result, the presented supramolecular LC photonic-photoresist 

overcomes the challenges that low crosslink density network suffer in the DLW-TPP process while 

offering a facile real-time verification of their status, which is appealing to fields such as micro-

robots. 

In Chapter 2 and Chapter 3 we have developed two LC photoresists that have been used to 

fabricate 4D micro-actuators. The next chapters will focus on centimeter sized 4D actuators, that 

will be fabricated via direct ink writing of liquid crystals elastomers. Light responsive actuators will 

be produced having atypical deformation modes. 

3.4 Experimental Details 
Materials and Reagents 

2-methyl-1,4-phenylene bis(4-(3-(acryloyloxy)propoxy)benzoate) (1), 2-methyl-1,4-phenylene bis(4-

((6-(acryloyloxy)hexyl)oxy)benzoate) (2), 4-cyanophenyl 4-((6-(acryloyloxy)hexyl)oxy)benzoate (3), 

and 4-methoxyphenyl 4-((6-(acryloyloxy)hexyl)oxy)benzoate (4) were purchased from Merck. 4-((6-

(acryloyloxy)hexyl)oxy)benzoic acid (5) was supplied by Ambeed. 4-((6-(acryloyloxy)hexyl)oxy)-2-

methylbenzoic acid (6), 4-((5-(acryloyloxy)pentyl)oxy)benzoic acid (7), and 4-(3-(acrylo-

yloxy)propoxy)benzoic acid (8) were provided by Synthon. (3R,3aS,6S,6aS)-6-((4-((4-((6-(acrylo-

yloxy)hexyl)oxy)benzoyl)oxy)benzoyl)oxy)hexahydrofuro[3,2-b]furan-3-yl 4-((4-(hexyloxy)ben-

zoyl)oxy)benzoate (9) was synthesized as previously reported.36 Irgacure 819 was purchased from 
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Ciba Specialty and 3-(trimethoxysilyl)propyl methacrylate from Sigma Aldrich. Potassium hydrox-

ide pellets (85 %) was obtained from Alfa Aesar. All solvents were purchased from Biosolve. 

Photonic-Photoresist Preparation 

The CLC monomer mixture consisted of 3.4 mol % 1, 3.1 mol % 2, 12.4 mol % 3, 11.0 mol % 4, 

15.3 mol % 5, 29.2 mol % 6, 10.7 mol % 7, 11.9 mol % 8, 2.3 mol % 9, and 0.8 mol % Irgacure 

819. All components were dissolved in tetrahydrofuran. Solvent was removed at 80 °C overnight. 

Characterization of the resulting CLC mixture can be found in the Supplementary Information. 

Cell Preparation  

High precision microscope cover glasses (22 × 22 mm2, thickness 170±5 µm; from Marienfeld) 

were cleaned by sonication for 20 min in acetone. For functionalization, slides were treated in a 

UV-ozone photoreactor (Ultra Violet Products, PR-100) for 20 min to activate the surface and were 

immediately functionalized with methacrylate groups by spin coating (3000 rpm, 45 s) a 3-(tri-

methoxysilyl)propyl methacrylate solution (1 vol.% solution in a 1:1 water-isopropanol mixture) 

followed by a curing step of 10 min at 100 °C. Following this, the functionalized slide was attached 

to a second, unfunctionalized slide, using a 50 µm thick double adhesive tape spacer, to form a 

simple cell assembly. 

Computer Design of the Structures 

All structures were fabricated based on a computer design. The design of the structures was cus-

tom-made by the authors using SketchUp or adapted from files licensed under the Creative Com-

mons Attribution 4.0 International license and available at www.thingiverse.com. These can be 

downloaded from the creators at the respective links: www.thingiverse.com/thing:2500769 for the 

flower and www.thingiverse.com/thing:816098/files for the butterfly. The files were modified using 

DeScribe 2.4.4 software to choose the slicing (0.2-0.5 µm) and hatching (0.2 µm) values.  

Direct Laser Writing 

The cell was filled by capillarity with the CLC mixture at room temperature. The filling resulted in 

an aligned CLC. Localized TTP was conducted in a commercial DLW workstation (Photonic Pro-

fessional, Nanoscribe GmbH) equipped with a 170-mW femtosecond solid-state laser (λ = 780 

nm) that delivers 120-fs pulses with an 80±1 MHz repetition rate. The laser beam was focused 

with a 63x oil objective (NA = 1.4; WD = 190 µm; Zeiss; Plan Apochromat) into the filled cell. The 

sample movement was controlled by a piezo translation stage in the z-axis and by a galvo stage 

in the x- and y-axis. The fabrication of the 3D microstructures was performed at different laser 
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powers (20 – 25 mW) and scan speeds (5000 µm s-1 – 10000 µm s-1) depending on the structure’s 

geometry, and hatching, and slicing values. Structure fabrication was initiated 0.5 µm below the 

automatically detected glass/photonic-photoresist interface. After DLW-TPP, the structures were 

washed in warm isopropanol until all the unreacted monomer had dissolved. The cell was then 

opened and the functionalized glass rinsed with isopropanol and air-dried. The activation of the 

structures was performed by placing a drop of 1M KOH solution on top of the structures for             

1 min. The basic solution was rinsed with water and the structures were then dried by heating at 

70 °C for 10 min using a hot plate.  

Characterization 

Micrographs were recorded on a Leica DM2700M polarized optical microscope equipped with a 

Leica MC170 HD camera. The video was recorded using OBS Studio software. All structures were 

visualized in bright field and in reflection mode. The 3D profiles of the structures were obtained 

using an optical profiling system (Zoomsurf 3D; Fogale nanotech). To measure the height and 

color changes at different humidity and temperature, both the microscope and the profiling sys-

tem were equipped with a transparent custom-built humidity chamber in which the internal hu-

midity and air temperature were controlled manually and monitored with a sensor (SHT3x, Sensi-

rion) and the temperature of substrate controlled with a Linkam TMS 600 hot-stage. The specific 

humidity values, corresponding to the different relative humidity values and air temperatures, can 

be found in the literature.27 Electron micrographs were recorded using a Zeiss ULTRA Plus Scan-

ning Electron Microscope. The structures were coated, prior to imaging, with a 10 nm Au-Pd layer 

using a Cressington Sputter Coater 208HR and a 57 × 0.1 mm Au-Pd target (TED PELLA INC.). 

Image Analysis  

The crossed polarized micrographs of microflower at different temperatures and constant humid-

ity were acquired by keeping constant the camera acquisition settings to avoid false color change. 

The images were analyzed without any modification. First, the average RGB values from the im-

ages were obtained using Image J software. Then, the RGB values were transformed to (x,y) values 

to be plotted in a chromaticity diagram (standard CIE 1931) as previously reported.43 
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Chapter 4 
 

Direct Ink Writing of a Liquid Crystalline Ink to 
Fabricate Light-Responsive Actuators  

 
 

Abstract 

Light-responsive liquid crystal (LC) polymers have been studied as promising materials for the 

fabrication of untethered soft actuators. Light is a versatile stimulus that can be rapidly and locally 

applied to trigger the desired response. This chapter describes a suitable LC ink for the fabrication 

of light-responsive amphibious LC-actuators via direct ink writing. The actuators present two de-

formation modes triggered by different stimuli. Temperature induces contraction/expansion and 

light induces bending/unbending. Unexpectedly, temperature can regulate the bending direction-

ality, giving the material additional versatility to its deformation modes. These light-responsive 

actuators operate both in air and underwater. 

This chapter is partially reproduced from: 

M. del Pozo, L. Liu, M. Pilz da Cunha, D. J. Broer, A. P. H. J. Schenning, ”Direct Ink Writing of a 
Light-Responsive Underwater Liquid Crystal Actuator with Atypical Temperature-Dependent 
Shape Control”, Advanced Functional Materials, 2020, 30, 2005560  
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4.1 Introduction 
In recent years, the direct ink writing (DIW) of liquid crystal elastomer (LCE) has emerged as a 

promising approach to fabricate soft actuators in the centimeter scale that display distinct defor-

mation modes.1–10 To date, most LCE-based actuators fabricated via DIW have shown reversible 

temperature-triggered shape changes, but few example showed light-triggered motion.11,12 Light is 

a versatile stimulus that can be rapidly and locally applied to control the movement of these ac-

tuators in an easy and rapid manner.13,14 Light-responsive liquid crystals (LC) actuators have been 

previously obtained by introducing azobenzene photoswitches.15,16 Although considerable pro-

gress has been achieved in photoactuation in air,17–21 there are few examples of LC actuators that 

are responsive underwater.22,23 Additionally, it has been shown that by utilizing humidity, the light 

response of a LC film can be enabled or disabled.19 Furthermore, temperature can enhance the 

extent of motion24 or reverse the directionality of the light-driven bending motion.25 These exam-

ples demonstrate the potential of combining different stimuli-responses in a single material to 

increase the versatility and control of actuation. Thereto, it is interesting to explore and design 

new LC precursors to obtain light-fueled actuators active underwater and investigate the effect of 

other stimuli, such temperature, in their photoactuation.  

In this chapter a LC-based ink for the fabrication of temperature- and light-responsive amphib-

ious actuators via DIW is developed. The ink is first tested on fibers drawn from droplets on a 

glass surface, as this method has some similarities with respect to the DIW process. Photoactu-

ation of the fibers showed an atypical bending away from the light source motion. We determined 

that the underlaying mechanism for this response is a smectic C (Sm C) to smectic A (Sm A) 

photoinduced phase transition. This LC ink was then used in a DIW equipment to fabricate a light-

fueled underwater actuator. The planar aligned film contracted/expanded in response to temper-

ature changes and bent away from the light source when illuminated at room temperature. Inter-

estingly, when the film was photoactuated at ~60 °C in water, it bent towards the light source. 

