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ABSTRACT

The size dependence of the equilibrium contact angle of sessile droplets, commonly termed line tension, lies beyond classic Young’s law. Here,
we identify a fundamental contribution to line tension arising from body gravity effects and surface-pressure effects within an adsorption layer.
This mechanism resolves the multiscale behavior of droplets from nanometric to millimetric sizes, for which the apparent line tension changes
sign and spans several orders of magnitude, consistent with existing experiments and simulations. The sign and magnitude are governed by
surface wettability, the surface composition in the adsorption layer, and droplet size. Our results provide a unified physical interpretation of
the experimentally observed variability in both the sign and magnitude of line tensions.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0332465

I. INTRODUCTION

It has been established through extensive experimental studies
over the past decades that the equilibrium contact angle depends
on droplet size. This phenomenon cannot be explained within the
framework of original Young’s law,' thereby necessitating the intro-
duction of line tension and modified Young’s law. Line tension has
been observed to not be a constant material parameter” ® but instead
to span several orders of magnitude,”* while oddly exhibiting both
positive and negative signs in experimental and simulation results.

The sign and magnitude of line tension are of particular rel-
evance in the design and analysis of systems, such as microfluidic
devices, dropwise condensation’ for heat transfer,”’ and heteroge-
neous nucleation.'”"’ Despite extensive investigations into the phys-
ical origins of line tension, significant disagreement persists between
existing theories and the line tension measured in experiments and
simulations. A consensus on the physical origins underlying various
signs and magnitudes of the measured line tension has, therefore,
not yet been reached.

Existing theories include distinct physical effects that are sig-
nificant across different droplet sizes. At sub-nanometer atomic
scales, line tension is attributed to poorly quantified direct atomic

interactions.” At nanometric scales, the potential energy resulting
from the attractive atomic forces between the liquid and the solid
is modeled by the Lennard-Jones potential, with a liquid density that
varies as a function of the distance from the surface, which requires a
more complex numerical solution method. In the case of millimetric
droplets, positive line tension becomes predominant.”"'

In Gibbs’s theory,'” the line tension 7 is introduced directly as
an independent energy contribution to the variational calculation of
the system free energy F,

dF = (yr — y6)dS + odA + 7dL, (1)

where L is the length of the contact line in the sense of a sharp inter-
face. A and S denote the areas of the liquid-gas and solid-liquid
interfaces, respectively. The interfacial tensions of the liquid-gas,
solid-gas, and solid-liquid phases are denoted by o, y, and y,,
respectively.

In this work, we do not treat line tension as an independent
force acting at the triple line that determines the droplet mor-
phology. In contrast, we show that the line tension emerges as
an effective quantity arising from pressure-induced variations of
composition-dependent interfacial tensions within an adsorption
layer. We develop a unified theory spanning six orders of magnitude
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in droplet size that links line tension to surface-pressure-induced
variations of composition-dependent interfacial tensions within the
adsorption layer.'”'* The theory establishes a direct connection
between line tension and contact-angle hysteresis on both smooth
and rough substrates.”” ' We demonstrate that two metastable
adsorption states determine the sign and magnitude of the apparent
line tension. When coupled with gravitational effects, the framework
predicts both the sign and magnitude of line tension as functions of
droplet size and surface wettability.

Il. THEORETICAL FRAMEWORK
A. Motivation of the adsorption layer

Johannes Diderik van der Waals'® introduced the concept of a
diffuse liquid-gas interface, characterized by a continuous variation
in density across the interface between the liquid and gas phases. In
the classical picture of Young’s law, the solid-liquid and solid-gas
interfaces were assumed to be sharp. Inspired by the van der Waals’
considerations, we extend this concept by introducing a layer at
the solid-liquid and solid-gas interfaces within which the volume
fractions—and, consequently, the interfacial tensions—are varied. In
our model, the adsorption layer is not treated as a continuously vary-
ing diffuse interface but as a finite interfacial region characterized
by its average volume fractions. These volume fractions may differ
from the corresponding bulk values and lead to modified interfacial
tensions.

