il éﬂ“ﬂﬂuﬂnﬂn
LT TP LT F
eano e

bl 117

21 September 2020
Pages 8087-8300

Volume 16
Number 35

ocnn#
e, 4

4
3

2507,
Stee,
oatates?

Factors controlling the pinning force of liquid droplets on

Halim Kusumaatmaja et al.
liguid infused surfaces

ISSN 1744-6848

)
RO

..’0..
VOOOA

0’0 .’ \J

.Q...

journal

OF CHEMISTRY

! IROYAL SOCIETY

Soft Matter

rsc.li/soft-matter




Open Access Article. Published on 24 July 2020. Downloaded on 3/15/2026 7:32:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

W) Check for updates ‘

Cite this: Soft Matter, 2020,
16, 8114

Muhammad Subkhi Sadullah,

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Factors controlling the pinning force of liquid
droplets on liquid infused surfaces

Jack R. Panter and Halim Kusumaatmaja =) *

Liquid infused surfaces with partially wetting lubricants have recently been exploited for numerous
intriguing applications, such as for droplet manipulation, droplet collection and spontaneous motion.
When partially wetting lubricants are used, the pinning force is a key factor that can strongly affect

droplet mobility. Here, we derive an analytical prediction for contact angle hysteresis in the limit where

the meniscus size is much smaller than the droplet, and numerically study how it is controlled by the

Received 28th April 2020,
Accepted 21st July 2020

DOI: 10.1039/d0sm00766h

solid fraction, the lubricant wetting angles, and the various fluid surface tensions. We further relate the
contact angle hysteresis and the pinning force experienced by a droplet on a liquid infused surface, and
our predictions for the critical sliding angles are consistent with existing experimental observations.

Finally, we discuss why a droplet on a liquid infused surface with partially wetting lubricants typically

rsc.li/soft-matter-journal

1 Introduction

Since their inception,' liquid infused surfaces (LIS) have been
prized for their anti-adhesive nature, which results in properties
such as the high mobility of liquid droplets and anti-fouling.
These properties are highly desirable in a broad range of
applications, from marine and medical coatings,*” to non-stick
packaging,® and digital microfluidics.”

LIS are formed by impregnating a rough, porous or textured
surface with a lubricating liquid, which is immiscible to the
mobile liquid phase introduced to LIS. The lubricant also needs
to preferentially wet the solid compared to the mobile liquid
phase.’ This lubricant layer imbues LIS with significant advantages
over superhydrophobic surfaces, such as pressure stability” and
self healing.®

High mobility of a liquid droplet is particularly obtained when
the lubricant completely wets the surface texture, as pinning of
the droplet on the surface is negated by the intervening lubricant
layer. However, the dependency on a fully wetting lubricant often
limits the implementation of LIS, both due to the difficulty of
finding the suitable lubricant for the desired applications,* and
due to the possibility of lubricant depletion.'*™*

On the other hand, LIS with partially wetting lubricant have
increasingly attracted interest, especially with a number of
external stimuli shown to allow reversible change of wetting
states from slippery to sticky (see for example the recent review
ref. 15). Such surfaces have substantially expanded functionality
compared to the purely slippery surfaces, with the ability to
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experiences stronger pinning compared to a droplet on a classical superhydrophobic surface.

locally change a droplets’ mobility leading to the demonstration
of fog capture even in high winds,'® to introduce bidirectional
motion under texture gradients,'” and recently the unprecedented
manipulation of both droplets and colloids."®

It is important therefore to understand pinning from two
perspectives: as a problem to be minimised, or as a functional
phenomenon to be controlled. However, to the best of our
knowledge, the quantitative relationship of the pinning force to
both the surface roughness and fluid properties has never been
systematically studied on LIS.

In this contribution, we study the pinning force and contact
angle hysteresis (CAH) of a droplet on LIS. We begin by developing
an analytical model for CAH based on averaged Cassie-Baxter
surface properties. For simplicity, we limit our study to the case
where the meniscus size is significantly smaller than the droplet
size. We then observe both advancing and receding contact angles
using computer simulations, showing that the simulated CAH
closely matches the analytical results. We, therefore, are able to
accurately quantify the hysteresis based on the surface roughness,
and the set of fluid-solid and fluid-fluid surface tensions. Further,
we derive the total pinning force and demonstrate that our
prediction is consistent with experimental observations.

