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ABSTRACT: Lubricant infused surfaces (LIS) are a recently
developed and promising approach to fluid repellency for
applications in biology, microfluidics, thermal management,
lab-on-a-chip, and beyond. The design of LIS has been
explored in past work in terms of surface energies, which need
to be determined empirically for each interface in a given
system. Here, we developed an approach that predicts a priori
whether an arbitrary combination of solid and lubricant will
repel a given impinging fluid. This model was validated with
experiments performed in our work as well as in literature and
was subsequently used to develop a new framework for LIS with distinct design guidelines. Furthermore, insights gained from the
model led to the experimental demonstration of LIS using uncoated high-surface-energy solids, thereby eliminating the need for
unreliable low-surface-energy coatings and resulting in LIS repelling the lowest surface tension impinging fluid (butane, γ ≈ 13
mN/m) reported to date.

KEYWORDS: surface engineering, slippery materials, bioinspired surfaces, interfacial phenomena, soft materials, surface energy,
fluid repellency

■ INTRODUCTION
Lubricant infused surfaces (LIS) have risen to prominence in
micro- and nanoscale research,1 fluid dynamics,2 heat trans-
fer,3,4 biology,5 and lab-on-a-chip6 due to their impressive
ability to shed impinging droplets. LIS comprise a textured
solid surface into which a lubricant is “infused”, or
spontaneously wicked, and on which an impinging fluid ideally
forms discrete droplets which easily shed from the surface.
Conceived in 19597 and explored briefly in subsequent work,8,9

the significance of LIS has only more recently been recognized
through developments reported independently by LaFuma and
Queŕe ́10 and Wong et al.11 in 2011. Since then, applications
have spanned from condensation enhancement,12−14 to anti-
icing,15 and even paper-based microfluidics.16 LIS have also
been shown to exhibit the ability to repel low surface tension
fluids (as low as 17 mN/m),11,17 which is critical for
applications in thermal management and hydrocarbon process-
ing.
The design of these surfaces, specifically the choice of a

rough solid and a lubricant for a given impinging fluid based on
energetic considerations, is well-understood.10,11,18 LIS need to
meet the following criteria: the impinging fluid must be
immiscible with the lubricant; the lubricant must wet the solid
structures both with and without the impinging fluid present;
and the impinging fluid must form discrete droplets on the LIS
as opposed to a continuous film. On the basis of this
understanding, all of the works on LIS design have presented
models that require either contact angles or spreading
coefficients of the impinging fluid and lubricant on the solid
surface, as well as the interfacial tension between the lubricant

and the impinging fluid. Unfortunately, these properties have
been measured empirically and used to justify LIS behavior
after experiments with LIS were already conducted. Predictive
capability has not been possible for combinations of fluids and
solids where empirical knowledge of all of the interfacial
energies in the system is not readily available.
Here, we present an approach to determine a priori whether

an arbitrary combination of solid and lubricant will repel a
given impinging fluid. This model predicts the unknown surface
energies in the system on the basis of the method proposed by
van Oss, Chaudhury, and Good (vOCG).19 We validate this
model against experiments performed in the present work as
well as in the literature, through which we show excellent
predictive capability. With this framework for LIS design, we
show that LIS on uncoated high-surface-energy solids are
possible, thereby eliminating the need for unreliable20 low-
surface-energy coatings typically used. Furthermore, we
experimentally demonstrate repulsion of the lowest surface
tension impinging fluid (butane, γ ≈ 13 mN/m) reported using
a LIS, which in this case comprised an uncoated high-surface-
energy solid (silicon dioxide) with a fluorinated but highly polar
lubricant (hexafluoroisopropanol).
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■ PREDICTIVE LIS MODEL
LIS behavior is governed by the interfacial interactions between
the three condensed phases (solid, lubricant, and impinging
fluid, with each other and with the surrounding environment)
and by the geometry of the solid surface. These interfacial
interactions and the surface geometry can be used to predict
whether a LIS will successfully repel an impinging fluid as
discrete droplets. The geometry of the solid surface is described
by the roughness, r, which represents the actual solid surface
area divided by the projected area, and the solid fraction, φ,
which represents the fraction of the solid that contacts the base
of an impinging droplet; these properties are combined here as
the geometric factor R = (r − 1)/(r − φ), where R can vary
from 0 for a flat surface to 1 for an extremely rough surface.
Meanwhile, the interfacial interactions can be described at a
high level by the surface energies of the three phases with the
surrounding vapor and either the contact angles or the
spreading parameters of the three phases with each other.
The criteria that must be met for a functional LIS can be

