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Active nematics: A new approach to 
mechanobiology? 

Julia M. Yeomans 

The Rudolf Peierls Centre for Theoretical Physics, Clarendon Laboratory, University of 
Oxford, Parks Road, Oxford, OX1 3PU, UK 

 
Active materials such as bacteria, molecular motors and eukaryotic cells continuously 
transform chemical energy taken from their surroundings to mechanical work. Dense 
active nematics show mesoscale turbulence, the emergence of chaotic flow structures 
characterised by high vorticity and self-propelled topological defects. I shall describe the 
physics of active nematics and discuss how this may be relevant to biological processes 
such as cell sorting and early embryogenesis. 

 

 

 

 

 

 

 

 

 

 

 



The Role of Activity Patterning in Active 
Nematic Flow Transitions 
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Active nematics model a wide range of living systems, including cells layers and bacteria [1]. 
However, real biological systems will not have uniform activity, either due to population variance 
or due to the presence of distinct species or cell types. As well as arising naturally, it has been 
recently demonstrated that the structure of activity in a material can be controlled through 
modulating light intensity [2]. This provides motivation to understand the effects of activity 
patterning, both to gain insight into the in vivo behaviour of biological systems and to open up 
routes to engineer desired dynamics in active matter. One of the hallmarks of active nematics is 
that, when confined to a channel, they will transition to a flowing state once above a threshold 
activity [3], and it is in this context that we study the role of activity patterning. The system is 
described by an operator that is non-Hermitian and non-local, both features that complicate the 
analysis. We provide a solution for an arbitrary piecewise-constant activity profile. From this we 
show that patterning allows a significant reduction in the net activity required for a flow transition 
and also makes it possible to control the structure of the flowing state. A simple instance of this 
is illustrated in Figure 1. 

 

Figure 1: Left: a symmetric three-layer activity pattern. Right: the corresponding phase space for 
flow instabilities. The insets show the director (solid) and flow (dashed with arrows). When the 
activity is higher at the edges the red mode becomes unstable, while the blue mode results when 
the activity is higher in the middle. 
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Phase transitions in macroscopic systems at the equilibrium have shown to be intimately related 
to the theory of nonlinear conservation laws. Examples range from simple systems like van der 
Waals fluids, uniaxial and biaxial Nematic Liquid Crystal models and spin systems to complex 
systems such as Random Matrix models. In such models, order parameters fulfil suitable 
nonlinear PDEs with prescribed initial conditions and phase transitions are explained in terms of 
shock waves travelling in the space of control parameters (e.g. thermodynamic variables).    
   
The talk aims at presenting recent results [1], obtained within the above framework, in the context 
of biaxial nematics. In particular, we study a discrete version of the Maier–Saupe model for 
nematic liquid crystals and propose a biaxial generalization, i.e. Straley model, further extended 
to account for the effects of external fields. In the thermodynamic limit, we derive an explicit set 
of four equations of state for the orientational order parameters, which are identified with Gibbs 
weights of the statistical model. Focusing our study on the thermodynamics in the absence of 
external fields, we show that the system is fully characterised by two scalar order parameters. 
The resulting zero-field phase diagram is discussed in terms of the intrinsic biaxiality of the 
interaction and the temperature, and the corresponding order parameters behaviour is analysed. 
Two-parameter reductions accounting for the presence of external fields are also derived, hence 
providing an outlook towards possible future works and applications. Finally, we show how our 
findings are consistent with known results in the literature. 
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Evidence of order-disorder ferroelectric 
behaviour in NF materials 
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In 2017, the ferroelectric nematic phase (NF) was observed, more than a century after it was 
first theoretically predicted. [1-3] The ferroelectric nematic phase exhibits polar ordering n ̂≠n ̂ 
where n ̂ is the nematic director, in contrast to the ordinary nematic phase (N), which is apolar. 
The fundamental interest in the NF phase as a polar, ordered fluid system is enhanced by the 
reports of these materials exceptionally large dielectric permittivities and spontaneous 
polarization values. [3] As such ferroelectric nematic are expected to have far-reaching 
applications in non-linear optic devices, fluid capacitors for energy storage and photonic 
devices. [3-4] For these reasons, in addition to the fundamental interest in understanding the 
behaviour of a polar nematic fluid, it is of utmost importance to understand the order 
parameters within the phase. 

 
In this talk, we report the uniaxial order parameters of RM734, one of the first examples of the 
ferroelectric nematic phase, as determined via Raman spectroscopy and birefringence 
measurements. The findings are interpreted by drawing parallels between the ferroelectric 
nematic fluid phase and solid-state ferroelectric materials. It is suggested that the existence 
of polar order, and/or a change in the reorientational dynamics of the molecules, at the onset 
of the NF phase may be reflected in the changes in the full-width half maxima of the Raman 
signal. The energetic barrier of the transition from the para-electric to ferro-electric phase is 
found to be of the order of 2.5±0.6 kJ/mol, which is considerably lower than the energetic 
barrier in solid ferroelectric materials. 
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Ever since the experimental discovery of the ferroelectric nematic phase, NF, in 2017, a 
significant amount of research has been done to elucidate the structure-property 
relationships that govern the formation of this phase. This work has mainly involved the 
investigation of rodlike compounds [1] based on the general structures of the first 
ferroelectric nematogens reported RM734 [2], DIO [3] and UUQU-4-N [4].   

In contrast to the conventional uniaxial nematic phase, N, in which the constituent 
molecules align along a common direction known as the director, n, which has inversion 
symmetry n = -n, in the NF phase, there is a spontaneous alignment of the molecular 
dipoles such that n ≠ -n and the phase is polar. 

In 2023, however, it was reported that liquid crystal dimers could also show the NF phase. 
[5] The dimer investigated di-5(3FM-C4T), consists of mesogenic units having large dipole 
moments achieved using fluorine substitution  and alternating regions of electron 
density. Furthermore, di-5(3FM-C4T) shows a ferroelectric SmAPF phase as seen for 
bent-shaped molecules. It is suggested that in order to allow for the formation of a polar 
phase, the bent molecules must adopt a U-shape and a polar head-tail character.  

In this work, we investigate the structure-property relationship of liquid crystal dimers 
based on di-5(3FM-C4T), shown in Figure 1, in order to obtain a better understanding of 
the factors that direct the formation of the NF phase in more complex systems. 

  

Figure 1. Structural modifications of di-5(3FM-C4T) presented in this work.  
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The experimental discovery of the ferroelectric nematic (Nf) liquid crystal phase in 2017 has 
since gained considerable attention for its use in fundamental and applied science [1,2]. The 
Nf phase has orientational order but does not possess an inversion symmetry, leading to a bulk 
polarity. To achieve this conformation, the molecules themselves also typically have a high 
polarity.  How this molecular polarity manifests in the higher-temperature non-polar nematic 
phase (N) is an important consideration, and whether any N bulk properties are affected should 
be investigated.   

  
We present the temperature-dependence of bulk properties in the nematic phase of a liquid 
crystal mixture (M5) that exhibits an enantiotropic Nf phase. These properties include the splay 
and bend elastic constants (K11, K33), dielectric permittivity, and the Freedericksz threshold 
voltage.  On cooling, our results show an initial reduction in the values of K11 and Vth until 
approximately 8degC above the transition into the intermediary nematic (Nx) phase, after 
which these values drastically increase. Conversely, values for K33 and dielectric anisotropy 
increase with decreasing temperature and display similar trends to nematic materials 5CB and 
E7.  At higher temperatures close to the nematic-isotropic transition, good fitting to nematic 
models is displayed, whereas lower temperatures approaching the transition into the Nx and 
Nf phases show strong deviations from these models.  
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Since the practical discovery of the ferroelectric nematic (NF) phase at equilibrium in the 
late 2010’s, the phase has garnered significant excitement prompting it to be studied 
extensively as it has been ‘promised to remake nematic science and technology’ [1]. 
Despite the work which has been carried out to date, studies into the NF phase are still 
in their infancy. The current materials being studied are all based on 3 archetypal 
structures: RM734 [2], DIO [3] and UUQU-4N [4]. These current materials present the 
unwelcome combination of challenging working temperature ranges and often low 
chemical stability. This has driven a significant appetite for new materials that can 
sustain the polar mesophase at and below ambient temperatures [5][6]. 