This temperature-dependent directionality of the light-triggered bending motion is the result of 

the different LC phases obtained at different temperatures. As a result, a temperature-controlled 

light-induced bending of the film is achieved.  
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4.2 Results and Discussion 
Light-Responsive Ink for Direct Ink Writing 

A LC ink for the fabrication of amphibious light responsive actuators via DIW equipment needs 

to fulfill two critical parameters: (1) shear thinning to achieve control over the molecular alignment 

during printing5,8 and (2) incorporation of a reactive azobenzene molecule as a crosslinker in 

order to get a photoresponse underwater,23 preferably in the main chain oligomer since this en-

hances the extent of the photoactuation.26 Taking these requirements into account, we modified 

an already reported ink for fiber drawing24 by incorporating the azobenzene into the main chain 

LC oligomer (Figure 4.1). The chemical composition for the oligomer consists of reactive meso-

gens 1,4-bis-[4-(6-acryloyloxyhexyloxy) benzoyloxy]-2-methylbenzene (1), photoresponsive moiety 

4,4'-bis(6-acryloyloxyhexyloxy) azobenzene (2), and isotropic chain extender 3,6-dioxa-1,8-oc-

tanedithiol (3). The acrylate-terminated main chain LC oligomer was synthesized via a base-cata-

lyzed thiol-Michael addition reaction with a slight excess of acrylate versus thiol. After chain ex-

tension, the 1H-NMR spectrum shows signals between 6.40-5.70 ppm, implying the presence of 

acrylate end groups. As evidenced in the gel permeation chromatography (GPC) spectrum, the 

characteristic absorption of trans-azobenzene peak at ~365 nm and the absorption of the other 

moieties at ~250 nm are at the same retention time, revealing that azobenzene molecules were 

indeed incorporated into the main chain oligomer. Based on GPC data, the weight average mo-

lecular weight was evaluated as ~18000 g mol-1. Differential scanning calorimetry (DSC) traces and 

 

Figure 4.1. Preparation of ink and chemical composition used in the ink: the reactive mesogens (blue), 
azobenzene (yellow), di-thiol spacer (black) and photoinitiator (orange). 
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crossed polarized microscopy showed a smectic to nematic phase transition temperature (TSm/N) 

centered at 49 °C and a nematic to isotropic phase transition temperature (TN/I) at 81 °C. 

Characterization of the photoactuation of the resulting LCE network was first performed by 

drawing fibers standing on a glass substrate using a previous reported procedure.24 This fiber 

drawing method has many similarities with DIW (vide infra) with respect to precursor rheology, 

polymer properties after UV curing and response to light for actuation. The fibers had a diameter 

of ~120 µm and a length of ~9 mm. DSC traces of the fiber revealed a glass transition temperature 

(Tg) at ~ -16 °C and a broad TN/I centered at 74 °C. The photoactuation of the fibers was investigated 

in air, at room temperature, and under the illumination of both UV (365 nm, 75 mW cm-2) and 

visible (455 nm, 30 mW cm-2) lights. Unexpectedly, when exposed to UV light, the fibers bent away 

from the light source (Figure 4.2a). A maximum bending angle of ~ -62° was achieved within      

60 s of UV irradiation (Figure 4.2b). Recovery to the unbent state was achieved by illuminating 

with visible light. These results show that here the effect of placing the azobenzene in the main 

chain oligomer does not only enhance the extent of the photoactuation at room temperature as 

 

Figure 4.2. Photoactuation of a fiber. (a) Side views of bending and unbending behaviors after 
irradiation with 365 and 455 nm lights. (b) Bending angle as a function of irradiation time. Purple and 
blue regions indicate, respectively, the illumination with a 365 nm light and 455 nm light. The inset 
shows the definition of the bending angle used to characterize the motion of the standing fiber. (c) 2D-
SAXS patterns and interpreted mesogen alignment of fibers at room temperature after illumination 
with 365 and 455 nm light. 
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previously reported,24 but it also revers the bending direction. This bending motion was reversible 

over 12 cycles of alternating UV and visible light exposures with no apparent signs of fatigue.27 

LC actuators showing a directed motion away from the light source have been previously re-

ported.25,28 In one case, fibers presenting side-chain azobenzene photoswitches bent away from 

the light source as a result of a free-volume generation from the cis-isomer at the illuminated 

surface.28 However, the current work employs the azobenzene as a crosslinker and this mecha-

nism is therefore unlikely. In the other case,  the  uniaxial film that bent away from the light was 

the result of a photoinduced smectic (Sm) to nematic (N) transition that occurred at the illumi-

nated surface.25 A similar mechanism could be responsible for the hereto observed actuation di-

rected away from the light source. Therefore, the mesogenic phase of a fiber under different illu-

mination conditions was investigated by 2-dimensional small-angle X-ray scattering (2D-SAXS). 

As shown in Figure 4.2c, in the small angle region, we observed a typical Sm C pattern with four 

small lobes before irradiation. Upon illumination with UV light, the four diffraction arcs integrated 

into two diffraction arcs, revealing the formation of a Sm A phase. After light irradiation, the aver-

age layer spacing increased from 46.5 Å with a tilt angle of 13° to 48.5 Å with no tilt. Furthermore, 

the Sm C to Sm A phase transition was not visible in the temperature-dependent 2D-SAXS meas-

urements, indicating that the phase transition was induced by the cis-azobenzene population 

formed by UV light illumination. The calculated ~4.3% layer spacing increase generated by the 2.0 

Å increase in layer spacing photo-induced by the Sm C to Sm A phase transition is consistent with 

the macroscopic (roughly) 2.0% anisotropic length expansion observed by the illuminated sur-

face, resulting in the observed bending motion. 27  

Direct Ink Writing of a Uniaxial Light-Responsive Polymer Film 

The same LC ink was used for DIW to fabricate a uniaxial, light-responsive polymer film. The 

correlation between the alignment and the printing speed (2-13 mm s-1) was investigated first. The 

printing temperature was set to 40 °C and the nozzle diameter was 335 µm. Lines printed at 

speeds < 6 mm s-1 displayed a non-variant brightness regardless of the orientation of the polarizer 

or analyzer, indicating different molecular orientations in the lines. Lines printed with speeds          

> 6 mm s-1 were darker when parallel to the polarizer or analyzer than when at 45°. Such dark-

bright states are associated with an orientated LCE along the axis of the printed line, i.e. printing 

direction.4,5 This was further confirmed by a supplementary optical characterization using the di-

chroism from the azobenzene. From this data, the optimal printing speed was set to 13 mm s-1.  
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With the optimized printing parameters, we printed a single-layer film (5 ᵡ 20 mm2) on top of 

a glass substrate coated with polyvinylpyrrolidone (PVP) acting as sacrificial layer (Figure 4.3a). 

After photopolymerization at room temperature, the LCE-film between crossed polarizers was 

darker when the longitudinal axis of the film was parallel to the polarizer or analyzer than when 

the axis was at 45° (Figure 4.3b). This clearly indicated that the molecular orientation was 

achieved and successfully fixed, i.e. a planar LCE-film was fabricated via DIW. Using a contact 

profiling system, we determined the thickness of the film to be on average 78 µm. After optical 

and structural characterization, the film was detached from the glass substrate by dissolving the 

PVP layer to obtain a free-standing film. Finally, the DSC traces of the film showed a TI/N around 

82 °C, a significantly broad TN/Sm  centered at 44 °C and Tg at -25 °C, which is similar to the fibers. 

Stimuli-Response of the Printed LCE-Film  

Characterization in Air 

We first investigated the temperature-triggered response of the film using an oven. As previously 

reported for planar LCE-films,4,8 the film contracted along its long axis, parallel to the molecular 

director, and expanded perpendicular upon a temperature increase (Figure 4.3c). When plotting 

the longitudinal shrinkage ratio (L/L0) as a function of temperature, different stages of the re-

sponse were observed (Figure 4.3d). From 30 °C to ~40 °C, an increase of the film’s length oc-

curred due to the anisotropic thermal expansion. Then, a first actuation region was observed from 

~40 °C until ~60 °C in which the film contracted because of the Sm C to N phase transition. A 

second actuation occurred from ~60 °C to ~80 °C, in which the film’s length was further reduced 

due to the N to isotropic phase transition. The second one being steeper due to the reduced 

temperature range at which the N to isotropic transition occurs as seen in the DSC traces. At    

~80 °C, the film was in its isotropic phase and reached its maximum contraction, being around 

50 % of its initial length. From ~80 °C to 125 °C a slightly positive length increase was observed 

due to the thermal expansion of the network. When cooling to 30 °C the film recovered its initial 

length. The reversible temperature dependent anisotropic contraction/expansion further confirms 

a homogenous planar alignment and crosslink density through the thickness of the film. 

To study the photoactuation, the printed LCE-film was clamped and hung on a stand. The film 

bent away from the light source as previously observed in the fibers (Figure 4.4a). Surprisingly, 

the response was obtained at lower light intensities; one order of magnitude smaller. We charac-

terized the photoactuation by tracking the film’s end-point displacement under different light in-

tensities (Figure 4.4b) and over time (Figure 4.4c). Increasing the light intensity increased the 
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maximum bending angle until a plateau was reached. The maximum bending angle was attained 

after 5 min of 365 nm light (1.1 mW cm-2) illumination. We recorded the film’s surface temperature 

with a high-speed thermal camera. No significant increase on temperature was observed during 

photoactuation, which indicates that the bending motion is mostly governed by photomechanical 

 

Figure 4.3. Overview of the fabrication and characterization of the printed LCE-film. (a) Scheme of the 
printed set-up showing the alignment of the molecules at each stage. (b) Polarized optical microscopy 
images of the printed film. The arrows indicate the printing direction and the dashed lines indicate the 
border of the lines that form the film. Scale bar represents 200 µm. (c) Front images of the film at        
30 °C and at 90 °C showing the anisotropic response of the film, contracting along its long axis and 
expanding along its width. (d) Longitudinal shrinkage ratio (L/L0) as a function of temperature. L 
represents the length of the film at a given temperature and L0 the length at 30 °C. 
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effects. When the light was turned off, the film remained in the bent state due to the long lifetime 

of the cis-azobenzene moieties at room temperature.23 Hence, different metastable bending an-

gles could be obtained at different low light intensities. Reversion to the initial shape, through 455 

nm light (0.8 mW cm-2) irradiation, took around 1 min. It is worth mentioning that when the film 

was exposed from the other side, it still bent away from the light source. The actuation rate of the 

film was slower than the photoactuation in the fiber. We speculate that the difference arises from 

the different geometries, objects sizes, and the lower light intensity used to actuate the film.          

Finally, the reversibility of the photoactuation is demonstrated in Figure 4.4d in which after 10 

cycles of alternating UV and visible light the films showed no signs of fatigue, similar to that 

 

Figure 4.4. Photoactuation of the printed LCE-film in air. (a) Edge-on images showing the bending 
motion from the light of the film upon 365 nm or 455 nm light irradiation from the left. (b) Maximum 
bending angle obtained after 5 min of illumination with a 365 nm light at different intensities. The inset 
shows the definition of the bending angle used to characterize the motion of the film. (c) Bending angle 
as a function of time when illuminated with a 365 nm and 455 nm light. (d) Maximum bending angle 
of the film over ten successive cycles alternating illumination with 365 nm and 455 nm lights. For both 
(c) and (d), the purple and blue regions indicate, respectively, the illumination with a 365 nm light           
(1.1 mW cm-2) and 455 nm light (0.8 mW cm-2). 
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previously observed for the fibers. These results show that the printed LCE-film displays two dif-

ferent responses triggered by two distinct stimuli: light induces bending/unbending and temper-

ature induces contraction/expansion. 