considered in terms of the spreading parameters Sxy for each
interface in the system, where the first and second subscripts of
Sxy refer to the spreading phase and the reference phase,
respectively. If the total energy required for the reference phase
to be covered by a layer of the spreading phase is negative,
indicating spontaneous coverage of the reference phase by the
spreading phase, the spreading parameter is positive. Accord-
ingly, the spreading parameter is defined as Sxy = γy − (γxy + γx),
where γx and γy are the surface energies of phases x and y with
the surroundings and γxy is the interfacial energy between
phases x and y. In the following discussion regarding LIS, the
subscript l refers to the lubricant, d is the impinging fluid
droplet, and s is the solid. When a single symbol appears in the
subscript, it refers to the interface of that phase with its own
vapor. Two symbols appearing in the same subscript indicate an
interface between two phases, with the symbols referring to the
two phases; in the case of the spreading coefficient, the first
symbol is the spreading phase and the second symbol is the
reference phase.
In the ideal case, the impinging fluid forms a discrete droplet

on the LIS and the lubricant remains trapped within the rough
solid structured surface beneath the droplet. If criterion (I):

<S 0ld (1)

is not met and the spreading parameter for the lubricant on the
droplet is positive, the lubricant spontaneously spreads over
and “cloaks” the droplet as shown in Figure 1. The cloaked
droplet retains most of the functionality of a noncloaked
droplet on the LIS (high mobility, etc.), but the cloaked state is
still generally undesirable due to the removal of lubricant when
droplets depart from the surface, depleting the lubricant over
time. If criterion (II):

<S 0dl (2)

is not met, the impinging fluid spreads indefinitely over the
lubricant, resulting in formation of a film instead of discrete
droplets and subsequent failure of the LIS. If criteria (III) and
(IV):

γ> −S Rls l (3)

γ> −S Rls(d) dl (4)

are not met, the lubricant does not spread within the rough
structured solid surface during operation (the subscript (d) in

criterion (IV) means “in the presence of the impinging
droplet”). Specifically, when criterion (III) is not met, the
lubricant does not infuse in the solid structures in the presence
of the surrounding vapor, and when criterion (IV) is not met,
the lubricant does not infuse in the solid structures in the
presence of the impinging fluid, either of which results in failure
of the LIS. If the spreading coefficients Sls and Sls(d) in the
inequalities in criteria (III) and (IV) exceed zero, the lubricant
fully covers the solid surface in the presence of the vapor or the
impinging fluid, respectively, as opposed to leaving the tops of
the rough solid structures exposed. The case where the
structures are completely covered by lubricant results in
significantly reduced contact angle hysteresis, as described in
detail in past work, but is not necessary for a stable LIS.18

Finally, if criterion (V):

γ > 0dl (5)

is not met, the interface between the lubricant and the
impinging fluid increases its surface area indefinitely to
minimize energy, ultimately resulting in the miscibility of the
two fluids; criterion (V) has not been expressed quantitatively
in previous literature on LIS.
The interfacial energies between any two condensed phases

in these criteria, γdl, γls, and γds, are not typically tabulated for
the majority of interfacial interactions of interest and therefore
have only been obtained experimentally for the phases
considered in prior work on LIS. Here, we unify the above
energy-based criteria with a model that can predict the
unknown interfacial energies to gain new insight into LIS
surface design and additionally reduce the time required to
experimentally characterize a given combination of N materials
from O(N3) to O(N); for example, this method results in a
reduction in the number of required experiments by 2 orders of