We report the synthesis and liquid crystal characterisation of some 60 new, highly 
fluorinated compounds based on a novel structure type. Of the 60 materials studied, 
some 30 of these materials are ferroelectric nematogens – the largest single study into 
the chemistry of the NF reported to date. Although some of these compounds melt and 
exhibit the NF phase close to ambient temperature (circa 40 oC), we achieve true room 
temperature example of the phase through the formulation of binary mixtures. Due to the 
novel structures reported, these mixtures are more chemically stable than previously 
reported mixtures, stabilising the NF phase over large temperature ranges. 
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Stimuli-responsive polymers which change their properties in response to a are one of 
the focal points in materials science. The self-assembly of liquid crystals has proven to 
be an extremely useful tool in the development of such smart soft materials. Liquid 
crystalline polymer materials are appealing as microscopic changes in the molecular 
order and orientation can lead to macroscopic changes in shape and optical properties. 
In my lecture, I will discuss stimuli responsive polymers based on liquid crystals that can 
be applied as soft actuators, robots, color changing materials and sensors (Figure 1). 

 
 

 
 
Figure 1. Examples of based on liquid crystal polymers which respond to temperature (right), 
humidity (top, left), and/or light (bottom, left) by changing their shape and/or color. 
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Structure-Property Relationships in Auxetic 
Liquid Crystal Elastomers 
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Auxetics are materials possessing a negative Poisson’s ratio, i.e. they get thicker when subject to 
strain.[1] They typically consist of porous structures, with deformation of the pores during strain 
causing the auxetic response.[2,3] However, liquid crystal elastomers (LCEs) displaying auxetic 
behaviour have been reported, realizing the first examples of a non-porous, synthetic, molecular 
auxetic material.[4,5] The mechanism of the auxetic response is attributed to an out-of-plane 
rotation of the nematic director under strain, and a resulting emergence of biaxial character 
within the elastomer.[4,5] 

The auxetic LCE can be described as predominantly a side-chain LCE, in which the mesogens are 
attached to the polymer backbone by a flexible chain known as a spacer. This gives three distinct 
molecular components that can be varied in order to tailor material properties: the backbone, 
the spacer, and the mesogen.[6-8] As yet, there have been no systematic studies of potential 
structure-property relationships in auxetic LCEs. 

This work will discuss the synthesis of a series of acrylate monomers with, differing by variations 
in spacer length and mesogenic group, and their subsequent incorporation into liquid crystal 
elastomers of formulations consistent with the auxetic LCE previously reported. The impact of 
these changes on LCE properties such as the phase transition temperatures will be reported. 
Crucially, the impact of spacer length on the auxetic behavior of the LCEs will be addressed to 
further our understanding of the auxetic response in LCEs.    

 

Figure 1. An example of the monomer modifications examined, in this case a series of cyanobiphenyl monomers 
of varying spacer lengths, and their impact on the auxetic response of the LCEs. 
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We consider the stability of a hyperelastic substrate coated by a liquid crystal elastomer 
film and subjected to compressive forces. In this problem, the liquid elastomer directors 
are free to evolve and need to be included in the incremental theory. Once that theory is 
established, we perform a standard bifurcation analysis. We assume that the initial 
directors are aligned either in the horizontal or in the vertical direction and obtain an exact 
bifurcation condition for surface wrinkling. We show that director reorientation both 
delay surface wrinkling and produce more wrinkles. In particular, our analysis unveils that 
the bilayer is more stable if the major-axis of liquid crystal molecules coincides with the 
alignment of the director. In the small wavenumber limit an asymptotic analysis is 
conducted to obtain analytical solutions for the critical stretch and the critical 
wavenumber, which can be relevant in applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

The influence of UV exposure on polymer-
stabilised liquid crystal blue phases 
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The blue phase of liquid crystals is known for its fast, polarisation-independent phase modulating 
properties. Historically, it was only shown to be inherently stable within a very narrow 
temperature range, but this range was then improved and broadened using a polymer network 
[1]. In the process of obtaining blue phases, the polymer stabilisation occurs after growth, at 
temperature, upon exposure to UV radiation. The specific UV doses that the samples are 
subjected to have largely been set through empirical evidence. 
 
This work intends to systematically analyse the impact of UV doses on polymer stabilisation, both 
in varying the dose and in varying the length of the exposure at the same dose, with the aim of 
facilitating the growth and stabilisation of larger platelets for enhanced homogeneity, and thus 
higher quality devices. 
 

 
 Figure 1. Liquid crystal blue phase sample under a polarising microscope, before (left) and after (right) 
polymerisation with 1 mW/cm2 light for 37 minutes at 365 nm. The platelet quality is maintained. 
 
 This will be done, in the first instance, by utilising projection optics to modulate a gradient UV 
source and expose the sample for a given length of time, recording both its qualitative influence 
on the platelets in different areas of the cell, but also measuring the minimum temperature that 
the blue phase is still stable at. Thus, the full range between underexposure and overexposure 
will be studied. Moreover, once finding an appropriate UV dose, the exposure time will be varied 
within that dose. It is predicted that longer exposures facilitate the stabilisation of larger platelets 
[2], given the use of photoinitiator to aid with uniform UV penetration [3].  
 
The results of this could bring to light a methodology for finding an ideal UV radiation dose for 
high throughput of devices in applications benefitting from larger, more uniform blue phase 
structures, approaching monodomains.  
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Liquid crystals (LCs) are distinct soft matter materials for use in photonics, because of their 
birefringence profile with spatially varying optical axis orientation and high susceptibility to 
external stimuli that can affect their internal structure. Numerical simulations are a useful tool to 
explain light behavior in such complex materials or to design desired optical properties. In this 
talk I will present the use of numerical simulations beyond standard light propagation, focusing 
on liquid crystal lasers in different settings, for example Cholestric Liquid Crystal (CLC) lasers or 
Fabry-Perot lasers with infiltrated liquid crystal structures. By employing combinations of widely 
used FDTD (Finite Difference Time Domain), FDFD (Finite Difference Frequency Domain) and 
semi-classical lasing equations, we can explain or predict and to an extend design the properties 
of output lasing light, like lasing frequencies, thresholds and polarisation and intensity profiles. 
Additionally, I will present how we can use a combination of FDTD method for light propagation 
and phenomenological Landau-de Gennes (LdG) free energy relaxation for liquid crystal 
reorientation to simulate mutual two way coupling between light and liquid crystal orientation. 
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Abberley et al.1 have reported fascinating phase behaviour for 4-[{[4-({6-[4-(4-cyanophenyl) 
phenyl]hexyl}oxy)phenyl] methylidene}amino]phenyl-4-alkoxy-benzoates (CB6OIBeOn), where n is the 
carbon number of the terminal alkyl chain. The molecular structure for n = 6 is shown in Figure 1. For 
𝑛 ≤ 6, cooling yielded the phase sequence I→N→NTB→HexI→K (crystal) whereas for 𝑛 > 6, the sequence 
was I→N→SmA→SmAB→ SmCTB→HexI→K. The spontaneous formation of helical structures can render the 
phases as chirality.1,2 With the hope of casting lighter on the molecular organisation in these phases and 
the driving forces for their formation, we have embarked on a Molecular Dynamics simulation study. We 
have simulated 700 molecules, using the the General AMBER Force Field (GAFF) force field3, at a 
pressure of 1 bar. 

 

Figure 1. (a) Molecule structure of CB6OIBeO6. Simulation snapshots of 700 CB6OIBeO6: (b) shows a 
nematic phase at 520K and (c) shows a twist-bend nematic phase at 420K with different angle colouring between 
the long axis of molecules and y axis. The colouring reflects the ordering of the long axis of the molecules along the 
director. 

