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Abstract

We discuss instabilities exhibited by free surface nematic liquid
crystal (NLC) films of nanoscale thickness deposited on solid
substrates, with a focus on surface instabilities that lead to
dewetting. Such instabilities have been discussed extensively;
however, there is still no consensus regarding the interpreta-
tion of experimental results, appropriate modeling approaches,
or instability mechanisms. Instabilities of thin NLC free surface
films are related to a wider class of problems involving
dewetting of non-Newtonian fluids. For nanoscale films, the
substrate– film interaction, often modeled by a suitable
disjoining pressure, becomes relevant. For NLCs, one can
extend the formulation to include the elastic energy of the NLC
film, leading to an ‘effective’ disjoining pressure, playing an
important role in instability development. Focusing on thin film
modeling within the framework of the long-wave asymptotic
model, we discuss various instability mechanisms and outline
problems where new research is needed.

Addresses
Department of Mathematical Sciences, New Jersey Institute of Tech-
nology, Newark, NJ, 07102, USA

Corresponding author: Kondic, L. (kondic@njit.edu)
a https://cfsm.njit.edu
Current Opinion in Colloid & Interface Science 2021, 55:101478

This review comes from a themed issue on Wetting and Spreading

Edited by Tatiana Gambaryan-Roisman and Victor Starov

For a complete overview see the Issue and the Editorial

https://doi.org/10.1016/j.cocis.2021.101478

1359-0294/© 2021 Elsevier Ltd. All rights reserved.

Keywords
Thin fluid films, Nematic liquid crystals, Fluid instabilities, Free surface
flow.
Introduction
With the increasing use of liquid crystalebased displays
(LCDs), driven by the evolution of portable electronic
devices, the desire to minimize paper waste, and the
popularity of flat panel displays, liquid crystals (LCs), in
particular nematic LCs (NLCs), remain important in-
dustrial materials. Although they are well studied, novel
and evolving applications continue to open new research

directions. For example, LCDs fabricated from polymers
Supported by NSF Grants no. DMS-1815613 and CBET-1604351.
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(rather than the traditional glass bounding surfaces) are
opening the doors to a new generation of flexible LCD
devices that are lightweight, easily stowed, and nearly
unbreakable [51]. Other existing and emerging appli-
cations of nematic (and other) LCs abound: LCs are
finding new applications in photovoltaics, biosensors,
plasmonics, opto-fluidics, and more; see the review
article by Palffy-Muhoray [55] for an overview. On the
theoretical side, the comprehensive review by Rey and
Denn [64] discusses various aspects involved in the
modeling of LC dynamics and provides much useful
background.

In addition to numerous direct applications, NLCs are
becoming increasingly relevant as a model system for
more complex active matter systems, which often
involve (active) particles with a nematic or similar type
of structure. Such connections between LC films and
various fields of research in the wider soft matter and
fluid dynamic communities have been recently
discussed in a number of excellent reviews. A review by
Marchetti et al. [50] focuses on active matter, but also
considers a number of issues relevant to LCs. Saintillan

[65**] provided an overview of computational models
relevant to active fluids and LCs, whereas the state of
the art in more general computational modeling of LCs
was reviewed in 2019 by Allen [1]. Rey [63] surveys the
application of LC models in various biological settings,
whereas Sengupta [68] reviews the recent interest in
exploiting the unique optical properties of LCs within
the context of topological microfluidics, and Jákli et al.
[31*] discuss novel aspects of LCs comprising banana-
shaped molecules. Interaction of LCs with external
fields, vital for many applications, has been reviewed

extensively as welldfor example, the well-studied
interaction of NLCs with external light sources was
reviewed by Demeter and Krimer [16] and the
spreading of dielectric films (including NLCs) under
electric field gradients in a dielectrowetting setup, by
Edwards et al. [19*].