We find, similar to droplets on solid surfaces, that there is a
competition between two factors which control the pinning
force on LIS, (i) the droplet base perimeter and (ii) the cosine
difference between the receding and the advancing angles. Our
theory suggests that this competition minimises pinning when
the apparent contact angle approaches 0,5, — 0° or a5, — 180°,
but maximises it at an intermediate value of the apparent contact
angle, 0., ~ 65.5°. Since most reported values of the apparent

contact angle on LIS are moderate (0,p, ~ 80°-100°), this means a

This journal is © The Royal Society of Chemistry 2020
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small but non-zero CAH can lead to a significant critical sliding
angle for droplets on LIS.

2 Method

In this work, we are interested in static wetting configurations,
rather than the dynamics of LIS system. The static con-
figurations can be obtained by minimising the total free energy.
A typical LIS system consists of three fluid phases (droplet,
lubricant and gas phases) and a textured solid. To simulate
such systems, we need a free energy model which can describe
(i) the existence of the three fluid phases and their respective
interfacial tensions, and (ii) fluid-solid interactions, which in
turn determines the contact angles of the fluids on the solid
surface.

To do this, we employ a diffuse interface approach in which
the total free energy is constructed as

Y= J lIlfluiddV + J lIlsurfacedS~ (1)
Vv S

The fluid free energy is given by'®

3 2
%”cmz(] G+ %(vcm)? @)

m=1

¥ fuid =

The C,’s are the order parameters which represent the
co-existence of three bulk fluid phases in the simulation space.
The interfacial tensions between fluid m and n are controlled by
the x,, parameters and the interface width a via

Ymn = A(Km + K,)/6. (3)

For concreteness, we have chosen phases m = 1, 2, and 3 to be
the droplet (d), gas (g) and lubricant (1) phases respectively.
The surface free energy is given by*°

2
1 1
'Psurface = Z _6V3/11 cos 03m <§Cm ‘52 - gcm ‘82) . (4)

m=1

Here, C,|s is the value of C,, at the surface. We also chose to
control the solid-fluid interaction using the parameters 63; and
035, corresponding to the lubricant-droplet and lubricant-gas
contact angles, 0ig and 0, respectively. For thermodynamic
consistency, the third contact angle, i.e. the droplet-gas contact
angle, is prescribed once the other two contact angles are
determined, following

7g1€0S Ogy + 714 €OS O1q + Pgg€OS Ogg = 0. (5)

This is often known as the Good-Girifalco relation.*!

In this work, the total free energy of the system is minimised
using the L-BFGS algorithm,?* following the numerical scheme
discussed in ref. 23 and 24. The L-BFGS algorithm is chosen
due to its efficiency for minimisation problems with a large
number of degrees of freedom, though in principle other
minimisation routines may also be employed.

This journal is © The Royal Society of Chemistry 2020
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3 Results and discussions
3.1 Derivation of pinning force and CAH

The pinning force per unit length for a droplet on a dry (not
lubricated) textured solid surface is given by*’

Jary = 7ag4 cos 0, (6)

where yq, is the surface tension of the droplet with the gas
phase and 4 cos0 = (cos 0% — cos () is the difference in the
cosine of the receding 6% and the advancing 6* contact angles
for the droplet-gas-solid contact line.

Compared to other surfaces, the distinguishing feature of
LIS is the presence of the lubricant meniscus. As such, the
droplet-gas-solid contact line is not present. Instead, we have
to consider the compound effect of droplet-gas-lubricant,
droplet-lubricant-solid and lubricant-gas-solid contact lines,
as illustrated in Fig. 1. Semprebon et al. have derived an
expression for the CAH on LIS using geometrical analysis of the
meniscus.>® Here, we will show that the CAH can also be
derived employing a simpler argument based on force balance.