Temperature-Dependent Phototactuation in Water 

The underwater photoactuation was first studied by placing the hanging film in water at 20 °C, at 

which the polymer is in its Sm C phase (Figure 4.5a). Upon illumination with a 365 nm light       

(1.1 mW cm-2), the film bent away from the light source (Figure 4b). When the light was turned 

off, the film remained mostly bent, and slightly returned to its initial shape. Only when illuminated 

with 455 nm illumination (0.8 mW cm-2) did the film bend back to its initial state. The photore-

sponse in water at 20 °C showed a similar motion as in air while having a larger amplitude of 

actuation. If the thermal contribution to the back isomerization of the azobenzene moieties (cis-

trans) is absent, as water acts as a heat sink, this might result in an overall higher cis-isomer 

population, hence in a larger actuation upon irradiation underwater in comparison with air.22,36,37 

Drag forces in water were not observed to have a negative influence on the actuation amplitude.  

Furthermore, we investigated the photoresponse of the polymer network in its N phase by 

heating the water to 60 °C. Upon illumination with 365 nm light the film bent towards the light 

(Figure 4.5b). After turning the light off, the film slowly returned to its initial state unlike in the 

experiment at 20 °C where the film remained stationary. In this case, the elevated temperature 

most likely reduces the lifetime of the cis-isomers.31 This reveals that it is difficult to keep the 

metastable state at higher temperature. Upon exposing the film to a 455 nm light, the film recov-

ered faster to the unbent state which a reduced period between the illumination with 365 nm and 

455 nm lights was used. In contrast to what occurs at room temperature (vide supra), at 60 °C 

the LCE-film is in its N phase and so isomerization of the azobenzene led to an increase of disor-

der in the network resulting in a contraction along the molecular axis and expansion perpendicular 

in the illuminated surface resulting in a bending motion towards the light motion.32 It should be 

noted that the temperature dependent photoactuation was also observed for the drawn fibers 

showing that the atypical response is related to the light responsive ink.  

The temperature-dependent photoactuation of the films was further tracked by cooling the 

water from 60 °C to 20 °C while maintaining a constant UV light illumination (Figure 4.5c). At   

60 °C, the film bent towards the light source. While decreasing the temperature from 60 °C to        

~47 °C the film maintained a constant deformation. Upon further cooling from ~47 °C to 30 °C, 
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Figure 4.5. Temperature-dependent photoactuation of the printed LCE-film in water. (a) Schematic 
representation and side-on images of the film during actuation as a response of two different stim-
uli: light and temperature. Temperature changes the LC phase of the film, from Sm C to nematic or 
vice versa. In the Sm C phase at low temperature, the film bends away from the light source. At 
high temperatures, in the nematic phase, the film bends towards the light source. Also, at elevated 
temperature the presence of convection flow, from right to left, changes slightly the initial shape of 
the film. (b) Bending angle as a function of irradiation time for a film at 20 °C (left) and 60 °C (right). 
The bending angle is defined in the inset in Figure 4.4b. (c) Photoactuation of the film in water at 
various temperatures while under continual 365 nm light exposure. In this case the starting position 
is set as the zero for the bent state, as shown in the left inset drawing. The other two schemes show 
the bend of the film at different temperatures with respect to the starting position. For both (b) and 
(c), the purple and blue regions indicate, respectively, the illumination with a 365 nm light (1.1 mW 
cm-2) and 455 nm light (0.8 mW cm-2).  
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the LCE network underwent a gradual phase transition from N to Sm, resulting in an expansion 

along the long axis of the illuminated part of the film. Consequently, during this temperature range 

the film bent away from the light source. Below 30 °C, the film maintained a constant deformation, 

even when the light was turned off. As a result, the bending angle in the planar aligned film was 

reversed by decreasing the temperature from 60 °C to 20 °C. Recovery to the unbent state was 

achieved by illumination with 455 nm light at 20 °C. These results show that different mechanisms 

govern the photoactuation of the LCE network at different temperatures and so the light-driven 

bending direction of the film can be controlled by tuning the temperature at which it is illuminated.  

4.3 Conclusions 
This chapter describes the development of a LC oligomeric ink for the DIW fabrication of amphib-

ious light-fueled actuators. Remarkably, the light-triggered bending directionality can be regulated 

by temperature. When illuminated at room temperature, the LCE actuators undergo a light-in-

duced phase transition from Sm C to Sm A that results in a motion directed away from the light 

source. Whereas when illuminated at elevated temperatures (>45 °C), the same actuator actuates 

towards the light source.  These results show a new approach to control the photoinduced defor-

mations in light-fueled 3D actuators through additive manufacturing that operate both in air and 

underwater. In the next chapter, we will focus on actuators partially cover by the LC ink produced 

in this chapter. The actuators will be fabricated by direct ink writing and can be made multi-func-

tional.  

4.4 Experimental Details 
Materials and Regeants 

1,4-Bis-[4-(6-acryloyloxyhexyloxy) benzoyloxy]-2-methylbenzene (1) was purchased from Merck. 

4,4'-Bis(6-acryloyloxyhexyloxy) azobenzene (2) was purchased from Synthon. 3,6-dioxa-1,8-oc-

tanedithiol (3, DODT) and 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) were obtained from Sigma 

Aldrich. Base catalyst triethylamine (TEA) was obtained from Acros. Photoinitiator Irgacure 819, 

was purchased from Ciba. Polyvinylpyrrolidone with an average molecular weight of 40000 g/mol 

was purchased from Sigma Aldrich. Solvent, dichloromethane (DCM) was obtained from Bio-

solve.  
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Characterization 
1H-NMR spectra were collected on a 400 MHz Bruker Advance III HD spectrometer with chloro-

form as solvent. GPC with was performed to evaluate the number average molecular weight (Mn), 

weight average molecular weight (Mw), and polydispersity index (PDI) of oligomers. Shimadzu 

apparatus was used for the GPC measurements using and the reference was polystyrene (PS) 

with an average Mw of 350,000 g mol-1. DSC measurement was employed to determine the tran-

sition temperature of oligomers and fibers in a TA Instruments DSC Q1000. 2D-SAXS measure-

ments were conducted on a Ganesha lab instrument with a GeniX-Cu ultralow divergence source 

producing X-ray photons equipped with a wavelength of 1.54 Å and a flux of 1 × 108 photons/s. A 

Pilatus 300 K silicon pixel detector with 478 × 619 pixels, each 172 μm2 in size was utilized to 

collect scattering patterns. All microscopy images were taken from a Leica DM 2700M equipped 

with two polarizers that were operated either crossed or parallel, and a Linkam TMS 600 hot-

stage. The thickness of the film was determined via a contact profile system, DektakXT from 

Bruker. 

Preparation of the Ink 

The oligomer was synthesized via a base-catalyzed thiol-acrylate Michael addition reaction. First, 

diacrylate mesogen 1, diacrylate azobenzene 2, and dithiol chain extender 3 were added in a flask 

and dissolved in DCM. After mixing, TEA was slowly added to the solution. For large scale reac-

tions, DBU was used instead of TEA.27 The mixture was reacted at 38 °C overnight. Then, DCM 

was added to the flask to dilute the mixture and washed with 1M HCl (2 x) and saturated brine     

(1 x) to remove the existing TEA. The organic phase was collected and dried with MgSO4. Subse-

quently, most of solvent was removed by a rotary evaporator in filtrate. The removal of the residual 

solvent was conducted in a vacuum oven at room temperature. Finally, the oligomer (98 wt%) 

was mixed with the photoinitiator (2 wt%) in DCM. The ink was obtained after removing the 

solvent at room temperature under vacuum.  

Fabrication of Standing Fibers 

In general, the fibers were fabricated via a drop casting/drawing technique as previously re-

ported.24 The ink was dissolved in DCM (270 mg mL-1) at room temperature. Droplets with 10 μL 

solution were cast on a glass substrate (3 × 3 cm2) and heated at 60 °C for 30 min to remove the 

solvent. After that, the substrate supporting the droplets was gently contacted by another glass 

plate from above. Fibers were obtained from the viscous droplets after two glass plates were 

pulled apart 1.25 cm. The randomly oriented mesogens were uniaxially aligned along the 
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longitudinal direction due to the elongational flow of the drawing process. The homogeneously 

oriented mesogens were subsequently photocrosslinked under nitrogen atmosphere with an Exfo 

Omnicure S2000 light source in which 57% of the light intensity has a wavelength of 395-445 nm 

and 43% of 320-390 nm. A light filter was utilized to block wavelengths below 405 nm, limiting 

the formation of cis-isomerized azobenzene. After photocrosslinking for 1 h, standing fibers on 

the glass substrate were achieved after cutting the fiber tops with a scissor and removing the top 

glass plate. 

Direct Ink Writing 

The printing process was performed using a commercial 3D printer (EHR, Hyrel 3D). The ink was 

loaded into the stainless-steel reservoir at room temperature and extruded using a nozzle diame-

ter of 335 µm at 40 °C. The printing speed ranged between 2-13 mm s-1, being 13 mm s-1 the 

optimal one. A film (5 × 20 mm2) was printed on top of a PVP coated glass. The printing path 

was controlled by a G-code generated by the printer software. After printing, photopolymerization 

was induced using an Exfo Omnicure S2000 light source in which 57% of the light intensity has a 

wavelength of 395-445 nm and 43% of 320-390 nm. A light filter was utilized to block wavelengths 

below 405 nm, limiting the formation of cis-isomerized azobenzene. After exposure for 2 h, in 

which the sample was flipped every 30 min, the film’s thickness and birefringence was character-

ized via a profiling system and a microscope respectively. To obtain a free-standing film, the PVP 

layer was dissolved by immersing the sample in water at room temperature and subsequently 

dried at room temperature overnight.  