Figure 1. Failure modes predicted from surface-energy-based criteria
for LIS design. The ideal droplet of impinging fluid on a LIS rests atop
a combined lubricant-solid layer. If criterion (I) is not satisfied, the
droplet will be “cloaked”, or covered with a thin layer of lubricant,
which may eventually deplete the surface of lubricant as droplets
depart. The impinging fluid will spread over the LIS as a film if
criterion (II) is not met. Criteria (III) and (IV) must be met to ensure
that the lubricant remains infused in the rough solid. If Sls or Sls(d) is
greater than zero, the lubricant will cover the entire surface in the
presence of the vapor or condensate, respectively; otherwise, if (III) or
(IV) are still satisfied but Sls or Sls(d) is less than zero, a fraction φ of
the solid will contact the impinging fluid in the presence of the vapor
or condensate, respectively. Miscibility of the impinging fluid and the
lubricant is characterized by the interfacial tension between these two
fluids, where if criterion (V) is not met, it is energetically favorable for
the two fluids to form an infinitely large interface (i.e., fully mix).
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magnitude when considering combinations of 30 impinging
fluids, lubricants, and solids (see the Supporting Information).
We start with Fowkes’ assumption that an interfacial energy can
be divided into contributions from various intermolecular
forces, for example, dispersive, polar, metallic, etc., and then
predict these components independently from properties of the
interacting phases.21,22 The dispersive (or London) forces are
combined with induced dipole and permanent dipole forces
and termed the Lifshitz−van der Waals (LW) component of
interfacial energy, which can be determined on the basis of
physical first-principles with reasonable confidence from a
geometric combining rule.21,22 The polar component was
initially treated in the same manner by Owens and Wendt
(OW),23 but this method is now considered obsolete and has
been largely replaced by the more accurate method proposed
by van Oss, Chaudhury, and Good (vOCG)19,24−26 in which
Lewis acid−base contributions to interfacial energy are
considered. The vOCG method outperforms the OW method
most notably in cases were hydrogen bonding is involved, and
is also considered more versatile than the commonly used
Neumann method;27 as such, the vOCG method is used here
to predict the polar contribution to interfacial energy between
condensed phases.26−28 Metallic interactions are not considered
here, but would need to be considered to account for
interactions between phases such as mercury and metallic
solids.
For any given phase “A”, the total interfacial energy is found

from the LW and acid−base components as shown in eq 6,
where the geometric mean of the vOCG acid−base terms yields
the polar interaction (acid term represented by superscript “+”,
base represented by superscript “−”). The interfacial tension
between two phases (A and B) is found from eq 7, where each
fluid’s LW and acid−base terms are considered. Note that when
phases A and B have identical LW and acid−base terms (i.e.,
they are the same fluid), the interfacial energy recovered from
eq 7 is zero as expected.

γ γ γ γ= + + −2A
total

A
LW

A A (6)

γ γ γ γ γ γ γ γ γ

γ γ γ γ

= + − + +

− −

+ − + −

+ − + −

2 2 2

2 2

AB
total

A
LW

B
LW

A
LW

B
LW

A A B B

A B B A (7)

Equation 7 is used to predict the three interfacial energies
between condensed phases, γdl, γls, and γds, used in criteria (I)−
(V) shown in Figure 1. The expanded forms of criteria (I)−
(V), substituting eqs 6 and 7 into eqs 1−5, are presented in eqs
8−12, respectively:
Criterion (I):

γ γ γ

γ γ γ γ γ γ γ γ

γ γ γ γ γ γ γ γ
γ γ

= − +

= + − − − −

+ − − +
+ <

+ − + −

+ − + − + −

+ −

S ( )

2 2

2 2 2 2

2 0

ld d dl l

d
LW

d d l
LW

l l d
LW

l
LW

d
LW

l
LW

d d l l d l

l d

(8)

Criterion (II):

γ γ γ

γ γ γ γ γ γ γ γ

γ γ γ γ γ γ γ γ
γ γ

= − +

= + − − − −

+ − − +
+ <

+ − + −

+ − + − + −

+ −

S ( )

2 2

2 2 2 2

2 0
l
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l
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l l d
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d d d
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l
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d
LW LW
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(9)

