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ABSTRACT

Ice formation causes numerous problems in many industrial fields as well as in our daily life. The control of
ice nucleation and rational design of anti-icing surface with low ice adhesion are desirable in various
industries such as aircraft, power line, ships, building, and cryopreservation. However, despite
considerable attention in the development of ice or water-repellent surfaces, it is still challenging to
design icephobic or anti-icing surfaces with high resistance to icing. In this study, coarse-grained
molecular dynamics simulation is utilised to investigate the ice adhesion mechanism on lubricant-
infused nanotextured surfaces. Using steered molecular dynamics simulation, we find that the
adhesion strength of ice on nanotextured surfaces impregnated with lubricant films to be higher
compared to that on textured surfaces in presence excess lubricant films. We illustrate that the ice
adhesion strength depends on the texture density and the ice adhesion strength increases with
nanoposts density. Lubricant-impregnated surfaces (LISs) with higher posts density exhibit greater
adhesive interaction energy due to the large contact area between the icecube and the textured
surface. This systematic study enhances our understanding of ice adhesion mechanism on LISs which
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can apply for designing novel anti-icing surfaces with extremely weak ice adhesion strength.

1. Introduction

Ice formation and accumulation on solid surfaces play a signifi-
cant role in various industries. It can cause a serious problem in
the performance of wind turbines, solar panels and reduce the
offshore operational safety [1-3]. In some cases, excessive ice
build-up leads to crash of aircraft, collapse of building and
transmission line, which result in severe economic loss [4-6].
Several traditional anti-icing and de-icing methods have been
developed and widely applied to remove accumulated snow,
ice or frost which are based on thermal treatments, mechanical
removal, and chemical modifications. These methods are costly
and environmentally harmful. In addition, they are also ineffi-
cient for protection from ice build-up for longer duration
[1,7,8]. Therefore, materials that can inhibit ice formation
and accumulation for long-term usage in industrial and tech-
nological applications is essential. The idea of developing
anti-icing surfaces should be that which promote the freezing
delay and reduced the adhesion of ice to these surfaces so
that accumulated ice can be easily removed merely under natu-
ral actions (e.g. gravity or wind). Thus, the underlying mechan-
ism needs to be known for an understanding of heterogeneous
nucleation of ice.

Over the last several years, superhydrophobic surfaces have
been considered to be a promising material for preventing ice
formation. Superhydrophobicity is generally achieved by intro-
ducing surface textures in different length scales and use of low
surface energy coating. A large number of investigations have
shown the anti-icing and de-icing performance of superhydro-
phobic surfaces [8-21]. Superhydrophobic surfaces exhibit

delay in ice formation [22-25] and reduce the solid-liquid con-
tact time of an impacting water droplet [26-31]. The delay or
shorter contact time allow water droplet to detach spon-
taneously from the superhydrophobic surfaces before the dro-
plet freeze. Furthermore, a surface with a lower ice adhesion
strength is considered to have good ice-repellent properties
[10, 12,32,33]. However, superhydrophobic surfaces lose their
water or ice repellent abilities when the water adsorption and
condensation occur or ice covers the whole surface textures
[13,34-37]. Varanasi et al. [38] reported that frost formation
within the textures of superhydrophobic surfaces under the
subzero condition and found higher ice adhesion than that
on the smooth surfaces. This could be because of wetting tran-
sition from the Cassie state to the Wenzel state of water dro-
plets during the freezing process on the textured surfaces
[34]. Therefore, condensed and impacting water droplet can
form ‘Wenzel ice’ [12], which leads to the mechanical interlock
and consequently the interfacial area between ice and the tex-
tured surface is substantially enhanced [12,34].