LC films may be subject to instabilities of various types
and origins. Examples include instabilities of the di-
rector field in confined layers due to external forcing, as
reviewed and studied recently by Gartland [23], as well

as instabilities of flowing [27,36] or deposited [56,15]
free surface films, as considered in this review. Free
surface films on the nanoscale, when deposited on solid
substrates, are themselves subject to different types of
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Figure 1

2 Wetting and Spreading
destabilizing mechanisms: dewetting, resulting either
from destabilizing filmesubstrate interactions (spinodal
dewetting) [66] or the presence of defects (nucleation)
[30], as well as ‘fingering’ type instabilities relevant to
setups involving propagating fronts [36]. In this brief
review, we focus only on the former case: dewetting of
free-surface NLC films of nanoscale thickness, depos-
ited on substrates. In addition to the motivation

discussed previously, these instabilities are of interest
because they allow, at least in principle, for a more
detailed understanding of the connection between the
instabilities and the approaches used to model NLC
rheology, as well as the interaction of NLCs with the
underlying substrates. Correlation of model outcomes
with the experimental results could lead to the devel-
opment of more realistic models. We discuss in partic-
ular the (common) setup of antagonistic anchoring,
where the rod-like NLC molecules have different
preferred directions at the interface between the NLC

film and the substrate and at the NLC film (free) sur-
face. Such setups have been studied for at least three
decades now (see, e.g. the review by Jerome [32]), but
are still not completely understood. Antagonistic
anchoring (if strong) leads to an additional singularity at
a contact line where the three phases (NLC, solid, and
air) meet because of the large elastic energy cost for the
NLC molecules to accommodate the antagonistic
anchoring conditions. Such a singularity is distinct from
the well-known contact line singularity that is present
even for Newtonian fluids in setups involving static and

dynamic contact lines; see the reviews by Craster and
Matar [10] and Bonn et al. [7] for further discussion.

The remaining part of this article is organized as follows.
In Section Background, we provide a general review of
free surface instabilities in deposited thin films of
NLCs. Section Modeling of free surface NLC films then
gives a brief overview of the modeling techniques, with a
focus on the Leslie-Ericksen LC description. Section
Instabilities is devoted to a discussion of selected recent
results in the field. We conclude with a summary in
Section Conclusion.
Dewetting patterns in a thin film (average thickness 40 nm) of 5AB4 on
silicon [30].
Background
Over the last two-plus decades, a body of experimental
work on thin NLC free surface films has been assem-
bled, and its significance was discussed by various
groups (see e.g. Refs. [14,15,20,21,30,57,58,66,77,79]).
Collectively, this work demonstrates that NLC films can
exhibit extremely complex spreading and dewetting
phenomena and builds a detailed and intriguing picture
of how they behave under a range of conditions.
However, the studies, outlined next, raise as many

questions as they answer, and there is no consensus on
how to interpret the data, particularly when films of
thickness of tens or hundreds of nm are concerned
[15,21,75,79,80].
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Figure 1 (from Ref. [30]) shows a thin film of the NLC
5AB4 coating a silicon wafer. Figure 1A is a micrograph in
which the grayscale indicates the film height (lighter
regions are thinner). Starting from an initially flat film,
circular dewetted patches appear almost immediately,
followed by undulations. Figure 1B shows the height
profile of a subset of 1A (at the edge of a dewetted
www.sciencedirect.com
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Instabilities of nematic liquid crystal films Kondic and Cummings 3
patch) generated via scanning force microscopy.
Figures 1A and B together clearly show the existence of
distinct lateral and vertical length scales, suggesting that
the instability may be described by a long-wave
analysis because the in-plane dimensions (measured in
microns) are much larger than the outeofethe plane
one (measured in tens of nanometers). These length
scales as well as the typical time scale of the instability

development (measured in seconds to minutes) provide
some input to the modeling efforts.