Criterion (III):

γ γ γ γ γ

γ γ γ γ γ γ γ
γ γ γ γ γ γ γ γ

γ γ γ

+ = − + +

= + − − + −
− − + + +

− + >

+ −

+ − + − + − + −

+ −
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Criterion (IV):

γ γ γ γ γ
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Criterion (V):

γ γ γ γ γ γ γ γ γ

γ γ γ γ

= + − + +

− − >

+ − + −

+ − + −

2 2 2

2 2 0

dl d
LW

l
LW

d
LW

l
LW

d d l l

d l l d (12)

These inequalities provide information enabling the design
and functionality of LIS. An interesting example is the design of
LIS to repel low surface tension fluids such as refrigerants or
hydrocarbons, which are often nonpolar. In the case of a
nonpolar impinging fluid (γd

+ = γd
− = 0), to avoid both cloaking

(criterion I, eq 8) and spreading of the impinging fluid on the
LIS (criterion II, eq 9), the combined inequality in eq 13 must
be satisfied. Therefore, it is impossible to meet both criteria I
and II if the lubricant is also nonpolar; the lubricant must have
some polar component of surface energy to avoid both cloaking
and spreading of the impinging fluid.

γ
γ γ

γ
γ γ+ > >

+ −

l
LW l l

l
LW d

LW
l
LW

(13)

There are limitations to the vOCG method when used for
the prediction of interfacial energies. Several specific concerns
raised are that the base components are systematically greater
than the acid components,29 that experimentally determined
surface energy components may depend on the set of fluids
chosen for experiments,29 and that the values of the
components may sometimes take negative values.24,29 In
response to the first concern, the relative magnitudes of the
acid and base terms are set by the choice of the components of
water, which are typically equal to each other but may be
chosen to make typical acid and base values for other fluids
comparable as shown by Della Volpe and Siboni.29,30 The
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second concern may be addressed by choosing appropriate test
fluids when characterizing the surface energy components,31 or
by choosing many fluids.32,33 The final concern is assuaged by
noting that negative surface energy component values reported
are often of a lesser magnitude than the error of the
measurement.29,34 Even with the concerns addressed, there
may still be significant error in prediction of interfacial energy
over a broad range of fluids as pointed out by Kwok35 and
Lee.36−38 In addition, in the specific case of LIS, a subset of
prior work has used ionic liquids as lubricants; unfortunately,
not only are there very limited data on the acid−base
components of these liquids,39−41 but the vOCG method
would have trouble even with suitable data for pure ionic
liquids due to the extent to which ionic liquids and water are
mutually soluble, with water changing surface tension by nearly
50% in the presence of certain ionic liquids; therefore, ionic
liquids are not considered in this analysis.28,42 With these
criticisms in mind, there is a wealth of literature on interfacial
energy prediction,43−47 including data for the vOCG LW, acid,
and base components for over 150 fluids and solids compiled in
the Supporting Information along with measurements taken in
this study, and the consensus is that the vOCG method is the
most versatile choice for a broad range of fluids.27,28,30,34,48,49

Indeed, as demonstrated below, its predictive power is not only
suitable for LIS, but it also offers additional insights that
previously proposed design guidelines have not been able to
properly capture.

■ RESULTS AND DISCUSSION

To test the validity of the proposed model, we performed
experiments with several different combinations of impinging
fluids and lubricants on a rough surface comprised of copper
oxide (CuO) nanoblades fabricated on a copper tube substrate
and subsequently functionalized with a low-surface-energy
perfluorinated monolayer coating of trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (TFTS). The geometric factor for the
CuO surface was R = 0.80, indicating that the surface was very
rough. Water was used as the impinging fluid on LIS with
lubricants of Krytox GPL 101 fluorinated oil, silicone oil (Shin
Etsu 5 cSt), and ethanol on the functionalized CuO solid