In order to address the aforementioned problems for ice for-
mation on superhydrophobic surfaces, recently a great effort
has been made for the rational design of water or ice repellent
surfaces by incorporating a water-immiscible organic liquid in
a porous material or textured surface [39-41]. In this new
approach to superhydrophobicity, slippery liquid-infused
porous surfaces (SLIPS) [42-44]and lubricant-impregnated
surfaces ( LISs) [45-47] were developed. Here, an immiscible
liquid layer acts as a lubricant, which is trapped between the
substrate surface and the ice, and consequently provides a
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very weak interaction between the substrate and the ice. These
surfaces have recently attracted tremendous attention for anti-
icing and de-icing because of their remarkable slippery proper-
ties. Numerous studies have shown that various lubricant-
infused textured surfaces provide remarkable low ice adhesion,
repel a variety of simple and complex liquids, exhibit self-clean-
ing and very low droplet roll-off properties [42, 44, 47-49]. Kim
et al. [43] reported that the ice adhesion strength of SLIPS with
excess lubricant is reduced by a 1-2 order of magnitude com-
pared to any conventional materials. Recently, Subramanyam
et al. [50] investigated the effect of lubricant level in the LISs
with micro-scale texture on ice adhesion and found higher
ice adhesion on an LIS with an equilibrium film (i.e. no excess
lubricant) compared to an LIS with an excess lubricant. Fur-
thermore, the authors studied the dependence of ice adhesion
on surface texture density (micro-scale textures) in presence
of equilibrium film in the LIS and found that ice adhesion
reduces with increasing texture density. This result is surprising
because of an increase in interfacial contact area between the ice
and the substrate with an increase in texture density, and con-
sequently results in lower the ice adhesion strength. The
authors demonstrate that the ice fractures increase with texture
densities due to more defect or crack initiation sites at the edges
of microposts which resulted in reducing ice adhesion [50].
Kim et al. studied the effect of micro-, nano-scale and hierarchy
of surface topography on the stability of lubricant under the
high shear condition and found that SLIPS with nano-scale
uniform texture surfaces provide better liquid-repellent proper-
ties compared to the hierarchically structured surfaces at a
strong shear condition. These experimental investigations are
promising; however, the effect of nano-scale texture density
on ice adhesion is not well study.

Here, we report direct computational evidence of ice
adhesion on lubricant-impregnated texture surfaces using mol-
ecular dynamics simulations. The aim of this study is to provide
the molecular level understanding of the ice—substrate interface
in the ice adhesion mechanism using the coarse-grained model
of water and lubricant. In this study, we use a fluorinated liquid
as a lubricant, which is impregnated in a nano-scale texture sur-
face with and without excess lubricant film. Furthermore, we
study the effect of nano-pillar density on ice adhesion proper-
ties of LIS in absence of excess lubricant films.

2. Model and simulation details

In this work, water is modelled with the coarse-grained poten-
tial (i.e. monatomic water model mW) [51, 52]. This water
model was reported to reproduce the structural, thermodyna-
mical properties of ice and water, and has been extensively
applied to study the crystallisation of bulk water and nanodro-
plets as well as on different substrates [53-64]. We create nano-
textured surfaces using model graphite surface. The interaction
parameters between the mW water and the atoms of graphite
are adopted from the work of Lupi et al. [55] which is based
on the parametrisation of the two-body term of the Stillin-
ger-Weber (SW) potential, so that it can reproduce the macro-
scopic contact angle of water on a smooth graphite surface.
Recent, experimental studies have shown that texture surfaces
infused with a low surface energy perfluorinated oils exhibit

noticeable ice-repellent properties [42-44, 50]. Therefore, in
the present study, we have considered perfluorotri-n-pentyla-
mine as a lubricant (fluorocarbon FC70), which is infused in
the nanotextured surfaces. The perfluorotri-n-pentylamine
molecules are described by the united-atom model. Lennard-
Jones (LJ) 12-6 potential is used to describe non-bonded inter-
action for the CF;, CF, and N fragments of the fluorocarbon
molecules [65] with a cut-off of 1.4 nm. The bond, angle, and
dihedral parameters are taken from the OPLS/AMBER force
fields [66-68]. The non-bonded and bonded parameters are
listed in Table 1. We have evaluated the density and liquid-
vapour surface tension at 300 K and compared with the avail-
able literature values (Table 2). These simulated results are in
line with the experimental values (within the error bar). The
surface tension is computed from the normal Py and tangential
Py components of the pressure using the mechanical
expression [69, 70]:y = (L;/2)[(Pn) — (Pr)]-