Let us consider a droplet on LIS under the influence of an
external force Fe, as shown in Fig. 1. Here, ¢ denotes the
effective interfacial tension of LIS with the fluid phase m, with
m =d, g, 1. The subscript s, d, g and | are to indicate the solid,
droplet, gas and lubricant phases respectively. LIS can be
considered as a composite surface where ¢y fraction of the
surface is solid surface and the remaining (1 — ¢) is the
lubricant surface.”” The effective interfacial tension of the fluid
phase m with the composite surface can then be written as

V:rfrfl = @sYsm T (1 - Qos)ylm- (7)

The pinning force per unit length for a droplet on LIS fi;s
can be calculated from the sum of the effective interfacial
tensions of this composite surface at the outer and the inner
contact lines, as indicated in Fig. 1. Hence, fis is written as

fus = O — 98T + 8 — 92 outer + ([0S — ySAR
+ [Vgglf - V:]ff]A)inner- (8)

The superscripts A and R indicate the advancing and the
receding menisci.

droplet-gas-lubricant
contact line

—

ext

gas

outter lubricant

contact line

Wy - O O
Receding F,, Advancing
meniscus < meniscus

Fig. 1 Droplet on LIS under influence of an external force Feu. The
resisting force due to contact line pinning, Fyin, is pointing in the opposite
direction. We have also shown the surface tension forces acting on the
inner and outer contact lines.

Soft Matter, 2020, 16, 8114-8121 | 8115
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Generally, the terms for the outer and inner contact lines
cannot simply be added together since they are to be integrated
over different lengths (i.e. the inner and the outer droplet base
perimeters). However, in the limit where the meniscus size is
small compared to the droplet, the outer and the inner droplet
base perimeters can be taken to be approximately the same.>*>®
In this approximation, we can introduce the effective lubricant
wetting angles as

eff eff eff eff

peff

eft _ Vsg T Vsl eff _ Vsd — sl

e == cosly ==, 9)
V1g V1d

cos ¢

such that eqn (8) can be written into

fuis = ([ngeos Oy — g cos OFFT* — [yigcos Oy — yiq cos 05T ).
(10)

The advantage of this expression is that it allows us to easily
distinguish the contributions from the advancing and receding
menisci. Alternatively, eqn (10) can be further simplified to

— eff,R eff,A: eff,R eff,A:
Jus = Piglcos Oy — cos 05 ™) — yia(cos Oig™ — cos 0fg ™)

= g4 cos Hfgff — a4 cos 6. (11)

3.1.1 Depinning mechanisms. Numerous simulation studies
have been conducted to investigate the effective contact angles
when a droplet is about to move on a dry textured surface.”** In
such cases, we typically consider two contact line depinning
mechanisms, corresponding to the advancing and receding
contact lines of the droplet-gas interfaces. In contrast, for LIS,
we must consider how both the lubricant-droplet and lubricant-
gas interfaces advance and recede.

For an advancing contact line on a dry textured surface, the
front part of the droplet typically advances by bridging to the
front subsequent post. For LIS, such a contact line depinning
mechanism is also observed for the lubricant-droplet interface at
the advancing meniscus as well as the lubricant-gas interface at
the receding meniscus.*® Therefore, the effective contact angle for
both interfaces are zero when they depin, [OIegf, R =0 and [651]" = 0.

There are various mechanisms for the receding contact line
to depin from the post, which depend on the post geometry.>*
For LIS, this is relevant for understanding the lubricant-droplet

View Article Online
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interface at the receding meniscus and the lubricant-gas inter-
face at the advancing meniscus. Here we will focus on a square
array of rectangular posts, and we can use our numerical
approach to determine the relevant depinning mechanism. To
do this, we start by simplifying the system studied and isolate the
advancing lubricant-gas and the receding lubricant-droplet
interfaces, as shown in Fig. 2(a and b). To reduce the computa-
tional cost, we concentrate our numerical study in the region
close to the contact line. We have used a quasi 3D setup where
only a single row of posts are explicitly simulated at the bottom
surface, a smooth wall is used for the top surface, and periodic
boundary condition is applied in the direction perpendicular to
the row of posts. Two fluid phases are then introduced in each
half of the simulation domain, and the two phases have equal
pressure such that their interface is flat. The top contact angle f8
can be controlled to measure the depinning angles. This is
performed by varying f and recording its critical angle, fax,
for the stability of the corresponding interfaces. Simple geo-
metry then dictates that fi,. is the critical depinning angle for
(051" and [0F1]".