To date we have observed the nematic phase N and the twist-bend nematic phase 𝑁𝑇𝐵 for 𝑛 =

6, as shown in Figure 1. We are hopeful that on further cooling we shall observe the HexI phase 
and that studies on molecules for 𝑛 > 6 will allow us to analyse the exotic smectic phases 
reported. 
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Mathematical modelling of active fluids in a 
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Active fluids are systems composed of self-driven units that consume and convert energy 
into directed motion. Motivated by possible applications in the design of sensors and for 
the general understanding of various biological processes, we present a 2D theoretical and 
computational study involving the mathematical modelling of active fluids confined 
between two parallel plates using an adapted form of the Ericksen-Leslie equations. We 
numerically solve the model, with imposed hybrid–aligned nematic (HAN) anchoring – 
where the average orientation of the self-driven units is parallel to the substrate at one plate 
and perpendicular to the substrate at the other. We characterise the range of flow profiles 
for varying magnitudes of the activity at a fixed channel width. For low-magnitude activities, 
the flow is characterised by a positive (negative) gradient of the velocity field in the left-hand 
(right-hand) regions. Further increasing the magnitude of the activities results in more 
localised flow. However, the system exhibits spatial fluctuation for sufficiently high 
magnitudes of activities, although there are no time-dependent oscillations in the system. 
For lower activities, we observed unidirectional flow, while for high activities we observed 
bidirectional flow characterised by an antisymmetric distorted state at the middle of the 
region. Our results lead to potential applications for designing sensors owing to the ability 
of small changes in the alignment of the self-driven units to ensure long-range effects in the 
orientation and flow of the active fluids. 
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Disocotic liquid crystals in their columnar phase – a class of organic semiconductors1 – are of 
particular interest for their potential opto-eletrocnic applications.1-3 The design of disc-like 
molecules, typically having an aromatic core with peripheral apliphatic chains, is crucial for 
controlling the photophysical and charge-transport properties of discotics, the latter being 
critically dependent on the molecular arrangements in the columnar phase.4,5  Atomistic 
simulations can provide valuable information for understanding molecular order in the 
columnar phase of discotic liquid crystals, but have proved challenging, often resulting in 
studies of thermal relaxation of pre-formed columnar phase,5-7 thus limiting detailed 
understanding of the growth of the columnar phase.8 Here, we report on the self-assembly of a 
tilted columnar phase for a representative mesogen from a series of triphenoxazoles – a class 
of recently synthesised fluoresecent discotics9 – in all-atom detail (see the figure below).10 We 
demonstrate the spontaneous emergence of the columnar ordering, when cooled from the 
isotropic phase in atomistic simulations that extend into the µs regime. We characterise the 
columnar phase and investigate its growth across the phase transition. Our simulations show 
that the transition into the columnar phase is marked by the growth of a narrow peak in the 
cluster size distribution, concurrent with the coalignment of molecular stacks and positional 
ordering in the orthogonal directions.10 We analyse the local molecular arrangements in the 
columnar phase and discuss their implications for potential applications of this exciting class 
of compounds. 
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Drop-on-demand (DoD) inkjet printing stands out as a precise, scalable, and cost-effective 
additive manufacturing technique that enables a plethora of materials to be deposited onto 
a range of different substrates. Over the past decade, there have been a number of reports 
that have showcased its potential of printing nematic and chiral nematic liquid crystals 
(LCs) for various applications such as sensors, printable lasers, and thermally-tunable 
microlenses. In this presentation, we highlight our recent research on inkjet printing of LCs 
and demonstrate a range of alternative photonics technologies fabricated using this 
manufacturing process. The presentation will begin by considering the conditions 
necessary to print LCs without jet break-up and satellite droplet formation before we show 
how to fabricate electrically tunable microlenses that exhibit bifocal tuning. Using 
homeotropic surfactants, plano-convex lenses with diameters ranging from 122 µm to 255 
µm, resulting in focal lengths for red light (λ = 633 nm) from 228 µm to 463 µm, respectively. 
Remarkably, these microlenses exhibit bifocal behavior under an electric field without 
altering the geometric shape of the lens. Furthermore, we present spatially patterned 
polymer dispersed LC films fabricated using this printing process and demonstrate new 
smart window technology featuring logos and images that can be made to disappear with 
the application of a voltage.  The presentation concludes with a demonstration of colored 
reflector arrays along with an outlook to the future for this printing technique. 
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The use of drop-on-demand printing confers various advantages over traditional manufacturing 
methods, for example the ability to digitally position droplets and manipulate their final size or 
composition. In this presentation, we investigate the optical properties and director profiles of drop-
on-demand inkjet printed chiral nematic liquid crystal (CLC) droplets where we vary the dimensions 
of the droplet relative to the pitch, the distance over which the director field preferentially undergoes 
a full rotation. Such sessile droplets provide a unique confined geometry, with both a flat and curved 
homeotropic boundary condition within which the helices of the chiral nematic LC phase may form.  

 

The printed droplets are found to exhibit three distinct regimes, depending on the ratio of droplet 
size to helix pitch. Weakly chiral droplets, where the pitch p is significantly longer than the droplet 
height h, exhibit a twisted vertical director field, but lack a distinct helical axis. However, in droplets 
where h/p ~ 1, a transitional regime develops in which the tight balance between the elastic energy 
and boundary conditions on the droplet leads to random drop-to-drop variation in the final director 
field. Even for identical printing conditions, some droplets develop the characteristics of a partial   
fingerprint texture, while others do not. The causes of this behaviour are investigated using free-
energy minimisation techniques which account for the nematodynamics of the inkjet printing 
process. Careful consideration of the initial condition reveals these states to be metastable to each 
other and gives insights into how the final director configuration might be manipulated for 
manufacturing processes. The final regime, in which h/p >> 1, tends towards the well-known 
'fingerprint' texture, as the effects of the elastic energy dominate over the boundary conditions. 
Optical simulation techniques are used to compare the free-energy minimisation results with 
polarised optical microscopy images and excellent agreement is seen, as shown in Figure 1. 
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Photonic band-edge lasing from dye-doped chiral nematic liquid crystals (LCs) has been widely studied 
due to their ability to exhibit selectable wavelength lasing from a self-organised resonant microcavity.  
Recent advances in laser-diode pumping of LC lasers [1] provides new control mechanisms for lasing 
and enables new temporal studies of lasing output.   

In this paper we first present our new laser-diode pumped LC laser platform [1,2], before revealing 
experimental results characterising the effect of pump pulse duration upon laser efficiency and 
threshold [3].  Longer pulse lengths have a detrimental effect on these parameters, however a detailed 
description and understanding of this requires a closer look at our definitions of lasing.  Our experiments 
highlight the need for caution when attempting to make fair comparisons of laser performance across 
different experiments.  To address this, we propose a new convention is adopted for the definition of 
threshold within organic lasers, in terms of peak power density. 

By way of better understanding the results above, we also report on ongoing experimental and 
theoretical work on the temporal dynamics of photonic emission from LC lasers.  These results are 
forming new hypotheses regarding the relative durations of stimulated and spontaneous emission 
processes (and hence the degree of coherence), and how these are affected by pump pulse duration.  
Our results provide new insights into the lasing process within dye-doped LCs (and other optically-
pumped organic lasers), and may offer new mechanisms for designing bespoke laser sources for 
applications in medical imaging and holographic projection [4]. 

      

Fig. 1. Experimental data showing detrimental effects upon threshold and slope efficiency of increasing 
pump pulse length [3].  Note the pulse length invariance of threshold when plotted in terms of the peak 
power density (right-hand graph, green data points). 
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The next generation of optical components 
for augmented and virtual reality headsets 

enabled by reactive mesogens 
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Merck Performance Materials Ltd., 1 Venture Road, Southampton, SO16 7NP, UK 

Merck is a vibrant science and technology company and global market leader in the liquid crystal 
display sector. At Merck Performance Materials based in Chilworth, Southampton, we are 
creating the next generation of reactive mesogen inspired optical materials to revolutionise future 
display technologies.  

To continue in our position as the company behind the companies, we have made crucial 
developments and modifications to our reactive mesogen formulations to help shape the future 
of displays. These have been carefully formulated and designed with sustainability in mind, such 
as being PFAS free, using safer and green solvents, and can be polymerised with LED sources. 
These formulations will help create various optical components through a multi-layer coating 
approach in an R&D based setting, including: 

• Super achromatic half and quarter waveplates, 
• Achromatic lenses, 
• Achromatic polarisation volume holograms for diffraction gratings and waveguides. 