Photoactuation of the Fibers and the Film  

Fibers and film, either standing or hanging, were placed at 21.0 cm distance from collimated UV 

light (365 nm, Thorlabs M365L2) and visible light (455 nm, Thorlabs M455L3-C2). A controller 

(ThorLabs DC4104) was used to tune the intensity of the lights. All objects were illuminated with 

the 455 nm light before performing the photoactuation to ensure that all azobenzene molecules 

were in the trans-isomer. We used a camera (Nikon D7200, Olympus OM-D E-M10 Mk III) to 

record the light-driven deformation. The temperature of the surface of the film was controlled 

using a Gobi camera from Xenics. Underwater actuation was conducted inside a transparent con-

tainer with flat sides that was filled with water either at 20 °C or at 60 °C. The temperature of the 

water was controlled using a digital thermometer.  
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Chapter 5 
 

Direct Ink Writing of Soft Actuators Partially  
Covered with Liquid Crystal Elastomers  

 
 

 

Abstract 

Direct ink writing (DIW) of liquid crystal polymers has resulted in actuators capable of performing 

complex shape changes. Multi-functional soft actuators, however, despite being much desired 

remains challenging. This chapter elucidates on the usage of DIW as a fabrication method for soft 

actuators that have additional functionalities and that perform atypical reversible shape defor-

mations. The key is to use DIW to partially cover the passive layer and create discrete responsive 

regions. As a result, by individually and sequentially illuminating active layers, left and right twist-

ing and bending in perpendicular directions can be generated in a single film. Furthermore, the 

partial coverage also allows for the combination of different functional materials in one object, as 

shown by fabricating a light-responsive green reflective actuator. These results serve as a toolbox 

for the design and fabrication of untethered functional soft actuators with multi-tasking capabili-

ties. 

This chapter is partially reproduced from: 

M. del Pozo, J. A. H. P. Sol, S. H.P. van Uden, A. R. Peeketi, S. J. D. Lugger, R. K. Annabattula,      
A. P. H. J Schenning, M. G. Debije, “Patterned Actuators via Direct Ink Writing of Liquid Crystals”, 
ACS Applied Materials & Interfaces, 2021 (Accepted/In press)  
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5.1 Introduction 
Over the past decade, the advent the additive manufacturing (AM) of stimuli-responsive materials 

has made substantial contributions towards realizing untethered 3D centimeter-scale actuators.1–

4 Direct ink writing (DIW) of liquid crystals elastomers (LCEs) has brought unprecedented control 

over the molecular director within the body of the actuator resulting in devices that may perform 

complex tasks including self-propulsion,5 sequential folding,6 weight lifting,7,8 grasping,9 for-

mation of dynamic Braille patterns,10 and controlled focus of a lens.11 However, these LC actuators 

are mostly monofunctional and programmed to execute a single task.1 Multitasking, which is ubiq-

uitous in nature, would be much preferred and bring untethered soft actuators one step closer to 

widespread use.12–16 For a single actuator to perform multitasking, it should be able to display 

various distinctive deformations on-demand.5,10,17,18 Realizing this in LC actuators has been ac-

complished by sequentially activating individual parts of the body5,6,10 or triggering different defor-

mations using various stimuli.9,10,12,19 Following these approaches, film assemblies have been re-

ported that can transport cargos17 or that can attract and catch floating droplets underwater.16 

While these constructs show great potential at multitasking, they rely on assembling different 

parts to build a functional object, typically requiring several steps. A fabrication method that could 

produce actuators that can multitask in one go would be much preferred.   

In this chapter, we present light-responsive underwater bilayers actuators fabricated via DIW 

that display several controlled deformations modes on-demand. Using the LC ink described in 

Chapter 4, a bilayer film with only partial coverage of its passive layer by LCE is first presented 

and characterized. Interestingly, large deformations in opposing directions were triggered by light 

and temperature. This finding was used to fabricate actuators displaying different reversible and 

controlled shape deformations upon specific illumination of the different discrete light-responsive 

regions spread across the passive layer. The partial coverage of a passive substrate with active 

material gives the potential benefits of partial transparency for DIW deposition of additional lay-

ers, for example photonic reflectors. In this latter case, we present an actuator capable of perform-

ing two tasks: multidimensional movement and selective reflection of green light.  
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5.2 Results and Discussion 
Generating Light-Responsive Soft Actuators Partially Covered  

The partially covered light-responsive liquid crystals actuators were prepared by DIW. The possi-

bility of depositing the liquid crystals via DIW facilitates control of the alignment of the 

 

Figure 5.1 Scheme depicting the synthesis of the LC ink (top) and the fabrication process of LC-based 
bilayer via DIW (bottom). The LC-oligomer used to prepare the ink is the result of the chain extension, 
via a Michael-thiol addition, of molecules 1-2 using 3 as a spacer. The insets show the molecular align-
ment at each stage.  
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mesogens,8,11 key to pre-programming the actuator’s performance (Figure 5.1).1 This fabrication 

approach reduces the coverage area of active material, permitting the creation of discrete, respon-

sive regions that can be independently triggered.11 We selected a 10 µm thick polyetherimide (PEI) 

foil as the passive layer. The PEI foil is uniaxially stretched and has nanogrooves, although there 

is no indication that stretched PEI acts as an alignment layer for mesogens (vide infra). PEI is 

transparent to blue light, but not to UV-light. Most importantly, it is very thin, 10 µm, with a storage 

modulus at 20 °C (~3000MPa, Figure 5.2a) on the same order of magnitude as polydimethylsilox-

ane (PDMS) and poly(ethylene terephthalate) (PET),20–22 used previously to make light-responsive 

bilayer actuators. The LC ink suitable for the DIW process was prepared as described in             

Chapter 4 by mixing LC-oligomers (98wt.%) containing azobenzene moieties with a photoinitiator 

 

Figure 5.2 Characterization of the bilayer film prepared via DIW. (a) Storage modulus as a function of 
temperature of the two layers separately. The modulus was investigated parallel (∥) and perpendicular 
(⊥) to the alignment direction of the LC and to the stretching direction of the PEI foil. (b) A schematic 
representation of a bilayer film in which the different tunable design parameters are defined (top). 
Yellow and light grey represents the LCE and the PEI respectively. (Bottom) an image of a fabricated 
film, 5 × 25 mm2 with a 40% coverage. (c) 3D profile of the edge of the printed LCE. (d) Crossed 
polarized light micrographs of the printed LCE on the foil. The black arrows represent the direction of 
the polarizer (P) and analyzer (A). The white dashed lines indicate the borders of the printed lines. The 
white arrows indicate the direction of printing. The scale bar represents 500 µm. 
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(2 wt.% 4) (Figure 5.1). In this chapter, a new batch of the LC-oligomer was synthesized as previ-

ously reported in Chapter 4 via the base-catalyzed thiol-Michael of molecules 1-2 using 3 as a 

spacer. The synthesized oligomer had a number average molecular weight (Mn) of 7756.6 g mol-1 

based on the 1H-NMR spectrum with a polydispersity index (PDI) of 2.4 as determined by gel 

permeation chromatography (GPC). The LC-oligomer showed isotropic to nematic phase transi-

tions (TI/N) at 80 °C and nematic to smectic C phase transitions (TN/SmC) at 42 °C, as indicated by 

the differential scanning calorimetry (DSC) traces and crossed polarized light micrographs. 

Before fabricating actuators via DIW that are partially covered with the light-responsive LC 

inks, the printing process on PEI foils was optimized. The influence of the printing direction, either 

parallel or perpendicular to the stretching direction of the PEI, on the eventual mesogenic align-

ment was investigated first. The reservoir was set to 70 °C and the printing bed to 20 °C. At these 

temperatures, printing with a speed of 7 mm s-1 with a 335 µm diameter nozzle invariably resulted 

in uniaxially aligned lines, independent of the underlying PEI stretching direction. These results 

verify the PEI foil is not acting as an alignment layer, and the mesogenic alignment is determined 

solely by the DIW process. After printing, formation of the LCE network was accomplished using 

high intensity UV-light at room temperature under N2. Sol/gel fraction experiments revealed an 

average 85% gel fraction. Copolymerization of acrylate groups generally results in higher fractional 

network formations, but the high viscosity and long oligomeric chains (~9 units) of this system 

reduce the mobility of the radicals and lower the crosslink density, respectively, resulting in a lower 

fraction of gel. 

With printing parameters optimized, we deposited a single 2 × 35 mm2 LCE stripe on a PEI 

foil (10 × 10 × 0.001 cm3). After photopolymerization, a laser cutter was employed to obtain a          

5 × 25 mm2 film with the LCE rectangle situated along the center of the PEI (Figure 5.2b). As a 

result, the PEI film had 40% of its area covered by the LCE. The thickness of the LCE was on 

average 90 µm as determined by an optical profiling system (Figure 5.2c). Across the 3D profile, 

the active area shows a wave-like topography; each “wave” representing one of the deposited 

filaments that constitute the LCE stripe. The birefringence of the active layer was then observed 

between crossed polarizers (Figure 5.2d). The film appeared darker when oriented parallel to the 

polarizers or analyzer than when at 45°. This dark-bright state is linked with uniaxially orientated 

LCE:1 in this case, the mesogenic alignment was parallel to the longitudinal axis. 
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Temperature and Light Response  

The response of the 5 × 25 mm2, 40% covered, 90 µm LCE film (Figure 5.2b) to different stimuli 

was characterized. First, the temperature response was evaluated (Figure 5.3a). Upon increasing 

temperature from 25 °C to 80 °C, the film initially bent, and then tightly rolled up between 80°C - 

110 °C, with the LCE inside the curvature. Such a response is not surprising because uniaxially 

aligned LCEs are known to display large, anisotropic shape deformations (~∆50 %), contracting 

along and expanding perpendicular to the alignment direction.1,23 The temperature-response 

arises from increasing disordering of the mesogenic groups with increasing temperature as the 

network undergoes several phase transitions, as seen in the temperature response of the printed 

LCE film in Chapter 4. Bare PEI itself does not show any shape changes within the evaluated 

temperature range. Hence, as previously observed for bilayers, when one of the layers experiences 

a contraction or expansion along the longitudinal axis the system bends parallel or perpendicular 

to it, respectively.24  Thanks to the large contraction of LCEs, the film’s final configuration is a tight 

roll. In comparison, liquid crystalline networks (LCN) bilayer films (LCNs characteristically having 

a greater crosslink densities than LCEs and 10% contraction)1,23 typically only bend up to a full 

rotation,25 and generally do not tightly roll up unless they have a wedged geometry.26  

Photoactuation of a bilayer can be characterized either in air or underwater, since the chosen 

LCE performs in either of these mediums, as demonstrated in Chapter 4. In air, both photome-

chanical and photothermal effects influence the actuation of LC networks, while underwater only 

the photomechanical influences the motions.27 Here, since the LCE has a temperature-dependent 

directionality of the light-driven bending motion, systematic studies of the photoactuation in air 

can be difficult. Therefore, photoactuation was investigated underwater where only photomechan-

ical effects occur. The 5 × 25 mm2, 40% covered, 90 µm LCE bilayer film (Figure 5.2b) was sus-

pended in 19°C water: at this temperature the polymer is in its SmC phase. When irradiated with 

365 nm light (80 mW cm-2) the illuminated region underwent a photoinduced SmC to SmA phase 

transition, resulting in a ~4.3% expansion along the longitudinal axis (see Chapter 4) and conse-

quent bending of the film away from the light source (Figure 5.3b). A stationary state was reached 

after 10 min of illumination, at which that point the light was switch off. Due to the photomechan-

ical nature of the response, the deformation was only reversed when illuminated with a 455 nm 
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light (145 mW cm-2), which induced the back isomerization from cis to trans (Figure 5.3c). This 

bending motion was reversible for at least 12 cycles with no apparent signs of fatigue. The film, 

despite being only 40% covered with the active material, showed a large light-driven deformation, 

with maximum tip displacement of 25 mm. A similar performance was observed for a film that 

had the stretching direction of the PEI foil perpendicular to the printing direction rather than par-

allel. The observed tip displacement is comparable to those previously reported for non- and bi-

layer films having similar dimensions with 100% surface area coverage by active material where 

the maximum light-driven deformation ranged from 18-26 mm.16,20–22,27 This result suggests that 

large deformation can be obtained without fulling covering the passive layer with active material, 

inspiring new designs of actuators to unlock their full potential.  

