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Abstract

Liquid crystals (LCs) are a unique class of materials exhibiting properties between those of conventional
liquids and solid crystals, making them indispensable in various technological applications, from
displays to photonics, sensing, and beyond. Despite significant advancements, numerous challenges
persist in their material design, synthesis, fabrication, and practical implementation. This review
comprehensively examines these challenges, including issues related to alignment uniformity, response
times, thermal and chemical stability, high operating voltages, and scalability. Drawing from recent
literature, we discuss specific hurdles in traditional and emerging applications such as polymer-dispersed
LCs (PDLCs), tunable lenses, radio frequency devices, and wearables. Additionally, we highlight
opportunities for overcoming these barriers through innovative materials, computational modeling, and
interdisciplinary approaches. The aim is to provide a road map for future research to enhance the
performance and broaden the applicability of LC-based technologies.

Keywords: Liquid crystals, challenges, applications, polymer-dispersed LCs, photonics, sensing,
displays, material synthesis

Introduction

Liquid crystals represent a mesophase where molecules exhibit long-range orientational order while
maintaining fluidity, enabling responsiveness to external stimuli like electric fields, temperature, light,
and mechanical stress. Since their discovery in 1888 by Friedrich Reinitzer, LCs have evolved from
scientific curiosities to cornerstone materials in modern technology, most notably in liquid crystal
displays (LCDs) which dominate the global display market. However, their potential extends far beyond
displays, encompassing photonics, biomedical sensing, energy harvesting, radio frequency (RF) tuning,
and wearable devices.[1, 2]

In recent years, significant progress has been made in expanding LC applications into non-display
domains. For instance, liquid crystal elastomers (LCEs) have emerged as promising materials for soft
robotics and actuators, offering large, reversible strains and programmable deformations through stimuli
such as heat, light, or electric fields. Tunable photonic devices, including random lasers, whispering
gallery mode lasers, and adaptive optics, leverage the self-assembled helical structures and photonic
band gaps of chiral nematic phases. Emerging areas also include LC-based phase change materials for
thermal energy storage, where their ordered transitions enable efficient latent heat management, and
wearable visualization technologies that utilize multimodal stimulus responsiveness for camouflage,
anti-counterfeiting, information encryption, and integration with flexible electronics. Additionally,
nanoparticle-doped composites and polymer-stabilized systems are advancing biosensors, smart
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windows with low driving voltages, and high-frequency RF components for next-generation
communications like 5G/6G.[3, 4, 5]

Despite these advancements, LC materials face persistent challenges that limit their efficiency, durability,
and commercialization. Key issues include non-uniform molecular alignment over large areas, slow
response times (often in the range of milliseconds to seconds in LCEs due to thermal diffusion), high
driving voltages in composites like polymer-dispersed LCs (PDLCs), thermal and photostability
limitations under prolonged exposure or environmental stress, and difficulties in integrating with other
materials like polymers, nanoparticles, or 2D structures.[6, 7, 8] These problems are exacerbated in
composite systems, such as PDLCs, where phase separation, droplet uniformity, and dopant dispersion
play critical roles in performance metrics like contrast, hysteresis, and lifetime. Furthermore, emerging
applications in high-frequency RF introduce new hurdles related to dielectric losses and material purity
at GHz frequencies, while wearable visualization demands enhanced flexibility, durability under
mechanical deformation (e.g., bending radii <4 mm), washability, and biocompatibility. [9,10]

This review synthesizes insights from recent studies to delineate these challenges systematically. We
begin with the fundamentals of LCs, followed by detailed discussions on material and fabrication
challenges, application-specific issues, and future prospects. By addressing these barriers through
innovations such as physics-informed machine learning for property prediction, advanced doping
strategies (e.g., graphene oxide or MXenes for reduced voltages and faster responses), sustainable bio-
inspired designs, and hybrid integrations, LC technologies can achieve greater sustainability, efficiency,
and versatility in both established and cutting-edge fields.