We envisage such components enabled by our formulations are crucial to the development of 
head-mounted displays, enabling both virtual and augmented reality systems to reduce in weight 
and form factor, while improving their efficiency and user related comfort such as an increased 
field-of-view. This talk will introduce these various optical components, some problems to be 
solved, and how our complex birefringent thin films work. 

 

IMAGE: THE LENS (LEFT) AND WAVEGUIDE (RIGHT) DEMONSTRATORS SHOWN BY MERCK AT THE SID DISPLAY 

WEEK 2023 CONFERENCE. THE LENS DEMONSTRATOR SHOWS THAT THE MERCK LOGO CAN BE MAGNIFIED OR 

DEMAGNIFIED, WHILE THE WAVEGUIDE DEMONSTRATOR OVERLAYS THE MERCK LOGO INTO THE REAL WORLD. 
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Visualising ultrasonic fields is important in the fields of non-destructive testing and structural 
health monitoring, as it can be used to see where defects form in structures/components and 
the progress of the defects over their lifetime. Laser vibrometry is the gold standard for wavefield 
visualisation, however, it is time consuming and expensive due to scanning requirements and 
the cost of equipment. A new method of visualising ultrasound propagation in structures, which 
could be done without the need for scanning, would help to improve safety. 

Previously, polymer-dispersed liquid crystal (PDLC) films have been shown to allow for fast and 
low cost visualisation of ultrasonic fields. Thermochromic liquid crystal (TLC) films can be 
similarly used to map ultrasonic displacement. The ultrasonic field generates heat which can 
be absorbed in the sensor, changing the pitch of chiral nematic LC inside the film and therefore 
altering the wavelength of light reflected from it. Temperature values can be extracted using 
optical photography and true-colour image processing, which can be used as an approximation 
of comparative displacement due to ultrasound vibration; the temperature change corresponds 
to several factors including displacement, environment, and thermal conductivity of the 
sample.  

TLC sensors have been tested in several visualisation tasks. First, distinct modal patterns at 
specific resonant frequencies of a flexural ultrasonic transducer were analysed. Secondly, the 
sensors have been used to visualise acoustic energy distribution in plates with straight and 
serrated edges, and in phononic crystal – type plate with periodic array of holes when excited by 
guided acoustic waves (Lamb waves). Finally, TLC films have been used to detect defects within 
a metal block; for example, for internal defect detection ultrasound is transmitted through a 
sample, and the areas where a defect is present block the ultrasound transmission, with the 
defect visible as a dark area on an otherwise colourful sensor. Examples of these applications 
are shown, with true-colour image processing used to analyse the wave behaviour. 
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In adaptive optics, image aberrations are frequently characterized by a series of 
orthogonal modes, such as Zernike polynomials. Generally, these modes are corrected 
using spatial light modulators, deformable mirrors, or fluidic transmissive devices. While 
these technologies are versatile, they can be expensive to integrate into the optical path, 
in terms of expertise, bulk and cost. They are often overspecified for applications where 
only a few modes need to be corrected.   

 
However, direct laser writing offers a cost-effective alternative to these technologies. By 
mixing a liquid crystal (LC) with a monomer and photoinitiator, the LC mixture can then 
be selectively polymerized using a femtosecond laser that triggers polymerization 
through a two-photon absorption process. This process freezes director orientation of the 
polymerized bulk, allowing complex phase patterns to be imprinted into a single device, 
replicating many Zernike polynomials with easy and simple tunability.  

 
As a demonstration of the versatility of the approach, we have recreated several separate 
Zernike polynomial modes, although this method could be adapted to far more modes. 
These devices are transparent and operated by a single AC electrode pair and can be 
continually tuned to a maximum total amplitude of more than 2π rad, and range in size 
from a diameter of 250 um to 2000 um. Analysis across the central axis of the phase tilt 
modulator verified that the phase error of the device was less than 0.25rad RMS, 
compared to an ideal tilt profile. These devices could be integrated into adaptive optics 
systems where space and cost are prohibitive and have potential impact in fields as 
diverse as astronomy, microscopy and ophthalmoscopy. 
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Liquid crystals and structures of liquid crystals are capable of diverse control over the flow-of-
light at the wavelength level, as well as below and above.  In this talk, I will present recent results 
on the control over liquid crystal structures and emergent photonic phenomena. For structures, 
I will present the role of electric ions in liquid crystal doping and the role of chirality, such as in 
blue phases and skyrmions. For photonics, I will present the concept of pixelated photonic 
crystals, use of neural networks for optical reconstruction and/or prediction of liquid crystal 
fields and design of lasing modes by liquid crystal based resonators. More generally, the talk is 
aimed to emphasise selected possible exciting research directions in photonic liquid crystal 
soft matter.    
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Photonic Crystals (PCs) are dielectric structures with the periodicity of refractive index in 
one, two- and three-dimensions tailor-made for controlling or manipulating the 
propagation of electromagnetic waves of a specific wavelength. The range of 
wavelengths/frequencies of electromagnetic radiation forbidden for transmission 
through the PCs is known as photonic bandgap (PBG). Their ability to effectively 
manipulate the light shows potential applications in all-optical integrated circuits like 
optical filters, waveguides, low-threshold lasers, etc [1]. While various conventional 
fabrication techniques are routinely used to create PCs, it would be significantly 
advantageous if such periodic structures can be achieved just by self-assembly of 
molecules, a possibility for which liquid crystals (LCs) are ideal systems. Chiral nematic 
(Ch) and twist grain boundary smectic C* (TGBC*) liquid crystal phases are perfect 
examples of self-assembled structures exhibiting PBG in one- and three-dimensions, 
respectively [2]. The latter phase has a frustrated phase character and is analogous to 
the Abrikosov phase seen in type 2 superconductors.  

 

The first part of the presentation describes the influence of guest monomeric photoactive 
dopant (azobenzene monomer) on the thermal and PBG properties of Ch and TGBC* 
phases [3]. The second part of the presentation demonstrates that by replacing the 
monomeric azobenzene molecule with a mesogenic dimer (in which the two azobenzene 
groups are separated by a flexible spacer), along with light the spacer and parity of the 
dimer effectively controls the characteristics of these phases [4, 5]. The 
photoisomerization effect is mapped using polarising optical microscope, laser 
diffraction, laser transmission and selective reflection studies. The experimental findings 
gain importance because the phototuning capability from three-dimensional to one-
dimensional PBG structure is stable and reversible. Thus, the studies provide a 
convenient method to control the photonic character of these systems in all the three 
directions. 
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Topological data analysis (TDA) is a very “applied” branch of pure mathematics that provides 
robust tools for the analysis of spatially structured data.  It has been used in a wide range of 
fields, from studying phase transitions in alloys to characterising images of diseased lungs and 
bones.  In this presentation we will give a very brief hands-on introduction to these tools and 
illustrate their power using examples from disordered surfaces and liquid crystals.  We will 
show how it is possible to classify the disorder of metasurfaces in order to obtain a requested 
optical response.  We will also use it to trace the dynamics of suspensions of gold nanoparticles 
in liquid crystal capillaries and cells as they cross the isotropic to nematic phase transition 
point. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 



Design of new materials exhibiting polar & 
modulated liquid crystal phases 
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The simplest liquid crystal phase – the nematic phase – is nowadays ubiquitous in our 
daily lives, and its ability to switch on application of an electric field underpins much of 
the multi-billion-pound liquid crystal display industry. Current LCD technology is limited 
by the speed at which the nematic phase can ‘switch’ and for this reason – and of course 
scientific curiosity – we seek new liquid crystal phases with the possibility of 
transformative applications in displays and beyond. Two such ‘new’ phases, for which 
recent studies appear to show incredible potential, are also nematic in nature – the twist-
bend nematic phase, NTB,[1] and the ferroelectric nematic phase, NF.[2] More recently, 
heliconical twist-bend smectic C (SmCTB) phases have also been discovered for liquid 
crystal dimers[3] and it appears that a range of variants of this phase, similar to the SmC* 
subphases observed for chiral molecules, are possible. 