Following this early work, van Effenterre et al. [20]
considered the behavior of nanoscale thickness films of
the NLC 5CB on silicon as temperature was varied. It
was found that above the transition temperature (the
isotropic state), the film remained flat, whereas below
transition, the film developed patterns of thickness
variation on a distinct length scale. The authors attrib-
uted the thickness variations to a coexistence of phases,

thinner regions being isotropic and thicker ones
nematic, although patterns are only observed below the
nematic transition temperature. Two years later, a
subset of the same group published a simple steady-
state energetics model [21]: assuming that elastic dis-
tortions are sustained in the thicker nematic regions, the
authors claimed that coexistence could be explained.
Another contemporaneous study by Ziherl and Zumer
[79], however, argued that the isotropic state could not
coexist with the nematic in the temperature range
studied; the evidence presented in the study by van

Effenterre et al. [20] supporting the isotropic regions
was in fact consistent with a nematic state, and more-
over, the elastically distorted director configuration
needed for the theory of van Effenterre et al. [20] was
energetically far too costly. Instead, it was proposed a
‘pseudo Casimir’ effect, based on director fluctuations
within the thin film, could explain the observations.
This discussion was continued without resolution in
follow-up works [74,80]. To add to the debate, addi-
tional experiments with NLCs 5CB and 8CB were car-
ried out by Schlagowski et al. [66] meanwhile, the
results of which were used to suggest that the instability

mechanism is related to textures (caused by defects) of
NLCs and that neither elastically distorted director
configurations nor pseudo-Casimir effects are relevant.
The problem was revisited a few years later by Delabre
et al. [15], who declared that neither the isotropic-
nematic coexistence model [75] nor the pseudo-
Casimir model [79] convincingly fitted the observa-
tions, but that, within the thicker film regions at least,
significant director elastic distortion exists. The authors
conclude: “a proper description of . films thinner than
50 nm is required. . The most difficult task is to write

properly the short-range structural contribution .
crucial for a quantitative description of the observed
thickness coexistence” and “an elastic term must be
included in the disjoining pressure” [15].
www.sciencedirect.com
The approach based on steady-state energetics,
discussed previously, provides an important input to
studies focusing on the dynamics of nanoscale NLC
films, in particular regarding the nature of the NLC
filmdsolid substrate interaction, discussed in more
detail later in the review. Regarding dynamical consid-
erations per se, the relevant research has been so far
rather limited. One approach to this task is to carry out

molecular dynamic simulations; this was the approach
implemented by Nguyen et al. [53], with interactions
simulated via Gay-Berne [24] and modified Lennard-
Jones 6e12 potentials. The results show good qualita-
tive agreement with experimental data, but with 107

particles simulated (representing a system of only very
modest size), the computational run time is still sig-
nificant even on supercomputers. The results are also
consistent with those obtained using asymptotically
simplified models, which are much faster to simulate
numerically and are, to some extent, amenable to

analytical approaches. This approach is discussed next.
Modeling of free surface NLC films
We focus our modeling description on the simplest
Leslie-Ericksen approach [22,42], as also considered by

other authors [49,48,61,8], and refer the reader to other
sources (such as Rey and Denn [64]) for a review of the
complementary Landau-de Gennes [12] theory. Starting
from the full Leslie-Ericksen model equations, one can
simplify the general formulation within the asymptotic
long-wave limit to a fourth-order partial different
equation for the film thickness h; an equivalent formu-
lation can be obtained by minimizing an appropriate free
energy, commonly carried out within the framework of
gradient flow modeling, see, for example the study by
Thiele et al. [71]. The relevant equation, given here in
nondimensional form [39], is

vh

vt
þ V,

�Ch3eVV2hþ h3P0
sðhÞeVh� ¼ 0: (1)