Fundamentals of Liquid Crystal Materials

LCs are classified into thermotropic and lyotropic types, with common phases including nematic,
smectic, cholesteric, and blue phases. Nematic LCs, characterized by directional order without positional
order, are widely used due to their ease of alignment via electric fields. Cholesteric phases feature helical
structures, enabling photonic band gaps for applications like tunable lasers.[11]

Material properties such as birefringence (An), dielectric anisotropy (Ag), elastic constants (K11 for
splay, K22 for twist, K33 for bend), and viscosity critically influence performance. For instance, high An
enhances optical contrast, while low viscosity improves response times. However, balancing these
properties often leads to trade-offs, such as reduced thermal stability when optimizing for low-voltage
operation. [12, 13]

Composites, including LC polymers (LCPs) and PDLCs, integrate LCs with polymers to form flexible,
responsive materials. LCPs, such as those with mesogenic side chains, offer mechanical strength but
introduce challenges in phase compatibility and processing.[14]

Challenges in Material Design and Synthesis

Synthesis and Molecular Engineering

Designing LC molecules with desired phase behaviors remains challenging due to the need for precise
control over molecular shape, polarity, and intermolecular interactions [15]. For thermotropic LCs,
incorporating functional groups like cyano or fluoro substituents enhances dielectric properties but can
introduce ionic impurities, leading to image sticking in displays [16]. In bent-core or discotic LCs,
geometric frustration stabilizes exotic phases like twist-bend nematics, but synthesis often yields high
transition temperatures (>100°C) and low thermal stability [17].
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Chiral LCs for photonic applications face issues with helical pitch stability under temperature variations
or light exposure. Moreover, sustainable synthesis using bio-derived materials, such as amino acid-based
gelators, is emerging but struggles with scalability and cost.

Stability and Impurities

Thermal, chemical, and photostability are major concerns for liquid crystal (LC) materials. Many LCs
degrade under prolonged UV exposure or elevated temperatures, leading to photobleaching, phase
instability, or molecular decomposition that severely limits their deployment in outdoor or harsh-
environment applications such as smart windows, adaptive optics, and energy-efficient glazing [18]. For
instance, in photo-responsive LC systems used for smart windows, intense UV radiation often causes
slow bleaching rates, low contrast ratios, and accelerated material fatigue, rendering passive
photochromic approaches unsuitable for long-term energy-saving performance [19]. Even in electrically
driven polymer-stabilized LC (PSLC) or polymer-dispersed LC (PDLC) configurations designed for
lower voltages, UV curing processes and ambient light exposure can induce gradual degradation of the
polymer network or LC alignment, compromising transparency, haze control, and overall device
longevity [20].

Ionic impurities—originating from synthesis residues, residual catalysts, or degradation byproducts—
pose another critical threat. These mobile ions accumulate at electrode interfaces under applied electric
fields, generating internal reverse voltage fields that persist after voltage removal. This phenomenon
manifests as image sticking, reduced voltage holding ratio, flickering, slower switching times, and
degraded contrast in displays [21, 22]. In severe cases, charge accumulation exacerbates electro-optic
hysteresis and accelerates aging. Recent studies confirm that ion migration is a primary culprit in DC-
type defects, with impurities also contributing to reduced lifetimes in ferroelectric or nematic devices
[23].

In PDLCs and related composites, these stability issues are further amplified by dye contamination and
nanoparticle aggregation. Guest dyes, intended to enhance contrast or enable color tunability, often
exhibit poor compatibility with the polymer matrix or LC droplets, leading to leaching, phase separation,
or photodegradation that reduces dichroic efficiency and introduces additional ionic species.
Nanoparticle dopants such as silica, silver, or metal oxides, while beneficial for lowering driving
voltages, improving thermal conductivity, or enabling IR modulation, frequently aggregate at LC-
polymer interfaces at higher concentrations. This aggregation increases anchoring energy, hinders
uniform LC reorientation, raises operational voltages, and promotes morphological instability over
time—such as droplet coalescence or network collapse—resulting in hysteresis, reduced electro-optical
performance, and shortened device lifetimes, sometimes degrading noticeably after hundreds to
thousands of hours under thermal or optical stress. High-temperature exposure can cause edge shrinkage,
performance drift, or mechanical weakening in PDLC films, particularly in outdoor settings [24, 25,
26,27].