The concept of the adsorption layer is consistent with Cahn’s
theory'””’ and a variety of simulations.”

Experimental evidence for interfacial adsorption has addition-
ally been reported in the form of microscopic adsorbed films.” In
MD simulations,”*° >’ a deviation in density near the solid surface
compared to the bulk can be observed. This supports the concept of
an adsorption layer whose composition differs from that of the bulk.

In electrowetting, the electric field and the associated charge
distribution are not strictly confined to the wetted area but extend
into the surrounding solid-gas interface,’’ thereby modifying inter-
facial energies over a finite spatial range. This demonstrates that
interfacial properties can be influenced beyond the macroscopic
contact area, supporting the introduction of a spatially extended
interaction region in the present model.

B. Model description

We consider a sessile droplet of volume V on an ideally smooth
and chemically homogeneous substrate, forming an apparent con-
tact angle 0 and a base radius r [Fig. 1(a)]. According to Young’s
law,' the equilibrium contact angle 6y satisfies costh = (y; — y;) /0.
In contrast, the modified Young’s equation’’ incorporates correc-
tions to the apparent contact angle that depend on the droplet
size,

cos 0 = cos by — L (2)
or

This framework captures the radius dependence of the interfa-
cial tensions arising from pressure differences and thereby gives rise
to line tension.

In contrast to the common assumption of constant fluid-solid

interfacial tensions, we treat y; = y(¢,,,dg,) and y; = y(¢;,,¢,)
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FIG. 1. (a) Schematic cross-sectional representation of the liquid droplet (L, blue)
on a solid substrate (S, gray) in a gas phase (G, white). The colored layer rep-
resents the adsorption layer on the solid surface, which modifies the interfacial
tensions. The wetted area, the proximal droplet penetration area, and the exte-
rior solid—gas interfacial area are represented by Sy, Sy, and Ss, respectively. (b)
Enlarged view at the triple line and the adsorption layer of thickness ¢ showing
the liquid surface composition ¢, , and ¢,, dependent interfacial tensions y(¢, )
(green) and y(¢,,) (pink) in the vicinity of the droplet, which are affected by the
liquid pressure p, and the gas pressure pg, respectively. Outside the proximal
penetration area, the solid-gas interfacial tension y, is considered to be constant

(gray).

as functions of the average volume fractions of the liquid and
gas species ¢r; = Si_lfsx_ bL10c(X)dS; and ¢gi = Si_lfs[ BGloc(%)dS;
(i =1,2) within the adsorption layer over the wetted area S; and
the proximal penetration area S, [Fig. 1(b)], respectively. The local
volume fractions of the liquid and gas species within the adsorption
layer of thickness ¢ are denoted by ¢p1oc(X) and ¢gjoc(X), respec-
tively. In the exterior region Ss, the solid-gas interfacial tension y,
is assumed to be constant. In our model, the volume constraint of
the adsorption layer V4, is enforced by the additional term pV _,,
where the Lagrange multiplier p represents the pressure within the
adsorption layer.”” The fluid-solid interfacial tension is modeled as

y(b1, ¢6) = £[e(brL, bc) + p(br,¢c) + x (b1, ¢c)]. 3)

Here, ¢, p, and y denote the internal energy, pressure, and van
der Waals energy contributions, respectively (see Appendix A).

In accordance with the constraint of the volume fractions,
namely, ¢, + ¢ =1 and ¢,, + ¢, = 1, it can be concluded that
only one independent variable remains. Consequently, the following
simplified notation is employed: y;, = y(¢;,) = y(¢;,,1 - ¢;,) and

Yo = V(812) = (4121 - ¢p5)-
The total free energy of the system is given by

E=0A- AySl + y(¢L2)(Sl + Sz) + yG()S3 + Eg. (4)

Here, the first three terms represent the interfacial energies,
E; denotes the gravitational body energy, and A is the area of
the droplet cap. The difference in interfacial tensions is given by
Ay=ys -1

In this work, we use the spherical cap model for simplicity.
For millimetric droplets, the Bond number is of order unity; con-
sequently, the ellipsoidal cap model would provide a more accurate
representation of the droplet shape here'”*** but is not considered
in the present study.