From a chemist’s perspective, understanding the molecular features influencing the 
formation and stabilisation of these new phases is of paramount importance, and allows 
for the design of new materials that have targeted properties. As such, recent work in 
Aberdeen has had the primary aim of enhancing our current understanding of these 
relationships in dimeric[4] and low-molar-mass liquid crystals,[5] through the synthesis 
and characterisation of a diverse range of materials. 
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Molecules with high terminal dipole moments have attracted intensive attention over the last 
few years, as materials of that type allowed a realisation of a long held concept of ferro-
electricity in nematics.1-4 Subsequently  ferroelectric like properties  detected in  the SmA 
phase5  and anti-ferroelectric behaviour 6 has also been  detected. Molecular architectures have 
been expanded also to polymers7. High dipoles architectures have been achieved by decorating 
aromatic ring systems with electron withdrawing substituents in such a manner that all main 
dipolar groups point broadly in the same direction.  Typically -nitro, -fluoro or- cyano groups have 
been employed to achieve high terminal dipoles. In order to extend the chemical range of 
molecular architectures for molecules forming  nematic 
phase behaviour we have explored the phenylpyrimidine 
motif shown in Fig. 1.  It involves a strong directed dipole 
strengths whilst avoiding ionic species, and it has to the 
best of our knowledge has not been reported so far.  By 
exploring the “R” groups used so far for reported ferro-
nematic systems we are able obtain dipoles ranging 
between 10.6 -13.6 D, based on calculations using Gaussian at the B3LYP/ 3-21G+g(d,p) level 
of DFT. We will report here the results of the chemical synthesis and characterisation, as well 
as the structural analysis of the LC state using OPM, DSC and XRD methods as well as electro-
optical studies and we will compare and discuss the results in the context of related materials. 
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The least ordered liquid crystalline phase is the nematic phase, N. In the nematic phase, 
the centers of mass are distributed randomly, and the phase is non-polar. In 2017, there 
was the exciting discovery of a new type of nematic phase in two different compounds 
named: RM734 [1] and DIO [2], Figure 1. This polar phase was later termed the 
ferroelectric nematic phase, NF [3]. While RM734 and DIO, in terms of their chemical 
structures, appear to be somewhat different to each other, they do both share a large 
longitudinal dipole moment and some degree of lateral bulk. The polar ordering within 
the NF phase allows for the phase to be much more sensitive to electric fields than the 
nematic phase and thus the phase could be transformative in electro-optic technologies. 
There are currently around 150 different compounds reported in literature which have 
been shown to exhibit the NF phase [4-7] and it is crucial that the library of compounds 
showing this fascinating phase is expanded further. Here we report the transitional 
properties of a variety of three ring compounds which are based on the RM734 template 
and exhibit the ferroelectric nematic phase.  
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In 2017, the ferroelectric counterpart (NF) to the classic paraelectric nematic phase (N) 
was discovered [1, 2], and since then the NF phase has become the hottest area in liquid 
crystal science currently. In the process of studying the NF phase in rod-like molecular 
systems, polar variants of the traditional smectic A (SmA) phase with the polarization 
vector parallel to the layer normal were discovered [3, 4] suggesting that polar variants of 
the traditionally apolar LC phases are experimentally possible. 

In this talk it will be demonstrated that various longitudinally polar equivalents of both 
the paraelectric SmA and SmC phases are indeed formable. These phases show exciting 
properties such as ferroelectricity and anti-ferroelectricity as well as spontaneous chiral 
symmetry breaking resulting in a fluidic LC phase that selectively reflects visible light. We 
will also shed light onto the coupling of polar and LC transitions in LC materials through 
emergent phase behavior via mixture formulation whilst also demonstrating mixtures 
exhibiting room temperature NF phases. 
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The twist-bend phases have been the source of great interest in recent years due to their 
interesting properties, and most notably as the first example of spontaneous mirror 
symmetry breaking in a fluidic state; a locally chiral phase formed from achiral 
molecules. First predicted by Meyer [1] and later by Dozov in 2001 [2], the twist-bend 
nematic (NTB) phase was first experimentally observed in 2007 in the liquid crystal dimer 
CB7CB [3]. Much more recently, the first examples of twist-bend smectic (SmCTB) 
behaviour have been observed [4], again in achiral bent dimers, such as the CT6O2Me.m 
series (Figure 1a)[5]. 

Since their discovery, much research has been dedicated to determining the structure-
property relationships responsible for the formation and stability of the SmCTB phases, 
including changing the nature and structure of the mesogenic units, spacer length, and 
the addition of lateral or terminal groups. In the present work, we report two new series 
of liquid crystal dimers based on CT6O2Me.m, shown in Figure 1b: CT6O2Me.Sm and 
CT6O3Me.Sm. In both series, the terminal alkyl chain m has been replaced with an 
alkylthio chain Sm, to explore the effect of changing the nature of this terminal group on 
the phase behaviour, and the chain length -SCmH2m+1 extended from m = 1-18. The 
position of the lateral methyl branch is also varied from the ortho- (2Me) to the meta- 
(3Me) position, and it appears that the position of this branch determines whether helical 
twist-bend phases or orthogonal smectic phases are formed in dimers with a short 
terminal chain.  
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Stephen M. Morris 
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Nematic liquid crystal (LC) Pi cells, constitute an important category of devices with potential 
in applications that demand a rapid switching process. Line singularities known as disclinations 
play an important role in the understanding of the topography and electro-optic phenomena in 
LC technologies and there are a number of different topological regimes in a Pi cell. 
Manipulating these singularities and defects in a precise and controlled way can unlock new 
functionality and electro-optic behaviour for a range of applications including tunable lasers 
and beam generators for optical communications. 

This presentation explores the concept of manipulation of the domain regions in a nematic Pi 
cell through the control of nucleation and growth. We then propose potential applications 
based on this approach. Utilizing a combination of reactive mesogens and an optical projection 
system imprinting is achieved that forms spatial patterns of a polymer network in the pi-cell 
that locks- in various topological states. By modulating the voltage, distinct states with varying 
boundary conditions are generated, establishing a mechanism to impede nucleation and 
growth by polymerizing different topological regimes inside the LC device. This results in the 
creation of a fast shutter that switches between the twist state and the bend state with the 
ability to indefinitely remain in these states. Separately, bistability within the LC device is 
achieved by varying the temperature and reapplying a voltage in this locked-in regime, offering 
potential applications in the development of temperature-sensitive labels for transporting 
biological molecules, for example. Furthermore, by employing different combinations of 
topologies to lock in the director states, a bistable LC device responsive to voltage is created. 
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Polymer templating has been an attractive field as ‘templating’ can be used to control the 
structure and the morphology of the polymer.  Templated polymers are invaluable in producing 
complex nanostructured materials with enhanced functional properties and behaviors[1]. Liquid 
crystals (LC) have been utilized as a templating medium to create LC polymer networks, which 
show stimulus-response and enhanced functionality [2, 3]. Liquid crystal elastomers (LCEs) are 
a new class of polymeric materials that combines the properties of LC anisotropy and rubber 
elasticity, resulting in stimuli-responsive properties and unique mechanical behaviors. 
 