Addressing these concerns remains a key focus of ongoing research, with strategies including the
development of high-purity LC formulations, ion-trapping additives, advanced polymer networks for
enhanced cross linking, and dopant optimization to minimize aggregation while preserving benefits like
faster response or improved stability. Despite progress, achieving robust, long-term performance under
combined thermal, chemical, and photostress continues to challenge the commercialization of advanced
LC-based technologies.
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Integration with Nanoparticles and Composites

Doping LCs with nanoparticles such as TiO2, ZnO, graphene can reduce voltages and enhance response,
but challenges include uniform dispersion, increased viscosity, and altered phase transitions. For
instance, larger flakes in graphene oxide LCs improve polarization but slow response times. In LCPs,
mismatched thermal expansion coefficients cause mechanical failures [28].

Achieving uniform dispersion remains particularly difficult for small nanoparticles, as strong Brownian
motion and interactions with the dense LC matrix lead to aggregation or clustering, especially at higher
concentrations. Surface functionalization, such as coating nanoparticles with mesogenic ligands or
azobenzene thiols, is often required to improve compatibility and prevent phase separation, though this
adds complexity to synthesis and may alter the intended electro-optic benefits [29, 30]. Nanoparticle
aggregation can have nonlinear effects on viscosity: low concentrations typically increase rotational
viscosity by hindering molecular reorientation, while higher levels promote cluster formation that
paradoxically reduces viscosity by creating free volume for LC motion, but at the cost of introducing
light scattering and degraded elastic properties [31]. Doping frequently shifts phase transition
temperatures, often lowering clearing points due to a dilution effect or disrupting orientational order,
which can destabilize desired mesophases like nematic or chiral nematic over wide temperature ranges
[32]. In multicomponent systems combining LCs, polymers, and nanoparticles, aggregation exacerbates
long-term stability issues, limiting practical commercialization despite potential gains in dielectric
anisotropy, conductivity, or response speed. Overall, while nanoparticle doping offers tunable
enhancements in birefringence, threshold voltage, and other parameters, balancing dispersion quality,
concentration dependence, and morphological stability continues to pose significant hurdles for reliable,
high-performance LC devices [33, 34].

Challenges in Fabrication and Processing

Alignment Techniques

Achieving uniform alignment over large areas is a persistent challenge. Traditional rubbing methods
generate dust and static charges, affecting device yield. Photo alignment offers non-contact alternatives
but requires precise UV control and suffers from anchoring energy instability. In multi-domain
configurations for wide viewing angles, pattern uniformity is difficult to maintain [35].

Advanced photo alignment techniques using linearly polarized UV light on photosensitive polyimide
layers can achieve pretilt angles with high precision, yet they remain sensitive to processing conditions
such as exposure dose, wavelength, and post-bake temperature, often leading to batch-to-batch
variations in anchoring strength. Magnetic or electric field-assisted alignment has been explored as an
alternative for bulk or thick-film devices, but scaling these methods to large-area substrates is hindered
by the need for extremely strong, uniform fields and the risk of dielectric breakdown or field-induced
defects. Emerging approaches, including nanostructured surfaces such as graphene nanoribbons and
inkjet-printed alignment layers, promise better control and scalability, but they introduce additional
complexities related to material compatibility, cost, and long-term stability of the induced orientation
under operational stress [36, 37, 38].

Phase Separation in Composites

For PDLCs, phase separation methods such as polymerization-induced (PIPS), solvent-induced (SIPS),
temperature-induced (TIPS)) must be optimized for droplet size and distribution. Nonuniform droplets
lead to scattering inefficiencies and high voltages (10-70 V). Curing conditions, such as UV intensity
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and monomer concentration, critically affect morphology, with over-curing causing brittleness [39].

In polymerization-induced phase separation (PIPS), the kinetics of polymerization rate versus phase
separation rate must be carefully balanced; if polymerization proceeds too slowly, droplets can coalesce
into larger, polydisperse sizes that degrade optical performance, whereas overly rapid curing traps the
LC in small, irregular domains with poor reorientation. Solvent-induced (SIPS) and temperature-induced
(TIPS) methods offer greater control over droplet morphology in some systems but introduce additional
challenges, including residual solvent removal that can leave voids or alter refractive index matching,
and the need for precise temperature ramping to avoid secondary phase separation or crystallization
during cooling. In LC elastomers (LCEs), template-based fabrication using porous scaffolds or droplets
ensures alignment but faces scalability issues and residual template removal; incomplete removal of
sacrificial templates can introduce defects, reduce mechanical integrity, or cause unwanted light
scattering in optical applications, while large-scale templating processes remain labor-intensive and
difficult to adapt for industrial roll-to-roll manufacturing [40, 41, 42, 43].