surface. With the Krytox GPL 101 fluorinated oil as a lubricant
on the functionalized CuO surface, impinging fluids of toluene
and pentane were also tested. The experiments were performed
in a sealed environmental chamber. The LIS was first prepared
by adding lubricant to the surface and removing excess
lubricant with a nitrogen gun, and then the chamber was
sealed and impinging fluid was condensed onto the LIS, which
was chilled by a flow of controlled-temperature chiller fluid
within the tube and observed with a video camera (see
Experimental Design: Condensation Experiments). If discrete
and mobile droplets were observed on the LIS exterior of the
tube where the impinging fluid was condensing, the LIS
configuration was deemed successful (see the Supporting
Information).
For the combination of impinging fluid, lubricant, and solid

surface used in each experiment, we also modeled the expected
behavior using eqs 9−12 and the complete surface energy data
for each fluid and solid presented in Table S1. Equations 9−12
must all be satisfied for the model to predict a successful LIS; if
one or more of the equations were not satisfied, the failure
mode predicted by the model was indicated in Table 1. The
experimental results were compared with the model prediction
in Table 1, where all of the experiments performed in the
present work were in agreement with the model prediction.
Interestingly, the model predicted not only the failure in the
case with water impinging on the LIS of ethanol on CuO, but
also the failure mechanism: criterion (V) was not satisfied,
indicating that water and ethanol are miscible, which was the
reason for the failure.
We also validated the model against experimental results in

the literature. Rykaczewski et al. condensed water and low
surface tension fluids on a LIS of Krytox 1506 oil infused in
TFTS-coated silicon posts (R = 0.76) in a procedure similar to
the present work.17 They found that most of the configurations
showed successful LIS promotion of droplet formation, but
there were exceptions. In one case, the condensate (ethanol)
displaced the lubricant; the model predicted failure in this case
due to criterion (IV), where the strong polar interactions
between the ethanol and the TFTS coating on the solid surface
resulted in displacement of the Krytox oil. In another case,

Table 1. LIS Experiments in This Work and Other Literature As Compared to the Model Predictiona

droplet lubricant coating/solid experiment prediction predicted failure mode ref

water Krytox 1506 TFTS on Si pillars yes yes N/A 17
toluene Krytox 1506 TFTS on Si pillars yes yes N/A 17
ethanol Krytox 1506 TFTS on Si pillars no no displacement of lubricant 17
octane Krytox 1506 TFTS on Si pillars yes yes N/A 17
hexane Krytox 1506 TFTS on Si pillars yes yes N/A 17
pentane Krytox 1506 TFTS on Si pillars yes yes N/A 17
perfluorohexane Krytox 1506 TFTS on Si pillars no no spreading of droplet 17
water Krytox GPL 100 PTFE membrane yes yes N/A 11
hexane Krytox GPL 100 PTFE membrane yes no displacement of lubricant 11
pentane Krytox GPL 100 PTFE membrane yes no displacement of lubricant 11
water 10 cSt Si oil OTS on Si pillars yes yes N/A 50
water 1000 cSt Si oil OTS on Si pillars yes yes N/A 50
water Krytox GPL 101 TFTS on CuO nanoblades yes yes N/A b
water 5 cSt Si oil TFTS on CuO nanoblades yes yes N/A b
water ethanol TFTS on CuO nanoblades no no droplet and lubricant miscible b
toluene Krytox GPL 101 TFTS on CuO nanoblades yes yes N/A b
pentane Krytox GPL 101 TFTS on CuO nanoblades yes yes N/A b

aThe model predicted the experimental results with excellent accuracy, and also predicted the correct failure mode in the failed experimental cases.
bPresent work.
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perfluorohexane spread over the LIS, which was also accurately
captured as the failure mode by the model when criterion (II)
was not met. Wong placed droplets onto a PTFE membrane
(estimated R = 0.82) infused with Krytox GPL 100 oil;11 in this
study, all of the experiments were successful. Finally, Anand
condensed water onto a LIS of silicone oil (viscosities of 10 and
1000 cSt) infused in silicon pillars (R = 0.57) coated with
octadecyltrichlorosilane (OTS),50 where again all of the
experiments were successful.