 

 

Figure 5.3 Stimuli response of a bilayer actuator (5×25 mm2, 40% coverage, 90 µm of LCE on PEI, 
Figure 5.2b). (a) Edge-on images of the film at different temperatures. The blue dashed lines represent 
the shape of the film at 25°C. Scale bar represents 1 mm. (b) Edge-on images displaying the light-driven 
bending motion of the bilayer film to 365 nm (80 mW cm-2) and 455 nm light (145 mW cm-2). (c) Tip 
displacement as a function of time. Positive values mean that the tip bent away from its starting posi-
tion, i.e. from the light source, and negative when bent towards the light.  
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Influence of Thickness, Shape, and Coverage on the Photoactuation 

There are three tunable parameters in the bilayer actuator: the thickness of the active LCE (tLC), 

the fractional coverage of the passive PEI, and the aspect ratio of the film. The effect of each of 

variable on the maximum tip displacement was systematically studied. We observed that in some 

cases the films showed a pre-bend when suspended. The pre-bend could be caused by a gradient 

on the crosslink density of the LCE, but free-standing films of the LCE polymerized under the same 

conditions did not show such pre-bends, as seen in Chapter 4, and so we reject this possibility. 

We hypothesize that the pre-bend is a consequence of the high temperature achieved during the 

laser cutting, since bare laser cut PEI films having the same dimensions also showed pre-bends: 

a linear relationship between pre-bend and laser intensity was observed.  

The influence of the thickness, tLC, of the active LCE layer on photoactuation was investigated 

in a series of films in which the dimensions (5 × 25 mm2) and fractional coverage (40%) of the 

passive PEI layer were kept constant. Upon increasing tLC from 50 µm to 150 µm, the maximum 

tip displacement recorded after 10 min of illumination with a 365 nm light increased consistently 

until it reached a maximum value at a thickness of 95 µm, at which point it decreased. Effectively, 

when the LCE layer is illuminated, two regions are formed through the depth of the LCE layer: the 

exposed region at the surface expands along the longitudinal axis and the non-exposed regions 

 

Figure 5.4 Maximum tip displacement and average velocity after 5s of illumination as a function of the 
percentage of (a) LCE coverage and (b) PEI aspect ratio of films with 40% LCE coverage respectively. 
In both cases the illumination time with 365 nm (80 mW cm-2) was 10 min. Above the plots, schematics 
representation of some of the films used for the studies. Yellow indicates the LCE and light grey repre-
sent the PEI.  
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that are deeper remains passive. The extent of the expanding region depends on several factors 

(such as the illumination time, light intensity and azobenzene concentration, among others). Thin 

LCE layers mean that its entire depth is exposed and the whole LCE expands in its entirety. Further 

increasing tLC, increments the dark region within the LCE layer which in turns augments the bend-

ing stiffness of the actuator too, reducing the maximum tip displacement as it is inversible corre-

lated with the thickness of the passive layer to the third power.21  The resulting optimal thickness 

of LCE for maximum tip displacement is determined for our specific illumination conditions. 

We investigated the effect of fractional coverage in the photoactuation in a series of films 

having identical dimensions (5 × 25 mm2) and deposited LCE thicknesses (90 µm) (Figure 5.4a). 

By increasing coverage from 0 to 100%, the maximum tip displacement plateaued at ~40% cov-

erage. The rate of actuation during the initial 5 seconds was roughly linear, and appears to peak 

at 40% coverage, decreasing to a roughly constant value at higher coverages. This suggests a 

minimum coverage is required to initiate rapid, extensive actuation: the degree of coverage re-

quired will be affected by the physical characteristics of the passive and active layers and well as 

the illumination conditions, the illuminated region expanding perpendicular to the alignment 

(~4.3%; see Chapter 4), and contracting perpendicular (~2%). When increasing the fraction of 

LCE, the width of the line increases, resulting in increasingly significant perpendicular expansion 

and generation of orthogonal stresses that opposes tip displacement, contributing to the plateau 

formation for displacement and decay on the absolute velocity. Thus, ~40% covered soft actuator 

outperforms 100 % covered actuators with respect to speed while the maximum tip displacement 

is same. 

Finally, the effect of the aspect ratio of the 40% covered films on photoactuation was evalu-

ated. The widths (WPEI) of the films were increased while maintaining 25 mm length, fractional 

coverage (40%), and thickness (90 µm) (Figure 5.4b). By increasing the aspect ratio from 1.3 to 

5, the maximum tip displacement and the average speed for the first 5 s of illumination increased 

linearly. When increasing the aspect ratio, the width of the LCE layer (WLCE) is proportionally re-

duced. As a result, the 2% contraction that occurs along WLCE that result in bending opposing the 

tip displacement is minimized, but the expansion (~4.3%) along the longitudinal axis responsible 

for the bending is kept constant, as the length is not altered. Thus, increasing the aspect ratio 

result in larger and faster actuations as the opposing bending motions are reduced.                  . .  
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Actuators with Multiple Deformation Modes 

The previous section showed it is not necessary to fully cover the passive layer to obtain large 

light-driven deformations, paving the way to fabricate actuators in which discrete regions may be 

independently triggered. To explore this possibility, a 20 × 25 mm2 film topped by two 4 × 25 mm2 

stripes of LCE separated by 4 mm was fabricated (Figure 5.5a). The film has 40% of the PEI foil 

covered by the LCE and an aspect ratio of 1.3. Thanks to the space between the two active layers, 

each can be individually triggered. Triggering one or the other LCE stripes by continual exposure 

up and down the stripe results in a twisting motion in either counterclockwise or clockwise direc-

tions, depending in which stripe is activated. When both lines are irradiated simultaneously, the 

film bends with the bend significantly greater than for a film having the same aspect ratio and 

total coverage fraction (40%) but with active region concentrated as a single line in the center. 

Such performance enhancement suggests how the active layer is distributed should also be con-

sidered when designing the bilayer actuator. We hypothesize that this increased amplitude re-

sponse is the result of reducing the aspect ratio of the active layer, minimizing the countering 

effects of LCE stripe perpendicular expansion.  

As demonstrated in Chapter 4, the LCE network is known to have a temperature-controlled 

directionality of light-driven bending. We thus investigated the possibilities to induce additional 

shape changes in fabricated film (20 × 25 mm2, 40% coverage, 90 µm of LCE, Figure 5.5a) by 

combining light and temperature (Figure 5.5b). Rather than being suspended underwater, the 

film was left lying on the floor of the container with the LCE side facing upwards. Upon light 

illumination from the top at 19 °C, the film bent, and consequently ended up standing. The light 

was switched off and the temperature was gradually increased from 19 °C to 28 °C. Initially, the 

film started to unbend towards its initial flat state. This phenomenon was expected as temperature 

induces a phase transition in the polymer network from smectic to nematic, resulting in a gradual 

contraction of the illuminated LCE.19 But from 30 °C to 50 °C, the film started to bend perpendic-

ular to the longitudinal axis, increasing its curvature with temperature. Illumination with blue light 

had no effect on this deformation. Sudden removal from the water and placement on a 20 °C 

surface resulted in recovery of its initial bent state along the longitudinal axis. Placed again in 

water at 50 °C, the film immediately switched its bending to opposite to longitudinal axis instead 

of along it. We believe this atypical perpendicular bending is the result of the temperature induced 

LCE expansion occurring opposite to the alignment direction. Thus, combination of light and 
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temperature led to a film that reversibly switches from flat, to bent along the longitudinal axis to 

bending opposite to it; a shape change difficult to achieve in other ways.  

A Light-Responsive Photonic Actuator 

The actuator presented in the previous section (20 × 25 mm2, 40% coverage, 90 µm of LCE, 

Figure 5.5a) left a significant fraction of the PEI foil uncovered. This allows for deposition of ad-

ditional functional materials to the blank regions. We opted to print a material with a different 

functionality. Recently, a cholesteric liquid crystalline (CLC)-ink suitable for DIW that results in a 

photonic polymer network with helical arrangement of the molecules, in which the pitch is the 

distance of a full rotation of a molecule was developed.28 This CLC ink was used to print a 3 × 24 

mm2 line between the previously deposited light-responsive LCE stripes, Figure 5.6a. Optical and 

structural characterization of the additional, reflective layer shows a broad reflection band cen-

tered at 564 nm and a thickness of 100 µm (Figure 5.6b-c). The edges of the layer are less defined 

 

Figure 5.5 Underwater performance of an actuator when two different stimuli, light and temperature, 
are combined. (a) On the left a schematic drawing of the actuator. Yellow indicates the LCE and light 
grey represents the PEI. The thickness of the LCE was found to be 90 µm. On the right, edge-on images 
of the actuator showing the different deformations accomplished when illuminated, partially or com-
pletely, with a 365 nm (80 mW cm-2). The insets show which region of the actuator is illuminated in 
each case; the active part has been patterned with purple lines and colored in orange. (b) A series of 
images showing the deformations that the actuator from (a) undergoes when no constrains are applied 
and light (from the top) and temperature are used to trigger different stresses and induce phase 
changes on the active layer that result in bending in opposite directions.  
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that those observed in Figure 5.2c, as the CLC ink has a lower viscosity than the LCE-ink, and so 

after extrusion it shows increased spreading before polymerization. The difference in viscosity 

between the inks also explain the de-wetting observed at the extremes of the reflective stripe. The 

film still displays large bending deformations triggered by light despite addition of an extra layer. 