In the spherical cap model, the interfacial areas make Eq. (4) to

E(6,R(6),Ay) = 027R(0)*(1 — cos 6) — AynR(0) sin” 0 + E¢(6),

©)
with Eg(6) = ApgVz(0) and where R, g, and z denote the radius
of the spherical cap, the gravitational acceleration, and the height
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of the droplet centroid relative to the solid substrate, respectively.
The density difference between the liquid and gas phases is denoted
by Ap.

We use the Young-Laplace equation to relate the pressure of
the liquid phase p; to that of the gas phase p,

2
pL=pGc+ Ea. (6)

The pressure difference influence p, — p, alters the composi-
tion of the adsorption layer, thereby inducing a size dependence of
the surface tension and a corresponding modification of the energy

function. By defining Ay, (¢;,,¢;,) = ¥,(¢1,) = ¥o(¢5, ) we obtain
a size-dependent expression,

Ay(pri, dr2) = Ayo(dr1, 12) + 20A¢a /R, ?)

where A¢ = ¢;, — ¢;,. The intrinsic part y,(¢;,1 - ¢;) includes all
terms in Eq. (3) except the pressure term, leading to a reference
Young’s contact angle cosfy = [y,(¢,,) — ¥,(¢;,)]/0, which is size
independent. The second term in Eq. (7) captures the surface-
pressure-induced correction to the solid-fluid interfacial tension,
which is the key finding of this work and leads to a size-dependent
shift in the equilibrium contact angle. The balance of the surface
pressure with the surface-composition-induced chemical force is
supported by the Gibbs-Duhem relation in the adsorption layer.

We identify the local energy minima' " of E(¢,,,¢,,) at 0
minimizing the energy at each point, as defined by Eq. (5), over
the domain O := {(¢;,¢,,)[0 < ¢;, < 1,0 < ¢, < 1} [Fig. 3(a)]. We
refer to the local energy minimum at

¢i> = 1land¢py =0 ®)

as the micro-Cassie-Baxter state (CB), in which no liquid penetrates
into the adsorption layer beneath the droplet. There is a second local
energy minimum, the micro-Wenzel state (W), located at

¢r> =0 and ¢fy = 1, ©)

where no gas penetrates into the adsorption layer beneath the liquid
droplet. Here, the material parameters are fixed by Young’s contact
angle,

cos Oy,cp/w = ?g (Ae - Ay). (10)
o

The remaining local energy minima at (¢, ,¢,;,) = (0,0) and
(¢,1>9,,) = (1,1) correspond to states with A¢ =0 and, thus,
exhibit no pressure-induced line tension. They are, therefore,
excluded from the following analysis. The coexistence of two
metastable minima separated by an energy barrier directly results
in contact angle hysteresis, even on ideally smooth substrates.

By applying the volume constraint

Wl

3V
(1 - cos 6)*(2 + cos 6)

R(0) = [ 1y

to Eq. (7), we obtain Ay that depends explicitly on 6 and V. This
dependence leads to a modified energy function and a modified

ARTICLE pubs.aip.org/aipl/jcp

energy-minimizing contact angle, resulting in line tension. Young’s
law is no longer applicable to these contact angles, as the additional
term in Eq. (7) depends on 6. Here, the surface pressure not only
acts as a global effect but also induces a localized response within the
adsorption layer.

Substituting Eq. (7) and the volume constraint Eq. (11) into
Eq. (5) and minimizing the energy E(6) yield

COSHOZC*%(*C2*2C+1)*%R(Q)Z(I*C)Z, (12)

with ¢ = cosf, which is solved for 0 at each droplet size. From this
procedure, we obtain cosf as a function of 1/r, a relationship that
is frequently observed to deviate from linearity over several orders
of magnitude in droplet size in experimental studies.”””**"*"*" As
a result, the apparent line tension is typically determined a poste-
riori by the local slope, 7 = —a‘:l(cl"/sr)g based on numerically solving
Eq. (12).