The interaction between fluorocarbon (FC) lubricant and
the mW water is modelled through 12-6 LJ potential. We
employ the procedure of Qiu et al. [64, 71] to parameterise
the interaction parameters so that the interfacial tension of
water-lubricant due to the model matches the experimental
value. The interfacial tension of water-fluorocarbon is com-
puted from the pressure tension components using the mech-
anical definition as used for surface tension calculation [72].
The system contains 300 fluorocarbon molecules and 7000
mW water. The x- and y-dimensions of the simulation box
are kept fixed (i.e. 6 nm x 6 nm). The simulation is conducted
in the NP,T ensemble, where the pressure is applied in the
z-direction. The temperature (300 K) and pressure (1atm)
are controlled with the Nosé—-Hoover thermostat and barostat,
with a relaxation time of 1.0 and 10.0 ps, respectively. A peri-
odic boundary condition is applied in all directions. The
simulated lubricant-water interfacial tension at 300 K, without

Table 1. Perfluorotri-n-pentylamine force field parameters [65-68].

Species oA € (kcal mol™")

CF3 4,65 0.1987

CF, 4.65 0.0596

N 3.25 0.1700

Bonds ro (A) K, (kcal mol™' A=)

CF3-CF, 1.529 268

CF,-N 1.448 382

Angles 6o (deg) Ko (kcal mol~" rad™2)
CF3-CF,—CF, 58.35 112.70

CF,-CF,-N 56.20 109.47

CF,-N-CF, 51.80 107.20

Dihedrals Vi (kcal mol™") V5 (kcal mol™") V5 (kcal mol™)
CF3/CF,—CF,-CF,—CF, 1.740 —-0.157 0.279
CF,—CF,—CF,-N 2.392 —-0.674 0.550
CF,-CF,-N-CF, 0.416 -0.128 0.695

Table 2. Density and liquid—vapour surface tensions of perfluorotri-n-pentylamine
in MD simulations and in experiments.

Property Simulations Experiments
Density (kg m™~>) 2019 + 10 1940°
Surface tension (mNm™") 142 + 2.1 17.1 +0.3°

aAt 298 K [42].
bAt 295-297 K [42].



Table 3. Lennard-Jones (LJ) parameters between FC and mW water; and FC and
graphite.

Species Species o R) & (kcal mol™")
CF3 mW 3.908 0.1756
CF, mW 3.908 0.0962
N mW 3.208 0.1624
CF; C 4.025 0.1052
CF, C 4,025 0.0576
N C 3.325 0.0973

long-range correction, is found to be 55.8 + 2.2 mN/m, which
is in good agreement with the experimental value (56.1 + 0.9
mN/m at 296-298 K) [42]. Furthermore, we have evaluated the
contact angle [73, 74] of mW water on a lubricant surface, the
simulation value of 119 + 3° at 300K is greater than the
experimental value (113° at 293-298 K ) [42]. The non-bonded
interaction between graphite surface and the lubricant is
described by 12-6 L] potential. The interaction parameters
are calculated according to the Lorentz-Berthelot mixing
rules by considering the OPLS parameters of graphite carbon
atom [75]. All the parameters are listed in Table 3. Lubri-
cant-impregnated nanotextured surface with and without
excess lubricant films and the icecube on that surfaces are pre-
sented in Figure 1. In the case of LIS with excess lubricant, the
thickness of the film is ~1.8 nm above the top of the pillar. For
LIS without excess lubricant, the number of perfluorotri-n-pen-
tylamine molecules are considered based on the effective
volume available in the nanotextured graphitic surfaces using
the bulk density of lubricant (evaluated from the present simu-
lation). We designed nanotextured surfaces consisting of nano-
post (2.09nm x 1.99 nm and height of 2.04 nm) by varying
inter-post spacing using model graphite surface. The textured
surface consists of four atomic layers of graphene as a base
layer and a post made out of additional graphite sheets on
the top of the base layer.