Here, the film is assumed to spread on a substrate z = 0

(the (x, y)-plane), and eV is a modified gradient

operator, which accounts for the fact that the azimuthal

angle 4(x, y) in the director field description (n =

(sin q cos4, sin q sin4, cos q)) leads to directionally depen-

dent spreading rates:

eV ¼
�
lI þ n

�
cos 24 sin 24

sin 24 �cos 24

��
(2)

where l > n > 0 are dimensionless viscosities. The

dimensionless number C is an inverse capillary number

representing the ratio of surface tension to viscous forces,

and the key term Ps(h) is a ‘structural disjoining pressure’,
accounting for both the fluid/solid interaction potential, as

well as elastic effects (including weak free surface

anchoring and strong planar substrate anchoring). One
Current Opinion in Colloid & Interface Science 2021, 55:101478
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4 Wetting and Spreading
choice that appears to be appropriate (see Ref. [39**] for

further discussion) is

PsðhÞ ¼ K
��

b

h

�n1

�
�
b

h

�n2 �
þN

2
q2z ; (3)

the first two terms being a widely used form of the usual
disjoining pressure (with, e.g. (n1, n2) = (3, 2)), with K
proportional to the Hamaker constant. The parameter
b > 0 appearing here is a dimensionless equilibrium
(precursor) film thickness: the film height in (1) will
always be strictly positive, with h � b, and the problem
of the moving contact line singularity is avoided. The
typical form of Ps(h) is shown in Figure 2 for (n1, n2) =
(3, 2). We note that the unstable range of film thick-
nesses shown also in Figure 2 may be related to the range
of ‘forbidden thicknesses’, whose existence is supported
by physical experiments [9].

The term proportional to N (an inverse Ericksen

number representing the ratio of elastic to viscous forces
in the bulk NLC) models the elastic contributions
within the layer [36, 45] (We note here that in some of
the early work on such systems, e.g. Ref. [5], a missing
term in the stress balance led to a different sign for this
term; this was corrected in later work [43, 45].) Briefly,
strong planar substrate anchoring at z = 0 is assumed,
with 4(x, y) specified there, as well as weak homeotropic
anchoring at the free surface z = h. The director polar
angle q in n takes the form

q ¼ p

2
ð1� z

h
mðhÞÞ ;

where the function m(h) is a relaxation function that relates

directly to the free surface anchoring energy [44] and can

be chosen to correspond to any desired surface energy
Figure 2

Current Opinion in Colloid & Interface Science

Structural disjoining pressure as a function of film height (in units of
100 nm) for a typical NLC film. Various regimes shown are discussed in
the text, from Ref. [39].
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model (e.g. Rapini-Papoular [62]). For the purpose of

maintaining a simple closed-form model, one can choose

[39**, 45].

mðhÞ ¼ gðhÞ h2

h2 þ b2
; gðhÞ ¼ 1

2

�
1þ tanh

�
h� 2b

w

��
;

(4)

in which b is the thickness scale at which the bulk
elastic energy is comparable with the free surface
anchoring energy, and g(h) is a ‘cutoff ’ function
(controlled by w) that forces the free surface anchoring
direction to relax to that of the substrate when the film
thickness is close to the equilibrium value, b (discussed
in more detail later in the text).

Note that with this form of the director field, thicker
NLC films are in the hybrid aligned nematic state,
whereas films close to the equilibrium thickness have a

director field nearly homogeneous across the film
height. This transition between the states is in agree-
ment with several other models, for example
Refs. [9,14,49,48,78]. Furthermore, the lengthscale b
may be related to the extrapolation length discussed in
the literature [14,20,79].

The constant K in (3) is related to the (apparent)
contact angle a via the spreading parameter S, which in
turn is related to the stored energy per unit area of the
film [18]:

S ¼ 1� cos a ¼ �
ZN
b

PsðhÞ dh: (5)

Substituting for Ps from (3) and rearranging, we find
(assuming small a, consistent with the thin film
assumption, and retaining only leading-order terms)