C. Replication of Young’s law and modified Young's
law

The existing theories of Young’s law and modified Young’s
law can be recovered as limiting cases of the proposed theory,
demonstrating that the present framework remains consistent with
established equations. First, we assume solid-liquid and solid-gas
interfacial tensions y,(¢;,) and y,(¢,,), respectively, that are inde-
pendent of droplet size and contact angle and do not include the
pressure effect in the adsorption layer. The interfacial energy con-
sists of contributions from the liquid-gas interface, the liquid-solid
interface, and the solid-gas interface,

E(6,R, ¢11,912) = 0ALG + Yo(br1)Ast + yo(¢r2)Asc.

Here, A1 = 27TR2(1 —cosh), Ag, = nR? sin’6, and Asg are the
surface areas of the liquid-gas, the solid-liquid, and the solid-gas
interfaces, respectively. The surface area of the solid-gas interface
can be derived as the difference of total surface area of the solid sur-
face A and the solid-liquid contact area, Asg = A — Asr. Thus, the
energy function can be rearranged as follows:

E(6,R, ¢11,912) = 0ArG — Ayo (11, d12)Ast + yo(¢12)A,  (13)

where Ay (¢;15¢;,) = ¥o(b1,) = Yo (¢, ). We assume the last term
to be constant, which has been investigated in Ref. 50, and elimi-
nate the cap radius R by the volume constraint V(6,R). By solving
dE/df = 0, we obtain Young’s equation, "

o cos 0 = Ayo((pu,gbm). (14)

In the next step, we include the line tension 7 by adding (277)7
to the energy function with r = Rsin®; this size dependent energy is
due to the pressure in the adsorption layer [see Eq. (7)]. First, we
assume a constant line tension. The additional energy term mod-
ifies the energy minimization and leads to the modified Young’s
equationf“—‘ ’

c056=%—l (15)

o or
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In the present theory, the line tension is not considered to be
constant, as is evidenced by experimental results. A size-dependent
term is included into the interfacial tension,

20A$po

R(O) - (16)

Ay = Ayo + Ay = Ayo +

In addition, we add the body energy E,. The minimization
of the total free energy with respect to 6, under fixed droplet vol-
ume, yields Eq. (12). Here, the last two terms in Eq. (12) cause the
contact angle 6 to deviate from 6. We interpret the resulting size-
dependent correction to the equilibrium contact angle as an effective
line-tension contribution.

As expressed in Eq. (12), the line tension depends on 6. Equa-
tion (15) neglects the angular dependence of line tension. Iwamatsu®
derived a generalized Young’s equation that includes d7/d#,

T _2+cos€ﬁ_
Rsin 6 R do

—Ay+0cos 0+ 0. (17)
However, for consistent comparison with the experimental
data, Eq. (15) is used to calculate the line tension. Accordingly,

2 + cos Bg

sin 8 df (18)

T=7-
can be interpreted as an apparent line tension.

In essence, the classical theories represent limiting cases of the
proposed theory. Young’s law is recovered by neglecting both the
body energy (E,; = 0) and the pressure effect within the adsorption
layer (p = 0 or equivalently Ay = Ay,). The modified Young’s equa-
tion, Eq. (15), is obtained in a special case where the line tension is
independent of the contact angle.