 

Figure 5.6 A light-responsive photonic actuator. (a) A front image of the fabricated light-responsive 
photonic actuator. The inset shows the molecular alignment of the cholesteric LCE line, which consist 
of a helix structure. Thanks to the periodicity of the full rotation of the helix, around 376 nm, the middle 
line acts as reflector for green light. (b) Percentage of reflected light as a function of the incident wave-
length into the cholesteric LCE. (c) 3D profile of the edge of the cholesteric LCE and the PEI. (d) A 
series of edge-on images in which the selectivity to reflect specific wavelength of the actuator and light-
driven deformation are shown. The images show the actuator underwater. The 365 nm (80 mW cm-2), 
455 nm (145 mW cm-2) and laser lights were all applied from the left side.  
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The potential use as a dynamic reflector was investigated (Figure 5.6d). The light-responsive ac-

tuating reflector was suspended underwater and the CLC line exposed to light from either green 

(λ = 532 nm) or red (λ = 633 nm) lasers. At rest, red light was transmitted while green light was 

partially reflected as anticipated, Figure 5.6b. 365 nm light was then used to trigger the responsive 

LCE in the stripes, causing film bending. As a result, the middle, reflective region, was removed 

from the path of both lasers, permitting the transmission of the green laser through the water. 

This demonstrator embodies the potential of using DIW to fabricate bilayer actuators that perform 

various tasks; in this case, motion and light reflection within a single object.  

5.3 Conclusions 
This chapter demonstrates using DIW to fabricate LC-based bilayer films leads to actuators that 

can deliver alternative, controlled shape deformations. The systematic study performed in this 

work revealed passive layers can be made responsive without full coverage with the active material 

without negatively affecting performance. Partial coverage offers the possibility to have discrete 

active regions on the foils that can be individually triggered. As a result, we could achieve reversi-

ble light-driven twisting in addition to bending or induce bending parallel and perpendicular to 

one of the axes when light and temperature were combined. Additionally, partially covering the 

passive layer also allows a facile combination of different materials that have distinct functionali-

ties in a single device. This was demonstrated by fabricating a photonic light-responsive actuator 

that could selectively reflect a specific wavelength on-demand.  

Chapter 4 and Chapter 5 combined have shown the development of an LC ink and its inno-

vative use in fabricating centimeter-scale actuators. The results discussed in these chapters em-

body the potential of using DIW to fabricate soft actuators with multiple functions and defor-

mations modes on-demand.  

5.4 Experimental Details  
Materials and Reagents 

1,4-Bis-[4-(6-acryloyloxyhexyloxy) benzoyloxy]-2-methylbenzene (1) was obtained from Merck. 4,4′-

Bis(6-acryloyloxyhexyloxy) azobenzene (2) was acquired from Synthon. 2,22-(ethylenedioxy) di-

ethanethiol (3) and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) were purchased from Sigma-Al-

drich. The photoinitiator bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide (4) was obtained 

from Ciba. The chiral dopant, (3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-diyl bis(4- ((4-(((4-
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(acryloyloxy)butoxy)carbonyl)oxy)benzoyl)oxy)benzoate) (5) used to prepared the CLC ink was 

purchased from BASF SE. 1,8-diazabicyclo[5.4.0]undec-7-ene (6, DBU) and dime-

thylphenylphosphine (7, Me2PPh) were acquired from TCL Chemicals Europe N.V. Dichloro-

methane (DCM) was obtained from Biosolve. Polyetherimide foil (UltemTM UTF 120) of 10±2 µm 

was supplied from Sabic. 

Characterization 

The number average molecular weight (Mn) of the oligomers and their average repeating unit 

were obtained from the 1H NMR spectrum performed on a 400 MHz Bruker Advance III HD spec-

trometer with deuterated chloroform as solvent. A Shimadzu UV-3102 PC apparatus was utilized 

to perform gel permeation chromatography to measure the weight average molecular weight (Mw) 

and polydispersity index (PDI); using polystyrene (PS) with an average Mw of 350,000 g mol−1 as 

reference. The locations of the phase and glass transitions were determined from the DSC traces 

obtained in a TA Instruments DSC Q1000 at cooling and heating rates of 10 °C min−1. The me-

chanical properties of freestanding PEI and LC films were measured on a TA instruments Q800 

dynamic mechanical analyzer (DMA). Storage moduli as a function of temperature (5 °C min−1) 

were measured at multi-frequency-strain (1 Hz) with an amplitude of 20 μm. Expansion coeffi-

cients were determined in controlled force (10 mN) experiments, in which the reversible changes 

in length were monitored as a function of temperature (5 °C min−1). Optical micrographs were 

recorded in a Leica DM 2700M polarized optical microscope equipped with a Leica MC170 HD 

camera. All structures were visualized in bright field and transmission modes. An optical profiling 

system (S Neox 3D Optical profiler, equipped with a ×5 objective) was employed to record 3D 

profiles of the edges of the printed polymers to measure their thickness. UV–vis spectroscopy was 

recorded on a Perkin Elmer Lambda 750 spectrometer equipped with a 150 mm integrating sphere 

and tungsten halogen light source for measurements 320 - 850 nm. The samples were place 

before the inlet of the integrating sphere for transmissions and absorption measurements and at 

the back of the outlet for reflection measurements.   

Preparation of the LC Ink  

The LC-oligomer was prepared as previously reported.19 The synthesis is based on a catalyzed 

thiol-acrylate Michael addition reaction of diacrylate mesogen 1 and diacrylate azobenzene 2 using 

3 as a spacer. The acrylate-to-thiol ratio was set to 1.0:0.9 to obtain acrylate terminated oligomers. 

The final concentration of azobenzene was 7 wt% 2. In short, 1-3 are first dissolved in DCM, and 

a few drops of DBU (6) are added into the solutions during mixing. The solution was left to react 
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for at least 2h followed by washing of the oligomer with 1 M HCl (2×) and saturated brine (1×) to 

remove the remaining DBU. Subsequently, the organic phase was collected and dried with MgSO4 

and the residual solvent removed in a vacuum oven at 90°C overnight. The LC ink was prepared 

by mixing the LC-oligomer (98 wt%) with the photoinitiator (2 wt% 4) in DCM. After complete 

dissolution of the different components, the solvent was removed by casting the solution in a 

Teflon petri dish and by leaving it at room temperature under vacuum overnight.  

Preparation of the CLC Ink 

The photonic CLC ink was prepared as previously described.28 In short, the CLC ink was prepared 

via a based catalyzed thiol-acrylate Michael addition. In this case 1 and 5 were combined with 3, 

which acted again as a change extender. Here the molar ratio diacrylate to dithiol was 3:2. The 

final concentration of chiral dopant was 5.7 wt% 5. After dissolving all components in DCM at 

room temperature, the catalyst 7 was added and the reaction left under strong stirring for 1h.  

Subsequently, the residual solvent was removed at room temperature overnight at ambient con-

ditions. The CLC ink was prepared by mixing the CLC-oligomer (98 wt%) with the photoinitiator 

(2 wt% 4) in DCM. The solvent was removed at room temperature overnight at ambient condi-

tions. 

Direct Ink Writing 

Controlled depositions of the inks on the 10 µm thick PEI foil were performed using a commercial 

3D printer (EHR, Hyrel 3D). The inks were loaded at room temperature into a stainless-steel res-

ervoir with 335 µm nozzle diameter (27 ga A.W.G, Fisnar QuantX Micron-S Red). Optimal printing 

conditions, resulting in either uniaxially alignment parallel to the printing direction or cholesteric 

alignment were, respectively, 7 mm s-1 with the syringe at 70 °C and the bed at room temperature, 

and 2 mm s-1 with the syringe at 90 °C and the bed at 53 °C. The G-code that controlled the printing 

path was generated by the printer software. After printing, photopolymerization was induced un-

der N2 using an Exfo Omnicure S2000 light source in which 57% of the light intensity is 395 –    

445 nm and 43% 320–390 nm. For samples containing azobenzene (2), a high-pass filter (405 

nm) was employed to avoid undesired isomerization and exposure took place over 2h, in which 

the films were flipped every 30 min to circumvent a gradient formation in the crosslink density 

through the printed line thickness.19 Polymerization for CLC lines took place in 30 min. The differ-

ence on the polymerization time of the two inks arises from the different viscosities (effecting the 

mobility of free radicals), crosslink densities (effecting on the probability for crosslinks to form), 

and filter use (lowering the maximum light intensity available). After fabrication, the optical 
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properties, thickness and alignment of the printed lines were characterized using UV-Vis spec-

troscopy, a 3D profiling system, and a microscope, respectively.  

Gel fraction 

The crosslinked fraction of the LCE network is defined as the gel fraction. To measure, a film was 

immersed in DCM for 24 h at room temperature. The sample was filtered and dried at 60 °C in a 

vacuum oven. The fraction of gel in the network was determined using the Equation 1, in which 

minitial is the mass of the film before immersion in DCM and mdry after it, filtration, and subsequent 

drying.  

Percentage of gel fraction = (mdry / minitial) 100                                    (1) 
 

Laser Cutting 

Slicing of the PEI foil and LCE were performed using a laser cutter (Universal Laser Systems VLS 

3.50, VersaLASER) equipped with a 40 W max. CO2 laser beam. The actual intensity incident on 

the sample depends on the scanning speed (set at 80%), dots per inch (set to 500), the focus 

(0.1mm above the sample holder), material absorbance, and the cleanness of the equipment. As 

a result, the laser power is difficult to reproduce from day-to-day, so before every cutting session 

the optimal laser power was determined. All samples in which actuations were compared were 

cut the same day. The cutting path used to slice the samples was defined using the AutoCAD 

software (Autodesk). The high temperatures created during cutting appear to induce a pre-bend 

in the samples, even in bare PEI foil samples. 

Underwater Photoactuation of the Actuators 

The different films, either suspended or laying on the floor, were located inside a transparent 

container with flat sides filled with water. UV (365 nm, Thorlabs M365L2) and blue (455 nm, 

Thorlabs M455L3-C2) lights were used to switch between the two-isomerization states of the az-

obenzene groups. The light intensities were adjusted using a controller (ThorLabs DC4104). Be-

fore illumination, the samples were pre-exposed to 455 nm light to ensure all azobenzene groups 

were in the trans-isomer. The light-driven deformations were recorded using a camera (Nikon 

D7200, Olympus OM-D E-M10 Mk III). The temperature of the water was controlled with a digital 

thermometer: unless specificized, its temperature was 19 °C. The tip displacement of the bilayer 

films was analyzed using ImageJ software. When investigating the selectivity of the printed CLCE 

to reflect certain wavelength, green (λ = 532 nm, <1 mW, BASETech) and red (λ= 633 nm, <4 mW, 

JDS Unlphase) lasers were employed. 
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Chapter 6 
 

Future Challenges for 
Additive Manufacturing of Liquid Crystals 

 

 

 

 

Abstract 

Liquid crystal materials are finding their place in additive manufacturing for fabricating 4D func-

tional untethered devices across different length scales. While impressive progress has been 

made, there are still several challenges to be addressed before the full potential of 4D printing of 

liquid crystals may be unleashed. In this chapter future challenges and unexplored avenues are 

discussed from the perspective of material, additive manufacturing equipment, and device design.  