The typical development of a receding interface is shown in
Fig. 2(c) upon varying f. The interface is initially stable and
pinned at the corner of the rectangular post (purple line).
Increasing f deforms the interface (blue line) until we even-
tually reach f,ax (cyan line). Here the interface detaches from
the corner and the contact line slides on top of the post (see
green, orange and red lines), while maintaining a constant
contact angle at the top plate. For this depinning mechanism,
the critical angle is given by fmay = 05, where 0f5 is the Cassie-
Baxter contact angle*’' of the composite surface:

C0S Prmax = €08 O5F = s cos O + (1 — @), (12)

and m = d, g. For the quasi 3D setup, where the contact lines of
the lubricant-gas and the lubricant-droplet interfaces are
along the y-direction (see Fig. 2), the relevant solid fraction is
taken to be the line average, instead of the surface average.”*
Hence, we define the solid fraction as ¢s = W,/L,, where W, and
L, are the width and periodicity of the posts in the y-direction.
As an illustrative example, Fig. 2(d) shows the measured fpax
for different ¢; and Young’s angles 04 = 0,z = 60°. We consistently
find this depinning mechanism to be at play for the surface

a , 60f(d)
(@) lubricant @ ) ]
= 55 O lubricant-droplet interface
' ‘ g O lubricant-gas interface
.§40- — Eq. (11)
i ]
lubricant o 30}
i H B EN 20}
poa

X

02 03 04 05 06 07 08
Solid fraction @y

Fig. 2 Simulations of the depinning mechanism using quasi 3D setups for (a) the advancing lubricant—gas and (b) the receding lubricant—droplet
interfaces. The top contact angle f8 can be tuned to find 0% and 0" (c) The typical evolution of the contact line when f is increased. For f < Bmax
(purple and blue lines), the contact line is pinned. At # = fimax (Cyan, green, orange and red lines), the contact line slides on top of the post. The
measurement of S, for different ¢ and its comparison with eqn (12) are presented in panel (d). Here, we have used 04 = 0ig = 60°.

8116 | Soft Matter, 2020, 16, 8114-8121
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textures considered in this work (square arrays of rectangular
posts). Similarly good agreement between numerical results and
the prediction in eqn (12) is also obtained for other Young’s
contact angles.

3.1.2 The advancing and the receding angles. Following
the previous subsection, the depinning angles for the advancing
lubricant-gas and the receding lubricant-droplet interfaces are
given by

cos 0PI = g cos Oiq + (1 — o), (13)

cos 0P = g cos Oig + (1 — @) (14)
Substituting eqn (13) and (14), as well as [0f7 ] = [0§]* = 0, into
eqn (10), we obtain the full expression of the pinning force per
unit length for a droplet on LIS:

fLIS = [Vlg - Vld(q)s Ccos gld + (1 - q)s))]R - [ylg(q)s cos elg + (1 - (ps))
= nal, (15)

or alternatively,

Juis = @g11g(1 — cos Oyg) + 11a(1 — cos Og)]- (16)
One important observation from eqn (15) or eqn (16) is that the
magnitude of the pinning force does not actually depend on the
droplet-gas surface tension, y4e, which distinguishes the case
of pinning on LIS to pinning on other solid surfaces. Addition-
ally, eqn (16) highlights that there is no pinning for the
complete lubricant wetting case (0, = 01q4 = 0°). Nonetheless,
to allow comparisons with other solid surfaces, it is useful to
write eqn (15) in the following form

View Article Online
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where Acosf = cos0® — cos0” and the receding and the
advancing contact angles are respectively defined as

Yig Y

cos OR = —(¢pgcosliq + (1 — o)), (18)
Vdg ydg
A Vg Y1d
cos 0% = £ (¢, cos Oy + (1 — @) — =< (19)
Vdg Vdg

These receding and the advancing contact angles are inter-
preted as the apparent contact angles at the front and rear of
the lubricant meniscus as a liquid droplet depins on LIS (see
Fig. 1). Here, we also define CAH as A0 = 0* — 0%,

It is worth noting that, in this work, we have focussed on the
case where the lubricant does not encapsulate the droplet.
When the lubricant encapsulates the droplet, the effective
droplet-gas surface tension becomes § = yig + 714.>

3.2 The effect of changing fluid and solid properties

Eqn (18) and (19) suggest the advancing and receding angles
are controlled by the surface tensions (yqg, 71, 714), the lubricant
wetting angles (0, 0iq), and the fraction of solid ¢, In this
subsection we will systematically test the validity and accuracy of
eqn (18) and (19) for predicting the advancing and receding angles.