In the classical treatment of line tension, the solid-fluid inter-
facial energy difference, Ay,, is assumed to be independent of the
pressure p, and the line tension effect is introduced by directly
adding a size-dependent energy term, 27r77. In our theory, however,
we do not directly introduce the size-dependent energy term 27rt
into the system free energy. Instead, unlike the classical approach, we
assume that the solid—fluid interfacial energy difference contains an
additional contribution arising from the pressure energy within the
adsorption layer. By decomposing the solid-fluid interfacial energy

107
1078 °

107 Pl

10—12

Tapp: [N]

1
|
i
0 i
I
9 0—12 :

_10-10 ~l ¥ = ¥

10°  10® 107 10° 10° 10* 10°
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difference into a pressure-independent term, Ay,, and a pressure-
dependent term, Ay,, we obtain a modified Young’s equation and
the line tension energy, Ay AsL = 2mrT. Within this framework, the
pressure effect is not simultaneously incorporated into both the clas-
sical solid-fluid interfacial energy term associated with Ay, and an
independent line tension term 7.

lll. RESULTS
A. Droplet size effect

Figure 2 shows the droplet size dependence of the apparent
line tension at a constant Young’s contact angle 6 as a function
of the base radius for both local energy minima, obtained by vary-
ing the droplet volume. The good agreement of the theoretical
curves with the experimental and simulation data points demon-
strates the validity of the theory outlined above for predicting line
tension. Here, the error bars indicate the range of droplet sizes over
which the linear extrapolation was conducted in the respective ref-
erences to calculate the line tension. Experimental measurements
agree with the line tension associated with both the micro-Wenzel
and micro—Cassie-Baxter states, despite the lower energy of the lat-
ter. The resulting magnitudes span from pN to yN. The magnitude
of the line tension remains unaffected by the choice of adsorp-
tion layer thickness ¢ within the experimentally reported nanometer
range.”" " The influence of different Young’s contact angles on line
tension is discussed below.

Figure 3(b) shows the individual contributions to the line ten-
sion as a function of the base radius, namely the surface-pressure
effect and the body gravity effect. This representation reveals the
droplet-size ranges in which each contribution dominates. For
small droplets (r < 3 x 107> m), the line tension is dominated by
the surface-pressure-induced contribution, while the bulk gravita-
tional effect on the line tension is negligible. For larger droplets
(r > 107 m), the line tension is dominated by bulk gravity effects.
An intermediate regime exhibits a continuous crossover between
the two regimes. The surface-pressure-induced line tension remains
approximately constant at ~ 107'° N for r > 1077 m, while the body
gravitational line tension increases strongly with r.

The micro-Cassie-Baxter state and the micro-Wenzel state
lead to opposite signs of A¢ in Eq. (7) and, thus, to opposite signs

—— micro-Cassie-Baxter o Kanduc 2018, 6,=26°
-------- micro-Wenzel o Kanduc 2018, 6,=137°
%  Zhao 2019, 65=21° ©  Amirfazli 1998
% Zhao 2019, 6,=85° ©  Amirfazli 2003
O Mugele 2002 ®  Wiloch 2017, 8,=23°
©  Gaydos 1987 e  Wloch 2017, 8,=123°
e  Duncan 1995 ©  Khalkhali 2017
A Wallace 1988 @ Drelich 1994, 6,=18°
v Munz 2014 @  Drelich 1994, 8,=90°
o Zhang 2018 m Werder 2003, 8,=77°
v Zhang 2008 = Werder 2003, 6,=135°
+ Berg 2010 ©  Scocchi 2011
o Heim 2013 © Dussaud 1997
e Checco 2003 ©  Shintaku 2024
©  Seemann 2001 8o- [°]
IR T )

0 45 90 135 180

FIG. 2. Line tension 7 (N) as a function of the base radius r (m) with ) = 40°, Ap = 998 kg/m?, g = 9.81 m/s?, o = 0.055N/m, and £ = 5 nm, in comparison with previous

experiments® 03546

and simulations,*“?%?"*>” where Young's contact angle, 6y, is indicated by the color of each point.
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FIG. 3. (a) Energy landscape E(¢,,, ¢,,) with local energy minima marked by crosses with an exemplary parameter: S, = 0.15; (see Appendix B). (b) Line tension as a
function of the base radius: single surface-pressure effect (dashed lines), single body gravity effect (dotted lines), and combined effect (solid lines; micro-Cassie-Baxter
state: pink, micro-Wenzel: blue). (c) Apparent line tension as a function of the base radius for different 6, (different materials) at (i) micro-Cassie-Baxter state and (i)

micro-Wenzel state.

in the surface-pressure-induced line tension (positive and negative,
respectively). Because the body gravitational line tension is always
positive, the total line tension changes sign in the crossover regime
for the micro-Wenzel state, while remaining strictly positive for the
micro-Cassie-Baxter state.