1

b

�
a

H0

�2

CzK� N
pbb

; (6)

where H0 is the (appropriately scaled) film thickness. If

N ¼ 0 or b / N, we have the usual Newtonian balance

between surface tension and disjoining forces [18]. The

term in N represents the effect of the free surface

anchoring (hence vanishes in the weak anchoring limit, b
/N). Equation (6) predicts that, with sufficiently strong

anchoring (sufficiently small b), the nematic nature of the

fluid can significantly affect spreading and could determine

whether partial or total wetting occurs (a nonpositive value

of the right-hand side indicates total wetting). Note that

Eq. (6) is specific to the case of strong planar substrate

anchoring and weak homeotropic free surface anchoring:

different conditions will lead to different contact angle
www.sciencedirect.com
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Instabilities of nematic liquid crystal films Kondic and Cummings 5
laws. Before closing this section, we digress slightly from

the modeling specifics of the problem to point out that the

question of the appropriate form of disjoining pressure

Ps(h) in the context of NLC films is a long-standing one

which, together with the previously mentioned issue of

resolving the molecular structure of the NLC film

(particularly under dewetting), has received attention from

several authors. Figure 3(a) (from Ref. [58]) shows an

example of the suggested orientation of the NLC mole-

cules, both in the bulk film and in the precursor layer. Note

that the proposed form of disjoining pressure sketched in

Figure 3(b) has the same qualitative features as that

described in this section and shown in Figure 2. Although

we discuss the relevance of the particular form of Ps(h) to
film stability further in the following section, we note that

at this point only the basic features of the form ofP(h) can
Figure 3

(a) Proposed orientation of NLC molecules for a mesoscopic film (left) and wit
equilibrium film thickness, see Figure 2. (b) Suggested form of disjoining press
contrast to ‘b’ used elsewhere in the text), from Ref. [58*].

www.sciencedirect.com
be extracted directly from the experiments. The lack of

detailed understanding of the disjoining pressure and of

the relevant physical mechanisms determining its func-

tional dependence on film thickness (and possibly other

quantities) seems to be the most serious limitation of the

described theoretical model.
Instabilities
Two-dimensional films: disjoining pressure and
satellite drops
A basic understanding of the stability properties of NLC
films can be reached via linear stability analysis (LSA),
which provides the following dispersion relation for
growth of a sinusoidal perturbation to a flat film of
thickness h = H0 [39]
hin the precursor, where a ‘trilayer’ is assumed to form on the scale of the
ure (note that the equilibrium film thickness is denoted by ‘e’ in this figure in

Current Opinion in Colloid & Interface Science 2021, 55:101478
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6 Wetting and Spreading
u ¼ �H3
0½Cq2 �P0

sðH0Þ�q2; (7)
where u is the growth rate, and q is the wave number. The

conclusion is that the film is always unstable where

Ps
0(H0) > 0. Figure. 2 shows a plot of Ps(H0) for param-

eters corresponding to physical experiments [20]. The

figure indicates that a range of unstable film heights is

expected (between the red dotted lines), separating re-

gions of thin and thick stable film heights, consistent with

the experiments [20,30]. It should, however, be noted that

quantitative comparison with experimental results is

nontrivial because the parameters entering the above-

mentioned dispersion relation are not precisely known; see

the study by Lam et al. [39**] for detailed discussion

regarding the comparison between LSA results and

experiments.

Although LSA should indicate when a flat film is un-
stable, and may provide some insight regarding the
wavelength of patterns that emerge, simulations of

nonlinear evolution governed by Eq. (1) suggest that the
system can exhibit a wide range of intriguing behaviors.
Figure 4 shows an example of simulation results for two-
dimensional films of varied thickness. First, we note that
Figure 4

Free surface evolution for various initial average film thicknesses, H0. Note the
than H0 = 1 (corresponding to 100 nm) are linearly stable. Here, um is the (dime
is 10lm. The initial condition is a flat film perturbed by harmonic perturbations