Cross-linkers play an important role in mechanical and optical properties of LCEs and also in 
elastomer templated networks. Studying the influence of synthesis and crosslinker 
concentration on LC order and phase templating allows for understanding the properties and 
behavior of LCEs and decoupling the effects of composition from structure and order[5]. In this 
work, the influence of crosslinker concentrations on phase templating  of LCEs has been 
investigated. Isotropic LCEs were produced by diluting the monomers with a range of solvents, 
while nematic LCEs were created by adding a nonreactive mesogen 6OCB. A combination of 
polarising optical microscopy and differential scanning calorimetry have been used to measure 
the phase transition temperatures of the mixtures. Isotropic LCE samples showed an increase in 
TNI and Tg by increasing crosslinker concentration and at a value of the crosslinker ~6 mol% , the 
isotropic phase was stabilized and persisted following the drying of polymerised materials. 
Moreover, the addition of 6OCB and ~6 mol%  crosslinker resulted in the formation of isotropic 
LCE  at 60°C polymerisation, while monomdomain nematic LCE was produced at 22°C 
polymerisation. By constract, at lower crosslinker concentrations, LCEs that polymerised in the 
precusor’s isotropic phase exhibited a transition to a polydomain nematic state at room 
temperature upon 6OCB removal. The ability of templating phases with ~6 mol% of crosslinker 
was further demonstrated by adding the chiral dopant CB15 to the nematic precursor. The 
resultant LCE exhibited an oily streak texture, consistent with the chiral nematic phase.  
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Optical Skyrmions through the lens of 
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An exciting application of liquid crystal (LC) technology that has emerged in recent years 
is in the generation of structured polarization fields such as the optical Skyrmion. As a 
topologically protected state, the optical Skyrmion holds the potential to be a robust way 
of encoding information into the electromagnetic field, and the efficient synthesis of 
Skyrmions using LC devices has recently enabled the experimental verification of the 
topological robustness of the optical Skyrmion. In this presentation, we discuss the 
mathematical theory behind optical Skyrmions and the role in which LC spatial light 
modulators have played in pushing the boundaries of topological structured fields. 
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Two-photon direct laser writing (TPP-DLW) is an advanced fabrication technique enabling 
precise and intricate three-dimensional nanostructure fabrication. TPP-DLW in 
polymerizable liquid crystals (LC) facilitates the development of innovative electrically 
switchable and mechanically flexible microstructures, with potential applications in 
augmented reality (AR)/virtual reality (VR) displays, optical beam steering, integrated 
optics, and more. This presentation will present a strategy for fabricating novel tunable 
diffraction gratings and optical waveguides that can either be electrically switchable or 
mechanically tunable using a combination of laser writing and ultraviolet (UV) 
polymerization. For the diffraction gratings, the formation of periodic polymer networks 
lock-in the LC director via DLW resulting in alternating regions of high and low refractive 
indices. Before UV illumination, the gratings can be switched on and off by adjusting the 
applied voltage. Upon exposure to UV light, the LC director in the nonwritten regions 
adopts a different alignment and a periodic variation in the refractive index is fixed in the 
LC gel. The far-field diffraction pattern can be tuned by mechanically stretching the 
flexible film. Similarly, for the LC waveguides, these can be switched between on and off 
states by altering the external electric field. Following UV polymerization, the 
waveguiding properties on flexible free-standing film are demonstrated. 
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Design, simulation, fabrication and measurement of a patch antenna that is transparent 
in the optical domain and exhibits a controllable frequency response using a nematic 
liquid crystal (LC), is reported here. The antenna is fabricated by etching indium tin oxide 
(ITO) coated glass to produce the antenna feed and radiating patch, with the LC mixture 
E7 inkjet printed directly onto the patch, with a second ITO coated glass cell employed to 
sandwich the LC, and act as the antenna’s ground plane. A continuously tunable 
frequency response is achieved by controlling the dielectric permittivity of the E7, via an 
externally applied electric field between the patch and ground plane. Measurements of 
the antenna show a transmittance through the two glass slides and LC 65 um thick of 
55% between 400nm – 800 nm wavelengths, antenna efficiency of 99% at 6.9 GHz, and a 
continuously reconfigurable range of 100 MHz. 

 

 

 

 

 

 

 

 

 

 

 

 



Laser Written Liquid Crystal Optical Vortex 
Beam Generators 
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We present a liquid crystal (LC) optical vortex (OV) generator that is tuneable in both 
wavelength and OAM state. Two photon polymerisation is an additive manufacturing 
technique that can be used to selectively polymerise a photoresist. Here, it is used to 
write 3D polymer structures into single electrode pair LC devices. In this way, the director 
field of the polymerised LC is locked in place, while the non-polymerised LC is still 
electrically addressable, yielding phase plates that are continuously tuneable post 
fabrication. The structure demonstrated here are designed to covert linearly polarised 
light with a wavelength of 633 nm into an optical vortex whose OAM can be tuned from 0-
2. Initial analysis of the device is performed using polarisation optical microscopy (POM). 
The performance of the device is characterised using a series of laser transmission 
measurements, including far-field and interference imaging.  The performance of the 
laser at a range of wavelengths from 520nm to 780 nm is also demonstrated. A finite 
difference method is employed to simulate the director profile of the LC device before 
and after the fabrication process and is used to confirm the POM images and gain an 
understanding of the effect of the laser writing process on the ‘non-polymerised’ LC. The 
transmission measurements are compared with a simulation of those produced by an 
ideal OV to demonstrate the performance of the device.  

 

Figure 1: (a) Cad model of laser written structure, (b) POM image of LC OV generator, (c) spherical 
interference image produced by LC OV generator under laser illumination, (d) simulated director field laser 
written structure, (e) simulated POM image of device, (f) simulated spherical interference pattern. 
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Liquid Crystal on Silicon (LCOS) panels combine the optical processing capability of liquid 
crystals and the high performance electronics of CMOS.  They have been traditionally designed 
for amplitude modulation projection displays but are now most commonly used for phase 
modulation applications, SLMs and holograms, with the assumption of a flat-top element 
function (constant amplitude and phase over each pixel) to construct the desired far-field 
(diffracted) response.  A primary interest for these applications is high resolution and this has 
meant a continuous reduction of pixel size (currently of the order of 4 µm), which in turn results 
in high inter-pixel crosstalk and departure from the pixel's flat response.  Furthermore, LC 
defects, that inevitably appear, now occupy a proportionally much larger part of the pixel area 
and drastically deteriorate the response and efficiency.  

Here, we explore a drastic size reduction (as small as 2 µm).  For this, we propose a new pixel 
architecture which no longer implements the uniform phase and amplitude profiles at each 
pixel.  LCOS devices generally requires Computer-Generated Holography (CGH) for display.  
However, conventional CGH algorithms assume a uniform amplitude and phase response of a 
pixel. Consequently, in this work, we also modify the conventional CGH algorithms to 
accommodate the new LCOS response. 

The liquid crystal modelling is based on the Landau-DeGennes formalism, taking into account 
order variations and is designed for the study of structures containing small features and LC 
defects where diffractive effects are likely to occur [3, 4].  The electromagnetic modelling, 
designed to model accurately these diffractive effects, is a finite difference in the frequency 
domain (FDFD) solution for the electric field and uses the tensor permittivity found by the LC 
modelling [5].  An efficient preconditioning scheme is used that allows the fast convergence of 
large structures.  

 

 

 

 

 



Stokes parameters and polarization properties of 
band-edge liquid crystal lasers 
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In this paper, we demonstrated the Stokes parameters of band-edge liquid crystal lasers 
and characterized their polarization states as not perfect, but close to circular with the 
same chirality as the handedness of the liquid crystal helices. Our measurement 
approach involved utilizing an imaging Stokes polarimeter with a rotated quarter 
waveplate, allowing for a detailed indication of Stokes parameters for each pixel across 
the laser wavefront. To mitigate measurement noise arising from pulse fluctuation in 
liquid crystal lasers, we implemented calibration techniques and appropriate averaging 
methods for each quarter waveplate orientation. Our investigation revealed that factors 
of excitation fluence from the pump source, cell thickness, and liquid crystal alignment 
can affect the degree of polarization and circularity of the laser emission. This 
polarization study of band-edge liquid crystal lasers provides an explanation of the non-
circular polarization that could potentially support applications involving the control of 
polarization in liquid crystal lasers. 