This chapter is partially reproduced from: 

M. del Pozo, J. A. H. P. Sol, A. P. H. J. Schenning, M. G. Debije, ”4D Printing of Liquid Crystals: 
What’s Right for Me? “, Advanced Materials, 2021, 2104390   
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6.1 Introduction 
The field of 4D printing of liquid crystals (LC) has been growing at an increasing rate in recent 

years. While remarkable examples of functional untethered devices have been reported1 which 

embody the potential and appeal of 4D printing LCs for many different fields, there is still consid-

erable room for future developments, both in terms of the feedstock materials as well as additive 

manufacturing (AM) processes. The field of 4D printing with LCs is still in its infancy, which 

means that considerable knowledge acquired from previous studies of liquid crystal networks 

(LCN) films, actuators and liquid crystals displays (LCD) screens has not yet been exploited by 

AM techniques. While reactive LCs might not achieve the commodity status of common polymers, 

and most AM techniques are not suited for mass production, 4D printing can still help meet 

future needs in biomedical applications or personalized soft human-interface devices, for in-

stance. In this chapter, possible research avenues to meet these needs in future, and what follows 

from the results described in this thesis are presented.  

6.2 Stimuli-responsive Materials  
Stimuli  

In this thesis, actuators that can be addressed with more than one stimulus are presented that 

embody the advantages of combining responsivity to multiple stimuli in a single device. For ex-

ample, it can provide additional ways to control the actuation (Chapter 3 and Chapter 4) or it can 

open new deformations modes that are otherwise inaccessible (Chapter 5). LCs mixtures used in 

AM currently reported lack of this beneficial dual response, which calls for the exploration of new 

liquid crystalline polymers. There already is widespread knowledge on the combination of func-

tionalities and/or responses in a single LCN formulation to obtain humidity- and chemical-sensi-

tive optics,2–4 humidity-gated UV-responsive actuators,5 or humidity-gated temperature-respon-

sive IR reflective coatings.6 These systems benefit from additional properties, or increase control 

of device performance thanks to these double functionalities or responses. Translating these com-

binations into extrudable LC-oligomers or into LC photoresists for direct laser writing by two-

photon polymerization (DLW-TPP) would be of great interest. As an alternative to making the 

entire network response to different stimuli, one can also focus on combining different materials 

in the device to achieve the same result as shown in Chapter 5, where a light-responsive green 

light-reflective actuator is fabricated.  
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Reactive Mesogens  

To date, most reported reactive mesogens (RM) formulations for AM make use of acrylate free-

radical polymerization for final crosslinking steps. Significant downsides of radical polymerization 

reactions is that these are notoriously sensitive to chain growth termination by atmospheric oxy-

gen, and suffer from polymerization shrinkage.7 The effects of the latter was seen in Chapter 2, in 

which the direction of the alignment suffered significant shrinkage in the microstructures. Epoxide 

and oxetane moieties as reactive groups, both of which polymerize through a cationic mechanism, 

have limited polymerization shrinkage, and their polymerization is oxygen-insensitive.7 The use of 

these moieties have only limitedly been explored in thin-film LCNs, been reported once for a pho-

toresists for DLW-TPP (Figure 6.1a)8 and never explored for direct ink writing (DIW) inks. The 

reduced polymerization shrinkage would be beneficial for the fabrication of microstructures and 

the oxygen-insensitivity could help in ensuring the highest possible polymerization conversion 

and thereby long-term integrity in centimeter-scale objects.   

Circular Materials 

The development of recyclable LCE materials is a research area that is underexplored. Recyclability 

becomes increasingly important as the volumes of LC materials increase to meet the demands of 

mass production. Given that currently most polymeric LC devices are thermosets which are diffi-

cult to recycle, most will end up in landfills after use, or mechanically ground down into low-quality 

filler materials.9 The development of more sustainable, circular LC materials for additive manu-

facturing can be approached by: (1) developing self-healing dynamic covalent crosslinked LC for-

mulations, (2) thermoplastic LC designs, or (3) LC mesogens that can be degraded in a functional 

manner. A final option, (4) design of liquid crystalline materials based on renewable sources, 

should also be investigated.  

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.  

Currently, thermoplastic LCs (option 2) are mainly limited to engineering polymers such as 

KevlarTM or VectraTM, which show extraordinary Young’s moduli but also require harsh conditions 

for processing—Kevlar is spun from concentrated H2SO4 10 and fused filament fabrication (FFF) 

of Vectra requires nozzle temperatures above 280 °C.11 Furthermore, while they share the strong 
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anisotropy found in LC materials, importing the functionalities known from LCNs and LCEs into 

the polymers has not yet found widespread attention. Developing thermoplastic LCEs could be 

the middle road here, where short chains of LC oligomers physically bind. Since the material orig-

inates as a reactive mesogenic oligomer, this leads to easy incorporation of functional groups 

known from LCN and LCE research into the chains, while the physical crosslinking allows for 

remolding, reshaping, and eventually, recycling.  

Easy breakdown of crosslinked LC materials (option 3) would require the design of new meso-

gens with labile chemical groups. Non-mesogenic formulations have been developed for DLW-

 

Figure 6.1 (a) A hybrid actuator composed of DLW-TPP LCN epoxy pattern encapsulated in LCE acry-
late-based film. (Top) the design of the actuator and the molecules used to prepare the different parts; 
(middle) crossed polarized light micrograph; (bottom) micrograph of the structure at different temper-
ature showing its response. The scale bars from represent 500 µm. Adapted with permission.8  Copy-
right 2019, Wiley-VCH. (b) Scanning electron micrographs showing selective cleavage of different struc-
tures. The “responsive” 3D microstructures are made from a silyl ether linkage in which different cross-
linkers are used, which contained methyl (MSEA), ethyl (ESEA) or isopropyl (ISEA) substituents on the 
silicon atom. The structure that does not dissolve is made from pentaerythritol triacrylate (PETA). Scale 
bars represent 20 µm. Modified with permission under a CC BY license (Creative Commons Attribution 
4.0 International License).12 



Future Challenges for 4D Printing 
 

95 
 

TPP that make use of silyl ether groups which readily disintegrate in alkaline conditions, depend-

ing on the substituents on the labile group (Figure 6.1b).12 

Securing a sustainable future for the materials presented in this review also requires reviewing 

methods of synthesizing mesogens from renewable sources instead of from the petrochemicals 

that many organic compounds are currently derived from (option 4). Such a route is to consider 

alternative natural materials that show LC properties. An example of this are aqueous dispersions 

of cellulose nanocrystals which display cholesteric phases at specific concentrations.13,14  

6.3 Additive Manufacturing Processes  
To date, a few AM techniques have been proven applicable for LC-based materials. While direct 

ink writing and direct laser writing by two-photon polymerization have led to promising results 

and interesting devices, there are plenty of remaining techniques that can fill specific niches when 

combined with an LC feedstock. Some of these processes have been demonstrated just once, 

while others have not been reported at all.  

Vat polymerization 

A key challenge for any vat polymerization equipment is the relative volume of material required 

in the vat itself. Generally, LC-based materials are not inexpensive, and there is considerable 

“wasted” volume that make most conventional vat polymerization setups, e.g. stereolithography 

(SLA) or digital light projection (DLP), cost-prohibited. This may be alleviated by restructuring the 

vats to accommodate smaller volumes,15 but the real challenge for these equipment is achieving 

bulk alignment. Since alignment is key to harnessing the unique properties of LC materials, it is 

not a trivial task to print LCs layer-by-layer and maintain proper alignment characteristics. Pre-

sumably, a thin alignment layer applied to the baseplate would allow alignment of the initial layers, 

but subsequent layers would need to rely on the already-deposited layers, so rapid degradation of 

the alignment fidelity would be expected. On top of that, SLA and DLP equipment have stages in 

the vat that move during the fabrication process, which can also disturb the alignment. These 

challenges have left vat polymerization techniques out of the race of fabrication of centimeter 

scale objects, and their use has been primarily for producing LC microstructures, at least for now.  

Direct Laser Writing by Two-Photon Polymerization  

When considering the use of LC photoresist in a DLW-TPP, there is one main limitation arising 

from the equipment: commercial printers do not have a heating stage incorporated. As a result, 
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the possibility to use well-known and quantified LC mixtures directly in DLW-TPP set-ups is not 

possible since reactive mesogenic mixtures with room temperature liquid crystalline phases are 

uncommon and challenging to prepare. These challenges unnecessarily slow progress on LC-

based microdevices. Additionally, it has been shown that control over the temperature during the 

DLW-TPP process can reduce the swelling of the polymerized structure during fabrication and so 

enhance resolution of the LC microstructures;16 thus, incorporating a heating stage in commer-

cially available equipment is of significant value.8,16  

While DLW-TPP can print with outstanding resolution, it comes at a high price: its production 

speed for large quantities of microstructures is extremely low. While for fundamental research 

application this is not a problem, it limits its possibilities to compete with other AM techniques 

in industry. In order to solve this, efforts are being made to increase the production speed by 

focusing multiple laser beams in the vat at the same time, by developing stages with faster scan-

ning speeds and by exploring quicker polymerization mechanisms.17,18 While these advances are 

still at its infancy, they show promising results towards faster production speeds for DLW-TPP. 

As demonstrated in Chapter 2 and Chapter 3, micro-actuators are of increasing interest for 

many reasons. One of the approaches to accomplish these actuators is by combining different 

functional materials, as showed in Chapter 5 for centimeter-scale actuators. At the moment, there 

are examples of multiple materials combined in a single structure using DLW-TPP,19–21 but nu-

merous steps were necessary for fabrication, making the process tedious and long. Recently, 

DLW-TPP inside a microfluidic device was presented as a facile approach to accomplish multi-

material micro-objects.22 These kinds of innovations when translated for LC photoresist will ad-

vance the possible designs and increase complexity of responsive microstructures.  