Through comparison of the model with 17 total experimental
cases, 5 from the present study and 12 from literature, we found
that the model had predicted success or failure of the LIS with
nearly 90% accuracy. Of equal importance, in each of the failure
cases considered, the model revealed why the failure occurred.
With this in mind, we proceeded to use the model to explore
the validity of some common guidelines proposed in the LIS
field. First, we explored whether the solid must have a low
surface energy.50 Our model indicates that the solid need not
have a low surface energy; in fact, the opposite case appears to

Figure 2. Parametric sweep of lubricant surface energy components γl
LW, γl

+, and γl
− on two different solid surfaces for a nonpolar impinging fluid

with a surface tension of 17 mN/m. (a) A low-surface-energy surface of PTFE coated onto CuO nanoblades (R = 0.80) has no possible lubricant to
design a LIS when γl

LW = 8, and the solution domain is limited to nonpolar fluids for higher values of γl
LW. (b) A high-surface-energy structured

surface of SiO2 pillars (R = 0.71) allows a much larger range of potential lubricants, including a wide range of potential lubricants which would allow
noncloaked droplet formation (darker region).

Table 2. LIS Combinations Counterintuitive to Conventional Design Guidelinesa

droplet lubricant solid/coating I II III IV V exp. Figure

diiodomethane methanol bare SiO2 pillars no yes yes yes yes yes 3A
(γ = 50.8 mN/m) (γ = 22.5 mN/m) (γ = 59.8 mN/m)
(γLW = 50.8 mN/m) (γLW = 18.2 mN/m) (γLW = 42.0 mN/m)
(γ+ = 0.0 mN/m) (γ+ = 0.1 mN/m) (γ+ = 2.0 mN/m)
(γ− = 0.0 mN/m) (γ− = 77.0 mN/m) (γ− = 40.2 mN/m)
methanol diiodomethane bare SiO2 pillars yes no yes no yes no 3B
(γ = 22.5 mN/m) (γ = 50.8 mN/n) (γ = 59.8 mN/m)
(γLW = 18.2 mN/m) (γLW = 50.8 mN/m) (γLW = 42.0 mN/m)
(γ+ = 0.1 mN/m) (γ+ = 0.0 mN/m) (γ+ = 2.0 mN/m)
(γ− = 77.0 mN/m) (γ− = 0.0 mN/m) (γ− = 40.2 mN/m)
heptane methanol bare SiO2 pillars yes yes yes yes yes yes 3C
(γ = 20.1 mN/m) (γ = 22.5 mN/n) (γ = 59.8 mN/m)
(γLW = 20.1 mN/m) (γLW = 18.2 mN/m) (γLW = 42.0 mN/m)
(γ+ = 0.0 mN/m) (γ+ = 0.1 mN/m) (γ+ = 2.0 mN/m)
(γ− = 0.0 mN/m) (γ− = 77.0 mN/m) (γ− = 40.2 mN/m)
butane hexafluoro-IPA bare SiO2 pillars yes yes yes yes yes yes 4
(γ = 12.5 mN/m) (γ = 14.7 mN/m) (γ = 59.8 mN/m)
(γLW = 12.5 mN/m) (γLW ≈ 10.4 mN/m) (γLW = 42.0 mN/m)
(γ+ = 0.0 mN/m) (γ+ ≈ 0.0 mN/m) (γ+ = 2.0 mN/m)
(γ− = 0.0 mN/m) (γ− ≈ 70.0 mN/m) (γ− = 40.2 mN/m)

aThe impinging droplet, lubricant, and solid/coating are described along with their relevant surface energy components. The model prediction for
criteria I−V is shown to the right, and the experiment success or failure is indicated.
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be more desirable in some scenarios. Figure 2 shows a
parametric sweep of the three surface energy components (LW,
acid, and base) of the lubricant for two different solids, a low-
surface-energy PTFE-coated solid in Figure 2a and a high-
surface-energy SiO2-coated solid in Figure 2b, with the goal of
repelling a nonpolar impinging fluid with surface tension 17
mN/m. The range of feasible lubricants for the SiO2 solid
surface is much more expansive, including (1) providing
possible solutions for γl