To do this, rather than simulating the whole droplet (top
panel of Fig. 3(a)), we will focus on the region around the
lubricant meniscus (lower panel of Fig. 3(a)). In this simulation
setup, the three fluid phases are present; and as in the setup in
Fig. 2, the movement of the meniscus is controlled by the contact
angle at the top plate, . The maximum angle .« for which the
meniscus remains stable corresponds to the advancing angle 0*;
while the minimum angle ., is the receding angle 0%,

We first investigate the role of meniscus size on the advancing
and receding angles. The meniscus size can be controlled by

Juis = yag 4 cos 0, (17) tuning the volume of the lubricant phase. Here, we parameterise
(a) Droplet on liquid infused surface 1Oy 105} (c) 105} (d)
I \ % 100 100 Mﬂ/ﬂ/ﬂ/ 100
/ e\ | g 95 95
! :\ g A g4 A @4 Y
/ B \\\ & 90 LR 90 L R 90 o OR
] i \ T —I| 85 85
/ itk \ | 8= ° 80} ——————{ 80
I Zezsnsassaspe 7 75 75
L b1 AL 1 2 3 4 5 30 40 50 60 30 40 50 60
M 0), (degrees) 0,4 (degrees)
Meniscus part of the droplet 110 " 150
Receding B/ Advancing (e) 110 D 7= Vlg/ Vag | © 0: 110 (8) 7= Vag
— Y — |2 100 o 6
72}
8 100 \A\A 100 A
droplet " gas 5 90 A zlf: 9 90
lubricant :8/ Al = 80 D\D\D\E\ 80 ’G/E/\'ﬂ/ﬂ/ﬂ
R (S 70 70 A 64
0" = Buin 6 = B 70 60 60 o OR
02 03 04 05 06 0.7 08 0.55 065 075 085 0.55 065 @ 075 085
/8 Vig Yia

Fig. 3

(a) Simulation setup for the advancing and the receding angles. To reduce computational costs, we focus on simulating the region around the

lubricant meniscus. By varying f5, we are able to investigate when the meniscus advances or recedes. The parameters studied are (b) the meniscus size,
(c) the lubricant—gas wetting angle, (d) the lubricant—droplet wetting angle, (e) the solid fraction, and the ratios of (f) lubricant—gas and (g) lubricant—
droplet surface tensions with the droplet—gas surface tension. In (b—g), the red and blue lines are theoretical predictions for 6* and 6% given in
eqn (18) and (19) respectively. The default values of the parameters are 0y = 60°; 0,4 = 60°; s = 0.5; and yg/7ag = Y1a/7ag = 0.69.

This journal is © The Royal Society of Chemistry 2020
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the meniscus size M by taking the ratio of the cross sectional area
of the lubricant meniscus to the unit cell of the post. The unit cell
of the post is defined as the product between the centre-to-centre
distance between neighbouring posts and the height of the posts.
Furthermore, we set the pressure in the droplet and gas phases to
be equal, such that we are always in the vanishing meniscus
regime®® where the radius of the curvature of the lubricant
meniscus is much smaller compared to the radius of curvature
for the droplet-gas interface. From Fig. 3(b) we can see that the
advancing and the receding angles are independent of the
meniscus size in this limit.

The effect of the lubricant wetting angles, 0;, and 0,q, are
presented in panels (c) and (d) of Fig. 3. In panel (c), we observe
that 0y, only affects the advancing angle but not the receding
angle. This is because 0}, controls the depinning angle of the
lubricant-gas interface when the droplet is advancing. When
the droplet is receding, the lubricant-gas interface moves by
bridging the neighbouring post, which is independent from 0.
Similarly, the bridging mechanism occurs for the lubricant-
droplet interface during the advancing motion. As such, 64
does not affect the advancing angle, as shown in panel (d). In
contrast, during the receding process, the lubricant-droplet
interface moves by depinning from the post. Hence, the receding
angle is affected by 0q.