Figure 3(c) shows the line tension as a function of the
base radius for different Young’s contact angles 6 at (i) the
micro-Cassie-Baxter state and (ii) the micro-Wenzel state. For
nanometric and micrometric droplets, the sign of the line tension
depends on Young’s contact angle. As illustrated in Fig. 3(c), the
line tensions of the two states are either both positive or of oppo-
site signs. In contrast, for millimeter-scale droplets, the line tension
is dominated by gravitational effects and is invariably positive.

In contrast to sessile droplets, the gravitational energy con-
tribution changes sign for pendant geometries. For larger droplets
(r > 107 m), where the apparent line tension is dominated by bulk
gravitational contributions, this leads to a reversal in the sign of the
apparent line tension.’

B. Origin of the sign for microscopic droplets

Having established the size dependence, the subsequent anal-
ysis focuses on the role of surface wettability. Figure 4 shows
the line tension as a function of the apparent contact angle® at
the micro-Cassie-Baxter and micro-Wenzel states, respectively. A
linear regression of cosf as a function of 1/r is performed over

the range of 16 nm < r < 116 nm, from which the line tension is
obtained as —o times the slope of the fitted straight line. Within the
range of droplet sizes considered, Bond number is much less than
1 and gravitational effects are negligible. The micro-Cassie-Baxter
state exhibits a positive line tension at small contact angles and a
negative line tension at large contact angles, with a sign change
at 0 ~ 66°, whereas the micro-Wenzel state displays the opposite
behavior, with the same transition angle. The dependence of Ay on
R(0) leads to a shift in the energy-minimizing contact angle 6 due
to the volume constraint. Neglecting bulk energy contributions for
microscopic droplets, the displacement of the equilibrium angle with
respect to 6y follows from the equilibrium condition dE/d6 = 0,

cos 6 — %f(@) = cos 6o, (19)

with f(8) = —cos*@ — 2cos + 1 resulting from the volume con-
straint. Equation (19) shows that sign changes in f(0) or A¢ are
equivalent and both reverse the line tension. Because f(6) changes
sign as 0 increases, the line tension reverses accordingly. Zhao et al.®
observed a sign change from positive to negative line tension at
6 ~ 43°. The experimentally determined magnitude of ~10™*° N is in
good agreement with the theoretical predictions. By comparing both
local energy minima, we find that the micro-Cassie-Baxter state is
energetically favored over the micro-Wenzel state for all hydrophilic
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FIG. 4. Apparent line tension at the micro-Cassie-Baxter and the micro-Wenzel state as a function of the apparent contact angle 6 in comparison with experimental

measurements.®*°

contact angles. A possible cause for the deviations from the experi-
mental data by Zhao et al.® may be the use of ionic liquids, for which
electrostatic interactions®® can contribute to both the contact angle
and the line tension.

C. Macroscopic roughness effect

In the macroscopic Wenzel state,””**" %" fully wetted macro-

scopic surface roughness rescales the solid-liquid interfacial area
in Eq. (5) by the Wenzel roughness factor fi. Equation (19) then
becomes

cos 0 B €A7¢
fw  R(6)

An analogous analysis for the macroscopic Cassie-Baxter

f(6) = cos b,. (20)

state,”> %! with a solid fraction v, yields
cos 8 (A¢ 1-vy

_ 9 = cos 0. 21

R(G)f()+ " cos by 21

For typical roughness factors (1< fiy <3% and 0 < ¥ < 1),
the macroscopic Wenzel and Cassie-Baxter states do not change
the order of magnitude of the line tension. Tadmor”*” associated
line tension with chemical and topological surface defects and the
resulting contact angle hysteresis. However, the classic Wenzel and
Cassie-Baxter equations alone do not show size-dependent contact
angles, and no defect-induced line tensions are observed, in con-
trast to the experimentally observed line tension at rough surfaces
of order 107® N.° Including the surface composition associated
with the adsorption layer resolves this discrepancy. Consequently,
macroscopic roughness likely contributes only a subleading effect to
experimentally observed line tensions.