LW = 8 mN/m when the PTFE-coated
surface provides none and (2) providing a much larger margin
of error to avoid droplet cloaking in all cases by introducing
acid−base components to the lubricant and entering the large
noncloaking regions (darker shaded regions). (Note that the
model indicates that a nonpolar fluid with surface tension of 16
mN/m is a suitable lubricant for an impinging nonpolar fluid
with surface tension of 17 mN/m, which raises concerns about
the accuracy of the miscibility criterion (V); the effect of a more
conservative miscibility criterion is discussed in the Supporting
Information.)
We experimentally tested a LIS with a high-surface-energy

solid by using plasma-cleaned SiO2-coated silicon pillars. These
SiO2-coated pillars were fabricated on a silicon wafer, and as
such were not able to be applied to the cylindrical exterior of
our condenser tubes as used in the previously described
experimental setup. We characterized the LIS in this case with a
droplet impingement experiment, described in detail in the
Supporting Information. Note that the droplet impingement
was performed at a near-zero impact velocity; as a result, fluid
hammer pressure and dynamic effects were not significant. As
shown in Table 2, the model predicted that methanol could be
a suitable lubricant for the impinging fluids diiodomethane and
heptane. This is primarily due to the strong Lewis acid−base
polar interaction between methanol and SiO2, which helps to
satisfy criteria (III) and (IV). Figure 3a and c show the
experimental results in these two cases for a droplet impinging
on an inclined surface of SiO2 pillars infused with methanol
(see Experimental Design: Droplet Impingement Experiments).
The sequence of frames from left to right shows highly mobile
discrete droplets of both diiodomethane and heptane form on
the LIS of methanol in SiO2 pillars, indicating a successful LIS
in agreement with the model prediction and demonstrating a
LIS that utilizes a high-surface-energy solid material in contrast
with past work, which has relied on low-surface-energy solids.
This is particularly useful for future LIS design because thin,
low-surface-energy coatings often lack durability;20 we demon-
strate here that these coatings are not necessary for LIS.
Even more intriguing is the consideration of whether LIS can

be used to promote droplet formation for impinging fluids with
surface tensions below the critical surface energy of the solid.17

Certainly droplets will not form for a fluid impinging directly
onto a solid if the fluid has a surface tension lower than the
solid’s relevant critical surface energy by definition. However,
our model predicts that a suitably designed LIS can promote
formation of droplets with finite wetting angle even when the
impinging fluid has a surface energy lower than that of the solid
surface. Specifically, we have chosen the example of SiO2 pillars
with methanol as the lubricating fluid and heptane as the
impinging fluid, where the lowest reported critical surface
tension of SiO2 is 27.7 mN/m51,52 and the surface tension of
heptane is 20.1 mN/m. In this case, the model predicts that all
of the criteria (I)−(V) will be satisfied. Criteria (III) and (IV)
are once again satisfied due to the strong polar affinity between
methanol and SiO2. The model also predicts that eq 13 will be

satisfied to avoid both droplet cloaking and spreading of the
nonpolar impinging fluid; this is possible due to methanol
having a lower LW component of surface energy than heptane
while also having a sufficiently large polar component of surface
energy. The results of the experiment with this LIS
configuration are shown in Figure 3c, where discrete and
mobile droplets of heptane form on the methanol/SiO2 LIS in
agreement with the model prediction. This demonstration
indicates that the LIS enables formation of discrete droplets on
a solid surface with a critical surface energy higher than that of
the impinging droplets, so long as an appropriate lubricating
fluid is chosen.
We also considered whether the lubricating fluid should have

a surface tension similar to that of the solid surface.53 We
already know from the experiment shown in Figure 3a that
methanol is a suitable lubricant for the SiO2 solid surface
despite having an overall surface energy of less than 40% that of
SiO2. We considered the reverse case, where methanol was
taken as the impinging fluid and diiodomethane, with a better
“matching” surface energy 85% that of SiO2, was taken as the