The influence of the solid fraction ¢ is shown in panel (e) of
Fig. 3. Here, we vary ¢; = W,/L, by changing the post width in
the direction perpendicular to the row of post (W,). It is intuitive
to foresee that A0 increases with ¢¢. More specifically, this is
because 0* increases while 0% decreases with ;. This finding is
aligned with the experimental results in ref. 3. In their work,
although 6* and 6% were not measured directly, they showed
that the pinning force that acts on a droplet on LIS can be
reduced by employing surfaces with smaller ¢s.*

Next, the effect of the lubricant interfacial tensions is
demonstrated in Fig. 3(f and g). Interestingly, increasing 7,
decreases both the advancing and the receding angles, while for
714, the effect is reversed. This is due to the fact that increasing
71g generally makes a droplet on LIS to be more hydrophilic-like,
while increasing y,4 makes it more hydrophobic-like, and thus
the change of the contact angles follow accordingly.**?*

Finally, we have argued in eqn (15) and (16) that the pinning
force of a droplet on LIS does not depend on the droplet-gas

=
(=]

F @ ]
60 F
s we ]
:‘3\ 50 -
40 £
a A Advancing angle (6%)
B 30 F ) ]
Sl O Receding angle (6%)
20
i V———r:lf = = = =
[V - . . : :
0.060 0.065 0.070 0.075 0.080
Yag (N/m)
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interfacial tension yq. Indeed, while the magnitudes of the
advancing and receding angles are influenced by yq,, see Fig. 4(a),
the pinning force per unit length is constant regardless of y4g,
as shown in Fig. 4(b).

By studying each independent variable systematically, we
have therefore demonstrated that eqn (18) and (19) are an
excellent model to describe the advancing and receding angles,
as well as the contact angle hysteresis. All simulation results are
in excellent agreement with this model.

3.3 The relationship between CAH, sliding angle and pinning
force

One common practice to determine the CAH is to measure the
advancing and the receding angles when a droplet is sliding as
the substrate is inclined.?” The droplet starts to slide when the
external body force is larger than the pinning force that holds
the droplet on the surface. The sliding angle « is related to the
external body force via a simple relation

Fext = pVaropg Sin o.. (20)

Here, p and Vqyop are the density and volume of the droplet,
while g is the gravitational acceleration.

To obtain the total pinning force, we need to integrate the
pinning force per unit length over the base perimeter of the
droplet contact area with the solid. Consider the geometry
illustrated in Fig. 5, where again we focus on the vanishing
meniscus limit. The pinning force per unit length is given by
7ag4 cos 0; however, to balance the external force, we only need
the vector component in the opposite direction of Fey. Denoting
¢ as the azimuthal angle around the droplet, this corresponds
to yged cos 0sin ¢. Assuming that the droplet base is circular,
the total pinning force is then

u
Foin = J 7dg4 €08 0sin ¢ Ryddp = 2Rqy4,4 cos 0, (21)
0

where Ry is the droplet base radius. When Vo is known, Ry is
linked to the droplet apparent contact angle 0, via

1/3
12/m) V. .
Ry = (12/m) Virop $in Oapp, (22)
8 — 908 Oapp + €08 (30upp)

0.035 [ i} ' ' ' ]
= 0030} ]
£ o o
3 0.025
3
% 0020} ]

0015t . . . . . E

0.060 0.065 0.070 0.075 0.080
Y4 (mN/m)

Fig. 4 (a) The effect of y44 ON 0 and 67 The red and blue lines are the theoretical predictions for #* and 6% as given in egn (18) and (19) respectively.
(b) The pinning force per unit length for a droplet on LIS is independent of y4q.
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and the pinning force can be rewritten as

1/3
(12/1’5) Vdrop
8 — 9c0S Ogpp + €08(304pp) /|
(23)

Fpin = 25N Oypp7 4,4 cOs 0 (

We can now balance the external body force eqn (20) with
the pinning force eqn (21) to obtain the theoretical prediction
of the sliding angle «, which is given by

o (2yngdA cos 0)
o=sin [ —————|.

24
pVaropg ( )

Using eqn (24), we can compare our theoretical prediction
against available experimental results. For this purpose, we
use the experimental data reported in ref. 3 for water droplet on
BMIm (an ionic liquid) infused surface. The comparisons are
given in Table 1. The predicted sliding angles are consistent
with the experimental values o..

From Table 1 we find that, on LIS, a relatively low CAH (A6)
can still lead to a significant critical sliding angle o. This is
different compared to superhydrophobic surfaces where o usually
has the same magnitude as Af. It also suggests we should be
cautious when using A0 to characterise the mobility (and more
generally, liquid repellency) of a liquid droplet on LIS.