Current Opinion in Colloid & Interface Science 2021, 55:101478
simulations of a film perturbed by a random super-
position of small-amplitude sinusoidal modes are well
predicted by LSA [39**]. Numerically, it is found that if
the film height H0 is in the unstable regime and
Ps(H0) < 0, the LSA predictions hold well into the
nonlinear regime, with droplets of uniform spacing,
close to 2p/qm (qm the fastest-growing wavenumber),
persisting for all times simulated. For Ps(H0) > 0,

however, in addition to uniformly spaced droplets, one
finds interspersed smaller ‘satellite’ droplets, not
predicted by the LSA, providing strong numerical evi-
dence that positive values for the disjoining pressure
lead to formation of satellite drops. In the present
context, such positive values are due to the nematic
nature of the film and the inclusion of the elastic energy
associated with the director field in the formulation: in
other contexts, such values could be due to other ef-
fects, such as the presence of a complex substrate for
polymer films [4, 67], or to intrinsic fluid properties in

the case of ferrofluids [69]. It will be of interest to verify
the generality of this finding because satellite drops are
relevant in a variety of applications, in particular related
to printing.
persistent satellite droplets for thicker films. Films of base thickness larger
nsionless) growth rate of the most unstable mode, lm, and the domain size
of infinitesimal random amplitudes, from Ref. [39**].

www.sciencedirect.com
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Figure 5

Typical evolution of the film thickness in the reference frame s = x − vmsct traveling with linear speed vmsc for two different (linearly unstable) film
thicknesses, 0.2 (a) and 0.6 (b). The s-axis is scaled by lm to highlight departure from the LSA predictions in (b). The times given in the legends can be
related to the LSA time scale, 1/um, with um given in Figure 4, from Ref. [39**].
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Analysis based on marginal stability criteria
More complex dynamics are observed when a localized
perturbation is applied to a flat film. In the linearly
unstable regime, the initial perturbation is seen to lead
first to a dewetted patch (nucleation), which increases

in size. Depending on the film thickness (other pa-
rameters being fixed), the initial dewetted patch may
remain isolated for a long time, or its presence may
trigger a complicated cascade of dewetting events, with
attendant drop formation. The wavelength of the
pattern formed (droplet spacing) may differ significantly
from the LSA predictions. The drop spacing and the
film breakup time are not yet well understood, partic-
ularly for films whose thickness H0 is close to the zero
of the structural disjoining pressure Ps(H0), see
(Figure 2). The evolution of the instability suggests that

the problem may involve front propagation into a
possibly unstable state. This topic has been considered
in a number of different systems and poses interesting
mathematical challenges, with some progress reached
using marginal stability criteria (MSCs), discussed
further in the following. The standard example, which is
well understood, is that of a nonlinear diffusion equation
vtu = vxxu þ f(u), in particular the FishereKolmogorov
equation, where f(u) = u � u3 [11,13,33,76]. Although
strong results exist for front propagation away from a
localized perturbation, an extension to more compli-

cated systems is not trivial. Although there is no proof
that MSC concepts are strictly valid, they are known
to apply to a wide range of systems, including crystal
growth [41], instabilities of cylindrical membranes
[2,3], liquid drops in extensional flow [59, 60], and have
been also recently considered in the context of thin
films [35,70]. We also note the connection to the study
www.sciencedirect.com
of bifurcation analysis in the context of the Cahne
Hilliard equation [26].

The details of MSCs are beyond the scope of the pre-
sentation here, and we give just an outline (excellent
review articles are available that provide significant dis-
cussion and background [11,76], including consideration
of MSCs in the context of the KuramotoeSivashinsky
and CahneHilliard equations). A key idea is this: if we
know how fast the front propagates into a (possibly)
unstable state, we should be able to correlate the speed
of propagation with the wavenumber at which instability
develops. Regarding the speed of propagation, the pri-
mary MSC result is that, under certain conditions, the

speed selected is that at which the stability properties of
the system change, that is, the system is in a marginally
stable state. One approach is to approximate the front
shape by the form exp(ik*x þ u(k*)t), where k* is the
point of the stationary phase (u;k�2C). Then, the linear
MSC states that the system chooses the front velocity,
vmsc, for which the exponential neither grows nor decays
[13]. An alternative approach [6, 11] states that if a front
in the moving reference frame u(x � vt) is perturbed
slightly, it is stable if it outruns the perturbation and
unstable otherwise. In either case, the stable front with

the lowest velocity is selected. Nonlinear effects may
lead to modification (an increase) of the propagation
velocity [76]; however, for many systems, the linear re-
sults are applicable [11, 54, 60].