Digital Light Projection  

Light-based manufacturing techniques such as DLW-TPP are often combined with alignment lay-

ers or cells to ensure proper orientation of the molecules for the intended function after the AM 

procedure. At the millimeter scale, a similar technique is digital light processing, although the 

issue here is the moving printer parts between light exposure steps may disturb the molecular 

alignment, and make it difficult to easily fit alignment layers around the LC resin. Nonetheless, 

three-dimensional LCN object have been made through a magnetic field-aligned DLP procedure 

(Figure 6.2a).15 This alignment procedure could be extended to LC elastomer materials by using 

magnetic fields (B = 300 mT) to (re)align the LC monomers before crosslinking.23 The LC 
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elastomer used in the latter work is a “side-on” LC, a reactive mesogen with acrylate moiety fixed 

to the central phenyl ring of the mesogenic core. After crosslinking such LCs, more freedom in 

movement is retained, leading to larger actuator responses. Both works also incorporated diacry-

late azobenzene photoswitches and demonstrated photoinduced bending in their engineered 

structures. While one of the advantages of DLP is that it can utilize low molecular weight LCs, 

which is generally not possible in DIW to produce at the centimeter scale; LC elastomers should 

be more appropriate in centimeter-scale devices due to their larger range-of-motion, see Chapter 

1.  

3D Microextrusion  

Extrusion based printing uses two main types of equipment: fused filament fabrication, FFF, for 

thermoplastic and direct ink writing for thermosets. LCs have found limited use with FFF, mainly 

due to material properties. Typical stimuli-responsive LCs are a viscous liquid or resin before 

crosslinking, meaning fabricating a solid-state filament spool is not possible. Obviously, pro-

cessing crosslinked LCNs is not possible with FFF either; although the development of LCEs with 

reversible, physical crosslinks might prove an entry point of stimulus-responsive LC materials to 

 

Figure 6.2 (a) Schematic of a DLP printer capable of printing layer-by-layer 3D objects with different 
molecular alignment using magnetic field (top). A two-axis robotic arm fabricated with the DLP printer 
that bends upon UV light illumination (bottom). Reproduced with permission.15 Copyright 2019, Amer-
ican Chemical Society. (b) Schematic illustration of a core-shell 3D printing. The core of the extruded 
fiber is a liquid metal (LM) and the shell is made of liquid crystal elastomer (LCE), whose molecular 
director is parallel to the printing direction. Upon heating, the LCE goes a nematic to isotropic phase 
transitions that triggers an anisotropic shape. Reproduced with permission.25 Copyright 2021, Wiley-
VCH. (c) Schematic drawing of direct ink writing in a catalyst bath. (Top) synthetic scheme of the net-
work forming and the different reactive steps during the fabrication process. (Bottom) overview of the 
fabrication process, shape preprogramming and actuation. Reproduced with permission.28 Copyright 
2020, American Chemical Society.   
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FFF. So far, the only LC materials reported that have been processed using FFF are high molecular 

weight thermoplastic LC polymers, such as the engineering plastic Vectra™.11 Here, the strongly 

anisotropic properties of this material were encoded in computer-designed objects designed to 

have high-impact resistance, or act as load-bearing biomedical implants.  

Direct Ink Writing 

The light responsive green reflector fabricated in Chapter 5 shows that it is greatly desirable for 

devices to be made of more than a single material.24 Using non-responsive, mechanically superior 

materials as the skeleton of a device allows for application of the generally more expensive, re-

sponsive elements just as the actuating hinges, rather than designing the entirety of the object to 

out of LCs. An alternative way to those demonstrated in this thesis to achieve similar benefits is 

through coaxial DIW, where filaments are formed consisting of a heterogeneous core-shell 

makeup (Figure 6.2b). In such architectures, the inner and outer regions can perform different 

functions, such as a core that contracts upon heating with an outer layer that is optically active, 

or a core that conducts electricity or heat and an actuating outer shell that bends or twists.25  

A completely different way to use DIW than discussed in Chapter 1, or used in Chapter 4 and 

Chapter 5, harkens back to the original processing of LCEs: crosslinking after mechanical stretch-

ing of a partially polymerized network.26,27 This stepwise fabrication of a monodomain, uniaxially 

aligned LCE was also used for thiol-acrylate-based LCE slabs.27 Since after the first partial polymer-

ization step a network is created that cannot be extruded, a workaround is needed for adaptation 

to DIW. The solution is dividing the first step into two:28 synthesizing a partially crosslinked LCE 

network with a small fraction of thiol than the intended and adding to the printing syringe, along 

with the amounts of unreacted di- and tetrathiol required for proper conversion of the acrylate 

groups. After DIW printing into a solvent bath containing thiol-acrylate catalyst, the partially cross-

linked printed network swiftly incorporates the thiol monomers to fully crosslink. This 3D written 

material can then be dried, deformed, and photopolymerized with UV light. During deformation, 

the LCE mesogen alignment reorients such that when thermally activated, the printed object shifts 

between the “as-printed” and “as-deformed” states (Figures 6.2c). While printing into the solvent 

bath significantly reduces printing resolution, physically shaping the low-temperature actuation 

state through physical molding circumvents the need for the (sometimes impossible) design of 

intricate molecular director patterns and suitable print paths.28  
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Fused Filament extrusion 

Despite FFF being mostly unsuitable for LCNs due to their mechanical properties, it has been 

recently shown that incorporating densely crosslinked LCNs in an FFF procedure is possible.29 In 

this contribution, stimuli-responsive cholesteric flakes as dopant in conventional 3D printing pol-

ymer filament are used. However, in this first report the flake response was not maintained after 

printing as a result of the humidity response of the LCN flake dopant being compromised by the 

barrier properties of the host polymer. Finding or developing more suitable water-permeable host 

polymers, or a new LCN formulation that works in this confined environment would open up a 

myriad of possibilities, given the widespread use of FFF printers and the current boom in filament 

material development.30–32 

Inkjet Printing  

Among drop-on-demand manufacturing techniques, inkjet printing (IJP) is the most common, 

and has been used for additive manufacturing of a variety of devices—organic light emitting di-

odes (LED)s and photovoltaics and hydrogels.33,34 When used with crosslinkable inks, this tech-

nique can be used to rapidly build multi-material polymer objects at high resolution,35 qualities 

that make it appropriate for mass production. For LCNs, IJP has been demonstrated, where 

through a combination of different LC formulations and sacrificial layers, a cilia array was printed, 

built up by segmented films emulating the motion cycle of cilia in the human lungs.36 Despite this 

promising result, no follow-up efforts using IJP for LCN based devices has been reported. In con-

trast, IJP of LCE has not been reported at all and we deem it to be quite promising as these show 

larger actuation strokes, see Chapter 1. Nonetheless, the increased viscosity of LCE precursors 

may prove a significant obstacle to overcome for IJP. In addition, any alignment of the LC will 

need to rely on substrates, which will also limit the structures achievable.  

Combining Multiple Additive Manufacturing Techniques in the Same Printer 

Liquid crystal networks and elastomers provide significantly different amplitudes of response to 

external stimuli, so combination of these two materials, which also have distinct mechanical prop-

erties, in a single object through the use of AM techniques best suited for each material could 

open new avenues for the design of 4D objects. Additionally, it will also facilitate the realization 

of multi-responsive devices. To achieve this, the design of multi-process printers that combine 

multiple AM technique in one set-up are of interest. Intriguing developments in this direction are 

the recently reported set-ups that combines inkjet printing and direct ink writing37 or digital light 
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projection with DIW (Figure 6.3).38 These two examples show how it could be possible to com-

bine in a single object the different mechanical properties and responses of LCNs and LCEs, an 

exciting new line of research.  

6.4 Devices 
The combination of additive manufacturing techniques with liquid crystal materials can lead to 

functional objects that self-propel,24 walk,39 grasp,20 and act as optical sensors.40 When designing 

LC-based 4D objects, not only does the geometry need to be carefully chosen to perform the 

desired tasks, but the mesogenic alignment must also be precisely selected. As discussed in 

Chapter 1, changes to geometry and/or alignment can both lead to significantly different defor-

mation modes. For instance, identical shapes with differing alignments41 or identical alignments 

in different geometries42 can result in distinctive actuations. The results from Chapter 2 presented 

an example of this tunability of the performance in the same LCN by changing the LC-based ob-

ject. Fortunately, most deformation modes reported to date can be predicted using digital mod-

elling.43–47 Through simulation the interaction of alignment and geometry can be exploited to de-

termine the optimal configuration for the desired device. For example, the actuators presented in 

Chapter 5 would benefit from such predictions to, for instance, fabricate origami- and kirigami-

inspired actuators. By using simulations to design LC-based objects via AM, new vistas of respon-

sive devices that could be imagined but were not possible to fabricate just a few years ago could 

be revealed.48  

 

Figure 6.3 (a) Schematic of a hybrid 3D printer integrating DLP and DIW techniques in the same 
equipment. (b) Overview of the different steps to fabricate 3D objects using the hybrid printer. (c) 
Examples of fabricated objects. On the top, schematic of the working principal of the response. On the 
middle and bottom, two examples of a flower and a bi-stable lattice respectively. From left to right, 
computer aided design (CAD), after printing, when the object is heated, and when it is cooled down. 
Reproduced with permission.38 Copyright 2021, Elsevier B.V.  
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6.5 Conclusions 
Mostly due to economics of scale, additive manufacturing is positioning itself as a small-scale 

manufacturing technique for prototyping or producing short production runs of one-offs.49 For 

most materials, conventional techniques such as casting, molding or extrusion are more cost-

effective at large production runs. Vat polymerization techniques such as DLW-TPP and DLP are 

unlikely to conquer the mass market when used for reactive LC materials, but can fill very specific 

niche uses. In the case of DLW-TPP, highly accurate reproductions of computer aided designs at 

the micrometer-scale can be designed, possibly for use in biomedical engineering. On the other 

side, DIW is positioning as the best technique for the fabrication of centimeter-scale objects and 

might well develop into a manufacturing technique at all production scales. Compared to conven-

tional techniques, DIW allows for easy programming of the molecular director and thus aniso-

tropic mechanical properties. In additions to the necessary advances on the equipment side re-

quired for their use as mass production techniques, there still interesting research lines on the 

material side to be explored. Feedstocks for AM technique that result in networks responsive to 

various stimuli are much desired to achieve 3D multi-functional untethered devices. Finally, these 

advances, both in equipment and material sides, should be accompanied by innovative object 

design that make use of simulation prediction to uncover their full potential. Altogether, future 

progress in additive manufacturing of liquid crystals will bring 4D multi-functional untethered 

devices to realization with a widespread use in many fields.    
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