The following simulation protocol is adopted. (1) First water
film with a thickness of ~2.2 nm is placed on the LIS and equi-
librate the system at 300 K. (2) Then, the system is cooled down
to 180 K with a cooling ramp of 1 K/ns. (3) Finally, isothermal
simulation is carried out at 180 K for 20 ns. This ice crystal on
LIS is used to perform constant-velocity steered molecular
dynamics (SMD) simulation at 180 K temperature to measure
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the ice adhesion of that surface. In the present investigation,
the MD simulations are performed in the NVT ensemble
using LAMMPS simulation package [76] Periodic boundary
conditions of the simulation box are applied in the x- and
y-directions and non-periodic in the z-direction with ~15 nm
above the ice crystal in order to avoid interaction with its
periodic surface and simulate the system with a free surface.
The temperature in the MD simulations is controlled by
Nosé-Hoover thermostat with a relaxation time of 1ps and
an integration time step of 5fs. The atoms of LIS are kept
fixed during the SMD simulations.

The adhesion strength of an ice crystal on the substrate is
investigated by using SMD simulation approach [77-79]. In
this simulation, time-dependent external forces are generated
by an external harmonic potential. The harmonic spring poten-
tial can be expressed as

K 2

Usup(t) = —[vt — (Z(1) — Z)] 1

where K is the spring constant, and Z is the initial position of
the centre of mass (COM) of an icecube moving with a constant
velocity v in the pulling process. Z(t) is the current position of
the COM of icecube and the harmonic potential acting on the
COM of the z-coordinate of icecube during the pulling process.

The pulling force exerted on the COM of the icecube can be
defined as

F(t) = Klvt — (Z(t) — Zo)] ()

Within the framework of free energy landscape with respect to
the chosen coordinate, the external work can be evaluated
based on the given equation [80, 81]:

t

Fvdt
0

W(t) = j 3)
The free energy difference or the work done for separating the
two states can be calculated based on the Jarzynski’s equality
[78], which provides an estimation of the potential mean
force (PMF) from a nonequilibrium process using a good stat-
istic for averaging [82]. According to Jarzynski’s equality [78],
the free energy AF can be estimated based on the following

Figure 1. (Colour online) (A) Schematic illustration of a icecube subjected to pulling on LIS in presence (left) and absence (right) excess lubricant films. (B) Top and side

views of simulation system: (left) with no excess and (right) with excess lubricant.
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equation:

AF = —% log(exp(—BW)) (4)
where B8 = 1/(kgT) in which kg is Boltzmann constant and T is
the temperature. W is the work during pulling or shearing pro-
cess and (- - -) denotes the ensemble average.

Recently, this force-probe MD simulation has been per-
formed to investigate the detaching and shearing stress of ice-
cube on silicon, graphene [83] and on single-walled carbon
nanotubes array [84]. In the present study, the pulling or slid-
ing velocity is constant and is considered to be 0.5 nm/ns. The
force is either normal or parallel to the substrate for pulling and
sliding of an icecube, respectively, and the spring constant K is
chosen to be 1.2 kcal/mol/nm” in accordance with a previous
investigation [83]. We have performed at least 6 independent
SMD runs after equilibrium to estimate the ice adhesion
strength.

3. Results and discussions

We first examine how the ice adhesion is influenced by the
lubricant film. The ice adhesion strength obtained from pulling
the icecube off the substrate perpendicular to the ice-substrate
interfacial plane at 180 K. Figure 2 illustrates the pulling force
onto the COM of the icecube as a function of pulling distance
during the SMD simulations with a pulling rate of 0.5 nm/ns
and a sequential snapshot during pulling process of a typical
SMD simulation. We find that during the pulling process the
icecube is first pulled at one corner from the LIS and then
detached completely from that substrate. A similar behaviour
has seen earlier MD study of ice adhesion on smooth graphene
and silicon surfaces [83]. Figure 3 shows the number of water
molecules as a function of distance along the direction normal
to the substrate during the pulling process. The decrease in

280
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Figure 3. (Colour online) The number of water molecules as a function of distance
z above the surface (post density, ¢ =4x 10'5/m?) during pulling at different
times (i.e. t1 <2 < t3 < t4 < t5).