The linear MSC requires that the front itself is not
significantly perturbed by the breakup process, which
appears to be the case for the considered system. One
idea is to focus on the region close to the front itself and
Current Opinion in Colloid & Interface Science 2021, 55:101478
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Figure 6

Computational results for initially infinitesimal perturbations of global
character (a) and a combination of infinitesimal and strong localized
perturbations (b), from Ref. [38].

8 Wetting and Spreading
represent it as a superposition of Fourier modes as
discussed previously. The linear MSC then predicts

vmsc ¼ Rðu�Þ
Iðk�Þ ; R

�
vu

vk

� ����
k�

¼ 0; vmsc ¼ � I

�
vu

vk

� ����
k�
;

(8)

where u* = u(k*). These relations can be used to fix k*
and vmsc, by obtaining the values of u from the simula-

tions. Further discussion regarding how to connect in

practical terms the outlined theory and the results of
Current Opinion in Colloid & Interface Science 2021, 55:101478
simulations can be found in the study by Lam et al.

[39**]. Here, we limit ourselves to one example illus-

trating how the unperturbed thickness of (linearly un-

stable) films could play a crucial role in determining their

evolution. Figure 5 shows two film thicknesses initially

perturbed by a localized perturbation (one could think of

such a perturbation as modeling a defect in the substrate

or in the film itself or the presence of some external

disturbance such as a speck of dust). For the parameters

considered, see the study by Lam et al. [39**] for full

details; for thinner films, the distance between emerging

droplets may be significantly larger than the dominant

wavelength lm predicted by the LSA (as is the case in

Figure 5a), whereas for a thicker film (Figure 5b), the

distance between the drops corresponds closely to lm.
These findings suggest a possible explanation for the

difference between the spinodal and nucleation types of

instability discussed extensively in the context of other

fluids [4, 67, 72]. We note, however, that there is still no

clear answer to a rather straightforward question: what is

the average distance between the drops that form in the

nucleation regime, such as in Figure 5a? This is one of the

open questions of relevance not only to NLCs but also to

other Newtonian and complex fluids.

Computational results in three spatial dimensions
Computing the nonlinear evolution of NLCs on large
domains in three dimensions (3D) (3D in the physical
sense; two dimensions in the mathematical sense
because the film thickness is a function of two in-plane
spatial variables, h(x, y, t), within the long-wave model)
is a computationally demanding endeavor, much more so
than the mathematically similar formulation resulting
from, for example, CahneHilliard spinodal decomposi-
tion. The reason for this is the need to fully resolve short
length scales, which are typically specified by the range
of substrateefilm interaction forces and therefore by the

equilibrium film thickness. Although the exact range of
these forces is not always clear in any particular exper-
imental setup, in general, it is expected to be on the
nanoscale range or even smaller [38*]. Resolving such
small scales (even for films of thickness on the scale of
100 or so nanometers) leads to large discretized systems
of equations. Recalling, furthermore, that the size of the
time step may be limited not only by accuracy but also
by stability criteria makes it clear why significant care is
required in carrying out simulations on large computing
domains. Although a significant body of work focusing on

the development of computational methods has been
established through the last couple of decades, this is
still a very active field of research, with new methods
and computing software being developed. Regarding
relatively recent developments in this direction, it is
worth mentioning open source repositories such as
OOMPH library [28,29] and the GPU-based software
GADIT [37, 38*], with the latter used to produce
computational results in the context of NLC films,
discussed next.
www.sciencedirect.com
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Figure 7

Examples of defects at flow junctions. (a) (upper): the fluid force field for
different defect types (lower): images of defects right after formation;
(b): defect decay over time for defects of winding number 2 (upper) and 3
(lower), from Ref. [25].
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Based on the discussion in Sections Two-dimensional
films: disjoining pressure and satellite drops and Anal-
ysis based on marginal stability criteria, it is clear that
Figure 8