IV. CONCLUSION

In summary, we establish a unified and predictive theory of
apparent line tension that integrates body-force effects with surface-
pressure effects within an adsorption layer. The theory quantita-
tively reproduces experimental observations across six orders of

magnitude in droplet size, including sign reversals and varia-
tions spanning several orders of magnitude—features that cannot
be explained by existing mechanisms in isolation. We identify
the metastable microscopic wetting state, surface wettability, and
droplet size as the governing parameters controlling the sign of the
apparent line tension, with droplet size additionally setting its mag-
nitude. Distinct physical mechanisms dominate different regimes:
adsorption-layer pressure effects for nanometric and micrometric
droplets, and gravitational contributions for millimetric droplets.
Our results demonstrate that the long-standing variability of mea-
sured line tensions reflects a systematic multiscale physical origin
rather than experimental inconsistency.” This framework resolves
a decades-old controversy and provides a unified foundation for
interpreting line tension across disparate experiments and systems.
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APPENDIX A: INTERFACIAL TENSIONS

Our wall free energy formulation circumvents the difficulty
of directly measuring the solid-fluid interfacial energies in exper-
iments. It is constructed in analogy with the classical Gibbs free
energy, G = ¢ + y + p — Ts, incorporating contributions from inter-
nal energy, pressure energy, and the entropic term Ts. The wall free
energy has units of ]/m’, in contrast to the bulk Gibbs free energy,
which has units of J/m®. This difference in dimensionality is recon-
ciled, within the framework of mean-field theory, by introducing an
average adsorption layer thickness ¢, which transforms the bulk free
energy density into an effective surface free energy density.

The liquid-solid and solid-gas interfacial tensions consist of
three terms, as follows:

Y(bL,d6) = £le(pr, bc) + p(bL, bc) + x (b1, 6c) .

The volume fraction of the liquid and gas in the adsorption
layer is denoted by ¢, and ¢, respectively, with respect to which the
following contributions are interpolated. The internal energy is rep-
resented by € = eLd; +eche where ¢; and g are the internal ener-
gies of the liquid and gas phases, respectively. Furthermore, the van
der Waals energy is denoted by x = x; -6, b + XscPs + X5 P> With
the van der Waals interactions between the liquid-gas, solid-gas,
and solid-liquid phases , ., x5¢> and xg; , respectively. The pressure
term is expressed as p = p; ¢, + p;¢; and is included to ensure the
volume constraint of the adsorption layer. Inserting the constraint
¢, + ¢ = 1yields a quadratic polynomial in ¢, ,

y(or) = ZXLGI:“I’% + (1 - w)w + f:|,
G

with Ae =ec —er, Ap=ps—p;> Ay =Xg — Xso» and &= (&6 +pg
+ Xse) Xig:

Inclusion of the pressure energy in the wall free energy is essen-
tial for correctly capturing both the magnitude and the sign of the
line tension. This constitutes the central contribution of the present
work toward elucidating the fundamental mechanism underlying
line tension.

APPENDIX B: LOCAL DROPLET PENETRATION AREA

The area S, describes this proximal droplet penetration area
around the triple line at the solid-liquid interface. In this area,
the surface composition is defined and modifies the solid-fluid
interfacial tensions. It is considered to be a fraction of the wetted
area Sy,

Sz = ocSl,

with 0 < & < 1. This factor « influences the number and location of
the local energy minima of E(¢; ;, ¢;,) [see Fig. 3(a) and Ref. 50].
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