ordered peaks height in the density profile appears due to tilting
of the icecube as the pulling force reaches to maximum pulling
force (see snapshots b and c in Figure 2). The density profile
also supports that the icecube is pulled at one corner from
the LIS (i.e. at t2, t3, t4) and then detached completely from
that substrate (at t5) during the detachment process of the ice-
cube. The detaching force is obtained from the maximum force
at which a sudden drop in the force-distance profiles. The pull-
ing strength or detaching stress is evaluated by taking the max-
ima of the pulling force (F ;f,fl’l‘ ) divided by interfacial area (A).
We have also observed the pulling force increases as applied
velocity becomes larger. Figure 4 shows the ice adhesion
strength toLIS (post density, ¢, = 28 x 10'*/m?) in presence
and absence of the excess lubricant films. The average detach-
ing stress to LIS with excess lubricant films is lower than that on
LIS without excess lubricant films. In experiments, the ice
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Figure 2. (Colour online) Pulling force loaded on the COM of the icecube as a function of pulling distance Z(t) at a constant pulling rate.
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Figure 4. (Colour online) Comparison of the average ice adhesion strength (i.e.
detaching stress) on LIS with and without excess lubricant films.

adhesion strength on superhydrophobic surfaces is less than
2.5MPa [48, 85], which is two order of magnitude lower
than the computed adhesive strength using SMD simulations
[83, 84]. This high value of strength arises due to high pulling
rate applied in SMD simulations, which is & 6-7 orders of mag-
nitude higher compared to experimental rate [83]. Subrama-
nyam et al. [50] investigated the lubricant film dependent ice
adhesion strength on LIS and found that about 15 times
lower ice adhesion on LIS with excess lubricant (silicon oil
and DC704) than that of texture surfaces without excess
films. In this study, we used perfluorotri-n-pentylamine as a
lubricant and found that the detaching stress of an icecube
on LIS with excess lubricant is 135 + 4 MPa, which is ~20%
lower than on that LIS (¢, = 28 x 10'5/m?) without excess
films. In addition, we evaluate the crystallisation temperature
of the water film on LIPs with and without excess lubricant.
We have performed 6-8 independent simulations with a cool-
ing rate of 0.5 K/ns and each starting at a temperature of 240 K.
In these simulations, lubricant molecules are kept unfrozen.
The crystallisation temperatures obtained for LIPs
((pp =28 x 10'3/m?) without and with excess lubricant are
203 + 2K and 193 + 2K, respectively. Therefore, in the pres-
ence of excess films, the hydrophobicity of the substrate is
enhanced than that of LIS without excess lubricant films and
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Figure 6. (Colour online) Plot of adhesive energy along the orthogonal direction to
the LIS for different nanopost density.

as a consequence higher value of the ice adhesion strength.
This is consistent with the observed lower value of crystallisa-
tion temperature of water on LIS with excess lubricant com-
pared to a lubricant-infused textured surface without excess
lubricant.

Next, we investigate the effect of nanoposts density on
ice adhesion by varying the spacing between the posts. Figure 5
(a) shows the pulling force observed during the SMD simu-
lations of detaching icecube for different post density in the
LIS. The average adhesion strength of ice (i.e. normalised by
that on smooth graphite substrate surface) obtained from the
pulling process is plotted in Figure 5(b). We find that ice
adhesion strength is dependent on texture and increases with
increase in the density of nanoposts. We observe that at
lower values of texture density, the ice adhesion strength
increases linearly ~with increase in texture density.
Experimental investigations have shown that the ice adhesion
strength on the textured surface increases with an increase in
the total ice-substrate contact area [34, 38]. Meuler et al. [12]
found that the average ice adhesion strength correlates
linearly with the practical work of adhesion for the liquid
water drop on bare steel and different coatings surfaces. In
this work, the results are in line with the experimental obser-
vation ie. as the nanopost density increases, the ice-solid
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Figure 5. (Colour online) (a) Plot of the pulling force as a function of pulling distance during detachment of the icecube from the LIPs. (b) The average ice adhesion
strength normalised by that on smooth graphite substrate surface as a function of nanoposts density.
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Table 4. Adhesive interaction energy and adhesion strength (from PMF) of icecube
for different LISs.