 

 

 

 

 

 

 

 

 

 

 

 



Tunable Waveguides with Liquid Crystals  
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Liquid crystals (LC) play an important role in a wide variety of applications due to their 
birefringence, which can manipulate properties of light such as phase, intensity, and 
polarization. In this work, we design tunable LC-based optical devices and plan to 
fabricate them in conjunction with the direct laser writing (DLW) technique. LC layers, 
which can be switched by applying external electric fields, are integrated into DLW-based 
optical waveguides, in order to achieve high-speed beam modulation with controllable 
optical parameters.  Such a unique structure paves the way for next-generation optical 
signal processing and computing devices. 
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Microlenses 
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This poster presentation focuses on the physical and optical properties of positive and 
negative dielectric anisotropy liquid crystal (LC) droplets. Inkjet printing was used to print 
droplets with 100 m diameter onto glass substrates with a homeotropic alignment layer. 
With the application of an electric field orthogonal to the plane of the glass substrate, we 
observed that for positive dielectric anisotropy LC droplets, the birefringence decreased 
with an increase in the voltage. In contrast, for negative dielectric anisotropy LC droplets, 
the birefringence increased as a result of the alignment of the director perpendicular to 
the direction of the applied electric field. However, we also observed that for negative 
dielectric anisotropy LC droplets the application of a high voltage resulted in the 
formation of a spiral structure at the centre of the droplets. Simulations were conducted 
to understand the formation of this spiral structure.  
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The utilization of light as a clean and renewable energy source holds great promise for 
driving reconfigurable smart devices based on liquid crystals (LCs), such as smart 
windows and smart antennas, obviating the need for complex electronic driving schemes 
and electrode architectures. The incorporation of push-pull azobenzene with LCs has 
become a prevalent approach for designing light-responsive smart windows due to its 
rapid response characteristics. Nonetheless, the operational range of LCs/Azo 
composites is typically constrained by temperature considerations, particularly within 
room temperature or colder environments, impeding device operation in these 
conditions. To address this limitation, we have studied a hybrid modelling methodology 
that combines the implementation of a ultraviolet (UV) absorber with push-pull 
azobenzene compounds.  

In this presentation, we describe a new way of modelling devices that include push-pull 
azobenzene compounds, UV absorption, and polymer-stabilized LCs (PSLCs). Using 
polymer networks can be an effective solution for substantially reducing relaxation times 
and the presence of a UV absorber can enable the modulation of the operational 
temperature range, enabling effective device operation at or below room temperature 
levels. We have studied the complex effects of such materials on modulating the 
operating temperature range and report how the UV absorber decreases the minimum 
operating temperature through heat irradiation. However, a side effect is that it decreases 
the maximum operating temperature thereby reducing the total operating temperature 
range. This study highlights the significance of considering the operating temperature 
range when designing smart devices that utilize azobenzene. By experimenting with 
different dopants, we aimed to expand the range of temperatures at which these devices 
can effectively operate, addressing a crucial limitation in their performance. 

  



Time-Dependent Phase Modulation in Liquid 
Crystal Photonic Devices 
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Spatial light modulators (SLMs) serve as indispensable tools in modern optics and 
imaging applications, enabling dynamic control over the phase, amplitude, and 
polarization of light. Analogue full 2π phase modulation, fast response speed, low 
operation voltage as well as polarization independent are highly demanding in next-
generation applications. In this presentation, we investigate the optical phase 
modulation potential of different nematic liquid crystal (LC) devices including the pi-cell 
operating in the so-called symmetric H (Hs) state and super twisted nematic (STN) device 
operating in the twisted Hs state. We have developed two experimental setups based on 
phase-shifting interferometry, employing Michelson interferometer and Mach–Zehnder 
interferometer, separately. Simulations are conducted using Ericksen-Leslie continuum 
theory, complemented by Jones calculus for the twist LCs structure. The measured 
results show great consistency with simulated results, validating the efficacy of our initial 
modulator design objectives.  
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In 2017, Nishikawa et al. reported a new liquid crystalline material called DIO (Fig. 1) 
which on cooling displayed three distinct mesophases.[1] During the initial investigation, 
the lowest temperature phase displayed a large transition enthalpy, indicating 
appreciable reordering of the molecules, accompanied by highly birefringent texture, 
observed using polarised optical microscopy.[1] Dielectric measurements revealed a 
spontaneous polarization phenomenon and its remarkable ferroelectric character, 
confirming Born’s hypothesis on the existence of ferroelectric fluids if the dipolar 
interactions are strong enough to overcome thermal fluctuations.[1,2]  The same year, 
RM230 (Fig. 1), another material exhibiting such a mesophase with high polar ordering 
was discovered, giving rise to a new chapter of liquid crystal studies: the ferroelectric 
nematic phase (NF).[3] 

Since then, many theories on the formation of the NF phase were reported and, with the 
help of computational and organic chemistry, some prerequisites for the molecular 
structure to encourage the formation of the highly polar mesophase were determined.[4–
6] One area which has been explored to a lesser extent is the effect of including a 
heteroaromatic structural element in the DIO structure. In the present work, we have 
synthesised a series of DIO analogues with a fluorinated pyridine moiety (Fig. 2), and 
analysed their phase behaviour. 
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Inkjet printing is employed across various fields, including biosensing, flexible 
electronics and more. The process of inkjet printing streamlines manufacturing and 
reduces costs and time by allowing for precise, customizable, and scalable production 
of materials on various substrates, with the added benefits of energy efficiency and 
minimal waste. Using inkjet printing to deposit liquid crystal (LC) mixtures offers an 
alternative fabrication technique in the field of optical components that can pave the way 
towards new functionality and applications. In this presentation we use printed LC 
droplets to generate optical vortex beams, which can be activated and deactivated by 
manipulating the amplitude of the electric field. Both simulations and experiments were 
carried out to determine the optical characteristics of the printed LC devices and the 
resulting far-field patterns for different input polarizations of light. We show that the LC 
droplet generator can produce both vortex beams and vector fields, the choice of which 
is determined by the polarization of the input light.  
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Fluids Under Electric Fields 
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Liquid crystals (LCs) have a wide variety of applications, propelling them to the forefront 
of electro-optics and displays. In recent applications the behavior of liquid crystals relies 
on particles suspended within them. Yet, the particle behaviour and distribution can be 
significantly influenced by the application of an electric field. As a result, particles 
dispersed in the liquid crystal experience forces that can induce motion, change their 
translational direction, and even spatial organization[1]. Polarizing microscopy enables 
the examination of alignment quality and facilitates the identification of the electric field-
frequency stability regimes where particular particle behaviors are observable [2]. 

To initially validate results, we focused on analyzing spherical silica particles suspended 
in nematic liquid crystals, where the motions are characterised via video analysis and 
were circular, linear, and random motion can be observed. The interplay between various 
length scales in chiral nematics, such as pitch length, particle diameter, and cell 
thickness, appears to significantly influence the observed behavior. For example, if the 
particle size is comparable to the pitch length, it can disrupt the LC structure and affect 
the motion. The data suggest that it's possible to achieve a degree of control over 
microparticle movements, which corroborates and expands upon findings from previous 
preliminary studies[3]. 

Further investigations will enable a comparative analysis of particles with diverse shapes, 
including rod-shaped particles, bent-shaped particles and eventually randomly shaped 
particles. It is anticipated to extend the observations to nanoparticles and nanoparticle 
aggregates of differently shaped constituents. 
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This study presents a comprehensive investigation on the development and performance 
of novel liquid crystal (LC) active screen speckle reducers tailored for RGB (red, green, 
blue) illumination sources. 
 
Lasers are highly desirable for imaging and display applications due to their directionality, 
intensity, and wide colour gamut. However, the inherent coherence of laser light 
introduces a phenomenon known as speckle. Resulting from interference effects, 
speckle is a spatially distributed granular distortion superimposed on the desired image. 
To address this issue, we propose innovative devices, based on short-pitch chiral nematic 
LCs, that are compact, lightweight, inexpensive and contain no moving components. 
 
These devices act as volume-scattering active screens and can simultaneously reduce 
the speckle distortion across a range of visible wavelengths. By adjusting the driving 
electric field amplitude and frequency for these devices different ‘modes’ of operation 
can be selected depending on the desired level of speckle reduction. Experimental 
results demonstrate a significant reduction in speckle visibility while maintaining the 
desired colour performance. Detailed characterisation, including speckle contrast 
reduction, is presented. Additionally, the advantages of the active screen approach are 
emphasised by direct comparison to transmissive LC speckle reducers. Some of the 
best-performing devices can reduce speckle close to the imperceivable limit for the 
human eye. As such the developed LC speckle reducers offer promising solutions to 
mitigate speckle in RGB laser illumination projectors. These advancements have the 
potential to enhance various laser-based projectors, enabling high-quality, speckle-free 
imagery. 