The example of the influence of an isolated defect in the director field on the i
spatially varying substrate anchoring (overlaid in white). (b) Fourier spectrum
are the wavenumbers in the x and y directions, respectively.

www.sciencedirect.com
rather complex temporal evolution and pattern forma-
tion can be expected. In the 3D, it is more difficult to
discuss in precise terms the details of instability
development because of the larger parameter space, so
we focus here on one particular question, namely, what
is the influence of the type of perturbation initially
imposed on the resulting film dynamics (We note that
the time evolution in the simulations discussed here is

fully deterministic; to understand the influence of
stochasticity, one needs to consider a stochastic variant
of the evolution Eq. (1), a topic analyzed recently in the
context of Newtonian films [17, 52].)

Figure 6 shows the results of two simulations, which
differ only in the initial condition: in (a), only infini-
tesimal (global) perturbations are included, whereas in
(b), both global and (finite-size) local perturbations
are imposed. The idea here is that such simulations
could model film evolution in the presence of small-

scale surface perturbations (a) or in the presence of
strong but localized perturbations (nucleation centers;
(b)). The presence of such large perturbations and
their influence can be also seen in the experiments,
see Figure 1. In the context of NLC films, such
nucleation centers could possibly be also due to the
presence of defects in the director field, briefly
discussed next.

Defects
The presence of defects in the director field is specific
to LC films. Figure 7 shows an example of such

structures in experiments (due to Giomi et al. [25]),
where different defect types and their evolution are
visible.
nstability of a film perturbed initially by random noise. (a) Film profile, with
of the pattern, where qm is the most unstable wavenumber, and qx and qy

Current Opinion in Colloid & Interface Science 2021, 55:101478

www.sciencedirect.com/science/journal/13590294


10 Wetting and Spreading
Modeling the presence of defects is nontrivial because
these structures involve ‘singularities’dsignificant
changes of the director field over short scales. There-
fore, at the defect location, the underlying Leslie-
Ericksen model breaks down (an accurate description
of defects in NLCs requires a more sophisticated model,
such as Landau-De Gennes [12], with an order param-
eter that allows for localized ‘melting’ of the director

structure at the defect core); nonetheless, we expect
that the model discussed so far may provide a reasonable
qualitative indication of how the presence of a defect
influences the overlying flow, in particular, the film
thickness evolution. Here, we limit ourselves to a brief
outline of recent progress in describing the evolution of
NLC films in the presence of defects, with the caveat
that this direction of research is still ongoing.

The simplest way to introduce defects within the
formulation discussed so far is via specifying the

function 4(x, y) that determines the preferred director
orientation at the substrate. The effect of azimuthal
director orientation on the film stability is a subject of
ongoing research, for example Ref. [40], and here, we
show just one example, see Figure 8, illustrating the
effect of a s = þ 1 defect (s being the topological
winding number of the defect) on the film stability.
We observe that the azimuthal orientation of the di-
rector field influences strongly film instability and
dewetting.
Conclusions
Thin NLC films are fascinating systems that bridge the
divide between Newtonian and complex fluids. Many
aspects of the modeling are furthermore of relevance to
the emerging field of modeling active matter;
some notable examples include modeling cell motility

[46, 47, 73] and active gels [34]. In this review, we have
covered only one rather narrow aspect of an otherwise
very rich system; even so, however, this focused dis-
cussion reveals many questions whose answers are only
just beginning to be formulated. These questions
include the role of the nematic nature of the film on
instability development, the connection between
NLC films and other Newtonian and non-Newtonian
films, and the role of ‘defects’, which may be present
in the director field, in instability development. We
hope that this brief review will inspire new research,

both theoretical and experimental, which will in turn
lead to a better understanding of the many unresolved
issues involved in the dynamics of thin nematic LC
films on the nanoscale.
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