Adhesive interaction Adhesion energy

Post density x10'/m? energy (kcal/nm?) (mJ/m?)
71 —9.90 + 0.07 0.517
39 —9.04 + 0.15 0.265
28 —8.74 + 0.17 0.234
18 —8.48 + 0.10 0.214
4 —8.10 £+ 0.06 0.177

(texture) contact area is enhanced leading to increase in the
ice adhesion strength on LIS. However, Subramanyam et al.
[50] have shown that ice adhesion strength enhances
with decreasing the density of microposts, which is counter-
intuitive because the highest ice-solid substrate contact area
in their work performed the best anti-icing surface. The authors
argued that ice adhesion strength is reduced due to the brittle
adhesive failure at the ice-solid interface which indicates
the high-density stress and cracks initiate sites at the edges of
the microposts of the lubricant-impregnated microtextured
surfaces [50].

We also evaluated the adhesive interaction energy between
the LISs and the icecube along the normal to the substrate
surface as shown in Figure 6. Here the icecube interacts
with substrate surface through the van der Waals (vdW)
interaction. The first trough appears in the range of ~2.7-
3.1nm due to the presence of water molecules below the
top of the pillar surface (z=3.1 nm, the centre position of
the top of the texture graphite substrate surface). The second
trough clearly indicates that the interaction energy between
the icecube and the substrate increases with an increase in
post density. As the texture density increases the contact
area between the posts and the icecube is increased, and as
a consequence higher value interaction between an icecube
and a lubricant-infused texture surface. We evaluate total
adhesive interaction energy per unit area for different LISs

(see Table 4) which are consistent with the ice adhesion
strength obtained from the pulling process. Furthermore,
we have calculated the adhesion energy of icecube from the
potential mean force and found that the adhesion energy
enhances with an increase in nanopost density.

In order to understand the ice shearing mechanism on
LIS, we apply a constant shearing rate onto the COM of
the icecube parallel to the substrate (i.e. x-direction of the
simulation system.) In order to move the icecube on LIS,
we increase the surface area in x-direction 3 times and 2
times in y-direction of the original simulation boxes, as
shown by the simulation snapshot in Figure 7. Figure 7
also shows the shearing force curve obtained as a function
of the sliding distance for a nanopost density of 28x10'°. A
similar shearing behaviour of an icecube on LIS without
excess lubricant films is observed during the sliding process
for all other systems, which is consistent with a previous
force-probe MD study [83]. To address the effect on the
density profile in the shearing process of the icecube, we
plot the average number of water molecules as a function
of distance along the direction normal to the substrate
during sliding of icecube at different times as shown in
Figure 8. From the density profile, it is clear that after
the first sliding of the icecube (ie. maximum force in
Figure 7), the crystal structure of the icecube is slightly dis-
torted, though negligible as tetrahedral order parameter
(figure not given) indicates no significant change in the ice
structure. We evaluate the shearing stress from the maximum
force required to move the icecube on the LIS and the aver-
age shearing stress is 25 * 3 MPa, which is about 7 times
lower than the detaching stress on the lubricant-impregnated
nanotextured surface. We observe that the effect of nanopost
density on the ice shearing on LIPs is less sensitive and the
average shearing stress varies in the range of ~23-30 MPa
with nanopost density.
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Figure 7. (Colour online) The shearing force as a function of shearing distance. Snapshots (a—e) show the icecube at different position on the LIS during sliding.
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4, Conclusions

We have systematically performed the coarse-grained model of
water and lubricant to simulate the ice adhesion mechanism on
lubricant-impregnated textured surfaces using SMD simulations.
We find that the lower adhesion strength of the icecube on LIS
with excess lubricant layer than the LIS in absence of excess lubri-
cant films. By varying the density of nanoposts in the LISs, we
show that the ice adhesion strength (i.e. detaching stress) depends
on the texture density and increases with nanoposts density. This
is mainly due to the increase in the ice-solid contact area which
explains the increasing trends in the ice adhesion on LIS. We find
that the adhesive interaction between the icecube and the solid
substrate surface increases with nanopost density. However, our
molecular level investigation does not provide an explanation
for the experimental observations of ice adhesion on LISs on
square microposts with micro-scale inter-post spacing [50],
where ice adhesion strength is reported to minimise by the num-
ber of crack initiation sites in the LIS. Furthermore, we study the
shearing of icecube on LIS which is found to be less sensitive with
variation in the nanopost density.
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