 

Figure 1: RGB Demonstration of the LC active screen speckle reducer. Left: No electric field applied to 
the LC device. Right: Optimum electric field conditions applied to the LC device for the lowest visible 
speckle contrast. 
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This poster presents an approach to optical beam steering using flexoelectric coupling in 
nematic liquid crystals (LC) that results in the formation of a field-driven diffraction 
grating. The presentation considers both theoretical modelling and experimental 
analysis. A novel nonlinear analytical model is constructed that incorporates dielectric 
coupling for a more accurate set of flexoelectric steady-state equations. Through 
numerical simulations, this model enables a visualization of the LC director behaviour 
under both flexoelectric and dielectric coupling. In parallel, a mixture was developed 
using nematic LC mixtures MLC-6882 and BL006, and the LC dimer CB7CB. This mixture 
exhibits a nematic phase at room temperature and facilitates real-time control of the 
diffraction angle and intensity into different diffraction orders by adjusting the magnitude 
of the DC electric field. Simulation results were found to closely align with experimental 
data, demonstrating the reliability and accuracy of the proposed model. 
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The Mueller Matrix Polar Decomposition (MMPD) method enables the decomposition of 
a Mueller matrix into a predetermined sequence of optical components—a diattenuator, 
retarder, and depolarizer—thereby determining their specific properties. Retarders serve 
important roles in medical applications such as the characterization of the fibrosis 
process in cancer detection. For the retarder segment, it is customary to further break it 
down into a combination of circular and linear retarder. This process characterizes a 
general retarder by three parameters: circular retardance, linear retardance, and linear 
axis orientation. However, this set of parameters significantly depends on the order of the 
circular and linear retarder and this approach can lead to misunderstandings when 
interpreting general elliptical retarders.  

In this work, we examine the influence of the alignment sequence on the decomposition 
outcomes of the retarder sub-matrix, and then we introduce an alternative set of 
parameters for accurately characterizing a general elliptical retarder and validate its 
application across archaeological artefacts, biomedical specimens, and liquid crystal 
samples. This work paves the way to a better understanding of the polarization 
characteristics of biomedical and archaeological samples. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 Simulations of liquid crystal tactoids 
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Tactoids are fluid droplets made from nematic liquid crystalline materials set in an 
isotropic background fluid. The equilibrium shape of these droplets is a result of the 
complex interaction of the nematic elasticity, the surface tension and anchoring 
properties (alignment of the liquid crystal molecules at droplet surface). Depending on 
these contributions droplets can appear anywhere from spherical to highly elongated.  

In this work we have developed a simulation tool to accurately model tactoid droplet 
shapes in  2D and 3D. The simulations involve minimisations of appropriate free energies 
and an ability to handle boundary shape changes. In the work here we numerically study 
the shape of tactoid and director field structure by focusing on the competing energies of 
surface tension, anchoring strength and elasticity. These energies are minimised using 
the Morpho software.  

The initial mesh is initialised with a homogenous director field. The one elastic constant 
approximation is used in which K1=K2=K3=K=1 and anchoring strength is varied in the 
range 0 to 10, as per Prinsen paper [1]. The tactoid droplets showed elongated shape at 
higher anchoring strength and came out to be spherical at the lowest or zero anchroing. 
Using the Morpho simulation tool, we could able to calculate aspect-ratio of tactoids and 
compare them along with the published results from Prinsen and Vanderschoot paper. 
Similarly total free energy contributions were calculated and plotted against anchoring 
energy. To advance to the 3D simulation of tactoids the 2D initial mesh of the previous 
section was replaced by a 3-dimensional mesh. Both our results of aspect-ratio and total 
energy are finding excellent agreement and validating the simulation methods adopted. 

Future steps will aim to develop the model to simulate liquid crystal elastomers - 
materials that exhibit interesting responses in response to external stimulus.  
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We report a novel study on structured light generation using a high-precision ink-jet 
printing method to place liquid crystal (LC) droplets on specially prepared glass 
substrates. Our technique refines the internal structure of the LC within the droplets by 
applying homotropic and planar alignment conditions, which consequently shape the 
emerging light into various complex optical field configurations. The study details the 
creation of not only full Poincaré beams with orbital angular momentum but also 
introduces azimuthal/radial polarization and optical singularities. These structured light 
fields have implications for a multitude of applications including high-density data 
storage, optical communication, and microscopy. The methodology signifies a significant 
improvement over current structured light techniques, offering a simple, adjustable, and 
highly efficient production process for the next generation of photonic devices. 
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In terahertz (THz) communications, limited coverage due to signal attenuation and 
absorption is a critical issue. Reconfigurable intelligent surface (RIS) technology is a 
promising technique that can solve this problem owing to its ability to optimize the 
propagation environment. In this paper, we propose a novel RIS structure that uses a 
nematic liquid crystal (LC) as the tunable element to continuously control the impinging 
wave's phase. We propose a method to approximate the reflected phase shift for a single 
LC reflecting element. In addition, an LC element with the nematic mixture E7 as the LC 
material is fabricated, and measurements are conducted at THz frequencies using 
TeraSmart.  

By comparing the numerical results obtained through the approximation with the 
measured results from the experiment, we verify the accuracy of the approximation and 
the continuous phase shift ability of a single LC-reflecting element. Next, we evaluate the 
performance of the LC-based RIS (LC-RIS) as a passive beamformer that works in the 
electrically small regime with conventional RISs (both 1-bit and 2-bit) as benchmarks. 
Directivity is used as the performance metric. The performance variation of the LC-RIS 
with respect to the thickness of the LC reflecting element, the incidence angle, the 
material type, and the frequency are revealed, assuming both LC-RIS and conventional 
RISs are lossless. Then, the loss introduced by the LC-RIS is characterized, and the 
performance comparison in the lossy case is also given. In addition, the spatial radiation 
patterns of the LC-RIS and a conventional RIS are compared, and it is shown that the LC-
RIS is an effective passive beamformer. Last, we provide a simulation on optimizing LC 
materials suitable for THz communications. 
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In this study, we present a novel approach for the fabrication of Fresnel zone plates (FZPs) 
within polymerizable liquid crystal (LC) glass cells, employing Direct Laser Writing (DLW) 
technology. Fresnel zone plates, pivotal in the evolution of optical component design, 
focus light through diffraction—a method distinctly different from the refractive 
mechanism of conventional glass lenses. This principle enables the creation of lens 
structures that are markedly thinner, addressing the challenges associated with the bulk 
and weight of traditional lenses. 

FZPs are categorized into three primary types: binary zone plates, staircase zone plates, 
and continuous zone plates. Each type demonstrates unique characteristics and 
fabrication complexities. Binary zone plates can be manufactured using traditional 
photolithography techniques with a photomask; however, the production of 3D staircase 
and continuous zone plates demands advanced precision 3D writing capabilities within 
LC system. This necessity underscores the importance of employing DLW technology, 
which offers unparalleled precision in the microfabrication of these intricate optical 
elements. The use of polymerizable LCs in constructing FZPs not only demonstrates the 
adaptability of these materials but also their potential in ushering a new era of 
miniaturized and efficient optical devices. Our methodology exemplifies the precision 
and flexibility of DLW in optical microfabrication, laying the groundwork for future 
advancements in the development of lightweight and compact optical systems. 
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Multi-element and multi-wavelength switchable diffractive optical elements will be 
demonstrated using two-photon polymerization direct laser writing in polymerizable 
nematic liquid crystal (LC) devices. Multielement two-dimensional Dammann gratings 
and computer-generated holograms will be presented that show that with an electric 
field the diffractive optic elements can be made to do one of a number of things such as 
turn on and off, tune to work at different wavelengths, and/or transform into other 
diffractive optic elements. All of these functionalities can be achieved with simple 
electrode configurations.  

To begin with, single diffractive optical elements will be demonstrated in a LC layer by 
exploiting the 3D capabilities of the laser microfabrication technique. It will be shown 
that the behaviour of the device can be controlled by varying the voltage applied during 
fabrication process. The devices are shown to have a high diffraction efficiency of around 
60% and fast response times compared with regions of the LC device that do not consist 
of the laser-written elements. Multi-element devices will then be presented that can 
generate a range of different patterns in the far-field, with each element being written at 
different depths within the LC layer. These different diffraction patterns can then be 
activated in the replay field with the application of different voltage amplitudes. These 
compact, transmissive, and switchable LC diffractive optical elements have excellent 
potential in applications including programmable beam shaping, microscopy, 
augmented reality/virtual reality displays, and optical communication systems.   

 

 