Scalability and Cost

Large-scale production is hindered by high material costs and complex processing [44]. For example,
high-purity LCs for RF applications require low dielectric losses, increasing synthesis expenses.
Environmental concerns, such as solvent use in SIPS, push for greener methods [45].

The intricate multi-step synthesis routes for advanced LC compounds, often involving precise control
over reaction conditions and purification to achieve high enantiomeric purity in chiral systems, further
escalate production complexity and contribute to elevated costs that limit widespread adoption beyond
niche applications [46]. Regulatory pressures and growing scrutiny over the environmental persistence
of liquid crystal monomers (LCMs) as emerging contaminants in electronic waste add additional
compliance burdens, driving the need for sustainable alternatives like bio-based or solvent-free synthesis
pathways[47]. Efforts to develop greener manufacturing processes, such as microscale process
intensification or automated frameworks for liquid crystal elastomers, aim to reduce waste, energy
consumption, and operator variability, yet scaling these innovations from lab to industrial levels remains
challenging due to equipment requirements and initial investment barriers [48].

Challenges in Display Applications

LCDs have revolutionized visuals since the 1970s, but challenges persist. Slow response times (>20 ms)
cause motion blur, exacerbated by high viscosity in low-temperature environments. Image sticking from
residual charges and uneven brightness from alignment defects reduce quality [49]. In advanced modes
like in-plane switching (IPS) and multi-domain vertical alignment (MVA), viewing angle dependence
and slow switching remain issues. Flexible displays face electrode brittleness such as ITO cracking and
LC leakage. PDLC-based displays offer polarizer-free operation but suffer from low contrast (70-80%)
and high power consumption [50, 51].

Furthermore, color gamut limitations in conventional LCDs, particularly when using white LED
backlights with color filters, result in reduced color accuracy and vibrancy compared to OLED or
emerging quantum-dot-enhanced displays, constraining their competitiveness in high-end applications
such as professional monitors and HDR content viewing [52]. Power efficiency also remains a concern,
especially in always-on or high-brightness scenarios, where backlight consumption dominates total
energy use and contributes to heat generation, potentially accelerating LC degradation and shortening
device lifespan in portable or outdoor deployments [53, 54].
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Challenges in Non-Display Applications

Photonics and Optical Devices

In photonic applications, such as random lasing and tunable filters, challenges include achieving low-
threshold lasing and stable band gaps. Tunable LC lenses face fabrication difficulties in creating gradient
refractive indices and fast focusing. Aberrations and polarization dependence limit optical quality.
Holographic PDLCs for gratings suffer from low diffraction efficiency and ageing under deformation
[55].

Moreover, in chiral nematic and blue-phase photonic devices, temperature-induced pitch variations often
cause unwanted shifts in the photonic band gap position, making it difficult to maintain consistent
reflection or lasing wavelengths across a practical operating temperature range without active
compensation mechanisms. For electrically tunable photonic structures, such as those based on polymer-
stabilized cholesteric or blue phases, the trade-off between high switching speed, low driving voltage,
and preservation of structural order remains unresolved, as strong electric fields can induce lattice
distortions or phase transitions that degrade optical performance and introduce hysteresis. These
limitations collectively hinder the realization of robust, commercially viable LC-based photonic
components for applications requiring precise wavelength control, high optical efficiency, and long-term
reliability under varying environmental conditions [56, 57, 58].

Sensing and Biosensors

LC biosensors leverage orientation changes for detection but struggle with sensitivity to environmental
factors and biofouling. In PDLC sensors for gases or pressure, nonuniform electric fields and slow
response hinder real-time use. Integration with biomolecules requires stability in aqueous environments.
Additionally, achieving sufficient detection limits and selectivity remains challenging, as non-specific
interactions with complex biological matrices (e.g., serum, saliva, or cell culture media) can produce
false positives or mask target analyte signals, necessitating advanced surface functionalization strategies
or hybrid architectures that often compromise the simplicity and cost-effectiveness inherent to LC-based
sensing platforms [59].