To explain why a droplet on LIS may suffer from a large
pinning force, let us now consider two key aspects in which the
contact angle of a droplet can affect the pinning force in eqn (21),
namely through the droplet base perimeter R and the difference
in the cosine of the contact angle Acos@. First, for LIS, the
apparent contact angle 0, is relatively low such that the droplet
base perimeter is large, in direct contrast to the large contact
angle and small base perimeter for drops on classical super-
hydrophobic surfaces. This large droplet base perimeter can
potentially magnify the pinning force, since Fp,j, oc R. Second,
the 4 cos 6 term has an implicit dependence on the contact angle.
Even for the same value of A0, 4 cos 0 is greater when 0, ~ 90°

Table 1 Comparisons between the experimental data from ref. 3 and the
theoretical predictions using eqn (24) for the sliding angles of droplets on
LIS

s A6 () o (7) % () loc — ae| (°)
0.25 8 28 30 2
0.33 11 37 45 8
0.44 14 53 60 7

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Visualisation of the effects of CAH and the droplet shape on the

pinning force. The inset shows the non-dimensionalised droplet base

radius Rd/?/ Varop and 4 cos 0 against 0,pp.

than when 0,5, & 180° or 0,,, = 0°. Therefore, droplets on LIS
are prone to large pinning forces when A0 is large since most LIS
systems reported in the literature have 0., ~ 90°.

It is useful to express the pinning force in a non-dimensionalised
form, given by

od Fpin

Fopn = —2 25
Ve (25)

3

_ | (12/m)(2sin? 0,pp A0
pinﬁ ( app ) (26)

8 — 908 Oypp + €08(304pp )

for small A0. This non-dimensionalised form of the pinning
force depends only on A6 and 0,,,, which respectively represent
the CAH and the shape of the droplet. It is worth noting that
eqn (26) is generally valid for any surface, not just for LIS.

The effects of A0 and 0, on the pinning force are visualised
in Fig. 6. Interestingly, we find that the pinning force reaches
its maximum at 0,p, = 65.5°, regardless of Af. Therefore, for
LIS, it is advisable to avoid the droplet-lubricant combinations
which result in 0,,, & 65.5°. The 4cos0 itself reaches its
maximum at 0,5, = 90° for any given value of A0, as shown as
the red plot in the inset of Fig. 6. This is an indication that
Acosf is not the only factor that controls the pinning force.
The shift in the maximum of F‘pm to the lower 0, is due to the
contribution from the droplet base perimeter. As shown in the
inset (black plot), the non-dimensionalised droplet base radius
Ral(Varop)'” is larger for smaller 0,pp.

Consistent with our theory, Fig. 6 also rationalises why
pinning force is small for superhydrophobic surfaces. This is
because both A cos 0 and Ra/(Varop)™> g0 to zero as 0 — 180°.

4 Conclusions

In this work, we have considered the contact angle hysteresis
and pinning force of a droplet on LIS in the limit of the
vanishing meniscus case. We have derived the expressions for
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the advancing and receding angles as well as the pinning force
using a force balance argument, including how they depend on
the liquid interfacial tensions, the lubricant wetting angles, and
the solid fraction. Each dependency was systematically tested
and verified using numerical simulations based on a diffuse
interface approach. We also found that the pinning force does
not depend on the droplet-gas interfacial tension.

We have also derived an analytical expression for the critical
droplet sliding angle, and the predictions from our theory are
consistent with experimental data reported by Semprebon
et al..’ Furthermore, using this theory, we assess why liquid
droplets on LIS suffer from larger pinning forces compared to
superhydrophobic surfaces, even for the same Af. We conclude
this is due to two factors: both the droplet base perimeter and
the magnitude of 4 cos0 are typically larger in LIS due to the
lower (apparent) contact angle.

This study helps us to carefully design LIS by providing
insights into how each relevant parameter influences the pinning
force. Although the example shown here is for the rectangular
posts, similar derivations of the pinning force, as well as the
advancing and the receding angles, can also be done for different
surface geometries by following the same approach. Interestingly,
the derivations rely on the depinning mechanism of each lubri-
cant interface, which is just a binary fluid case. This shows an
example where the complexity of ternary fluids systems can be
broken down into their constituting binary fluids problems. It
would be therefore interesting for future research to test our
theory for more complex geometries, in particular for regimes
where the Cassie-Baxter approximation is known to break down
for contact angle hysteresis on superhydrophobic surfaces.*®™®
Furthermore, we hope our theory will motivate systematic experi-
mental verifications, harnessing recent advances in surface fab-
rication techniques for LIS.
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