Radio Frequency and High-Frequency Applications

Nematic LCs in RF devices offer tunability but face high dielectric losses at GHz frequencies and slow
switching (seconds). Material purity is crucial to minimize tan o, yet synthesis costs are high. Alignment
in confined geometries for antennas poses additional challenges [60].

Furthermore, the inherently high rotational viscosity of conventional nematic mixtures results in
relaxation times on the order of hundreds of milliseconds to several seconds at microwave frequencies,
severely limiting their suitability for dynamic beam-steering or reconfigurable metasurfaces that require
rapid frequency or phase agility in modern communication systems. Temperature dependence of the
dielectric anisotropy and loss tangent also introduces significant performance drift across operational
ranges, necessitating active thermal compensation or specialized low-temperature formulations that
further complicate design and increase overall system complexity and cost [61, 62, 63].

Wearables and Smart Materials

LC-based wearables for visualization such as camouflage, sensors require flexibility and low power, but
materials lack durability under bending, radii <4 mm and washing. Multimodal responsiveness is
promising but complicated by cross-sensitivity. In LCEs for actuators, hysteresis and fatigue limit cycles.
Moreover, the integration of driving electronics, such as thin-film transistors or conductive pathways,
into flexible LC-based textiles often results in mechanical mismatch at interfaces, leading to
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delamination, cracking, or loss of electrical connectivity after repeated deformation or laundering cycles.
Environmental exposure, including humidity, sweat, and UV radiation in wearable scenarios, further
accelerates degradation of both the LC alignment layers and polymer networks, causing drift in optical
properties, reduced color contrast for visualization applications, and diminished actuation performance
over time. These combined durability and integration challenges continue to restrict the transition of LC-
based wearables from laboratory prototypes to commercially viable, everyday-use products [64, 65, 66].

Other Applications

In photovoltaics, LCs improve charge transport but face efficiency losses from disorder. Fuel cell
membranes using LC polymers suffer from swelling and methanol crossover. Membrane fouling in
filtration applications reduces selectivity.

Furthermore, the self-assembled columnar or smectic structures in discotic or calamitic LC-based
photovoltaic materials often exhibit limited long-range order and grain boundaries that act as
recombination centers, leading to reduced exciton diffusion lengths and lower power conversion
efficiencies compared to crystalline or polymer-based counterparts. In proton-exchange membranes for
direct methanol fuel cells, the hydrophilic channels formed by LC polymer networks provide efficient
ion conduction but remain prone to excessive water uptake under high humidity, causing dimensional
instability, mechanical weakening, and accelerated methanol permeation that degrades overall cell
performance and lifespan. These persistent limitations highlight the need for tailored molecular designs,
such as cross-linked or hybrid LC-polymer architectures, to enhance structural integrity, minimize
defects, and improve functional selectivity across energy and separation applications.

Future Directions and Opportunities

Overcoming challenges requires interdisciplinary approaches. Machine learning can predict phase
behaviors and optimize designs, addressing complexity in diverse LC systems. Computational
simulations, including atomistic models, will aid in understanding molecular interactions.

In materials, doping with advanced nanoparticles such as MXenes, quantum dots promises lower
voltages and faster responses in PDLCs. Sustainable, bio-inspired LCs from polymers like Nafion
alternatives could reduce costs and environmental impact.

For applications, hybrid systems integrating LCs with 2D materials or perovskites offer tunable
photonics and energy devices. In RF, advanced nematics with low losses could enable 5G/6G
components. Wearables may benefit from self-assembling LC polymers for flexible, responsive fabrics.

Conclusion

Liquid crystal materials continue to drive innovation across multiple fields, yet challenges in synthesis,
stability, fabrication, and application-specific performance must be addressed to unlock their full
potential. By leveraging emerging technologies like nanotechnology, computational modeling, and
sustainable chemistry, these hurdles can be surmounted, paving the way for next-generation devices in
displays, photonics, sensing, and beyond. This review underscores the need for continued research to
ensure LCs remain at the forefront of materials science.
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