Figure 3. Experimental results from droplet impingement tests for
counterintuitive LIS designs. The first frame of each sequence shows
the droplet attached to the syringe before impingement. (a)
Diiodomethane is dropped onto a LIS of methanol infused in SiO2
pillars. Discrete, mobile droplets of diiodomethane form on the LIS
and roll down the surface. (b) Methanol is dropped onto a LIS of
diiodomethane infused in SiO2 pillars. The methanol forces the
diiodomethane lubricant out of the SiO2 pillars as predicted by the
model. The interface between methanol and diiodomethane is
observed propagating outward from the initial impingement site in
the second image in the sequence, and by the final image in the
sequence the diiodomethane is completely displaced. (c) Heptane is
dropped onto a LIS of methanol infused in SiO2 pillars. Discrete
droplets of heptane form and slide down the LIS even though the
surface tension of heptane is lower than the critical surface energy of
SiO2, indicating that LIS allows droplet formation on a solid with a
critical surface energy higher than the impinging fluid so long as an
appropriate lubricant is chosen.
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lubricant. In this case, the model predicted that the strong polar
affinity between the methanol and the SiO2 would not allow
criterion (IV) to be satisfied and would consequently result in
forced dewetting of the diiodomethane from the SiO2 pillars
even though the diiodomethane has a surface energy much
more closely matched to that of the SiO2. The experimental
result from the droplet impingement test is shown in Figure 3b,
where the diiodomethane is indeed forced out of the SiO2
pillars by the methanol with the interface between the two
observed propagating away from the impingement site until the
diiodomethane is completely displaced. This result demon-
strates that the overall surface energies of the lubricant and the
solid surface need not necessarily match.
Finally, we took advantage of the potential for a strong polar

interaction between the lubricant and a high-surface-energy
solid to design a LIS to repel extremely low surface tension
impinging fluids. Previously, multiple reports have indicated
that LIS are able to repel pentane (γ ≈ 17 mN/m),11,17 but
lower surface tension fluids such as perfluorohexane (γ ≈ 11
mN/m) could not be repelled. We used the same SiO2 pillared
solid surface as in the experiments shown in Figure 3, but we
chose hexafluoroisopropanol (6F-IPA) as the lubricant to
maintain the strong polar interaction through the presence of
its −OH group while simultaneously exhibiting a significantly
lower LW component of surface energy as compared to
methanol due to the fluorination. The model predicted that this
surface would be able to repel nonpolar impinging fluids with
surface tensions as low as ∼11 mN/m; we performed an
experiment with butane (γ ≈ 13 mN/m) as the impinging fluid.
We modified the experimental setup by placing it inside a glass
vial to accommodate butane’s superatmospheric vapor pressure
(∼2.5 atm) at standard temperature, which resulted in a limited
field of view. We first performed a control experiment during
which we sprayed droplets of butane onto a flat plasma-cleaned
SiO2 surface and found that butane droplets impinging onto the
flat SiO2 surface spread completely, as expected due to the
surface tension of butane being lower than the critical surface
energy of SiO2. We then sprayed butane droplets onto the
proposed LIS of 6F-IPA infused into the SiO2 pillars, with the
result shown in Figure 4. Discrete droplets formed on the
surface, and the droplets exhibited a high degree of mobility as
well as typical droplet behavior such as multiple sweeping and
coalescence events.
The energy-based analysis presented in this work is useful in

eliminating combinations of impinging fluid, lubricant, and
solid surface that are guaranteed to fail, but prediction of a
successful LIS with our model does not guarantee desired

performance in every application. It is possible in certain
applications that other criteria must also be met for a successful
LIS. For example, when repelling high-speed impinging
droplets, the fluid hammer pressure and dynamic droplet
behavior must be accounted for.54 In applications involving
flow of an impinging fluid over the LIS, shear at the impinging
fluid−lubricant interface may result in lubricant depletion as
lubricant is forced out of the structured surface.2 In any open
system, evaporation of the lubricant from the surface over
extended periods of time may also be a concern. Gravity may
even drive lubricant depletion for large enough surfaces (see
discussion in the Supporting Information). Fortunately, the
fundamental understanding of surface energetics presented here
offers an excellent starting point for the design of any lubricant
infused surface.

■ CONCLUSION
We developed a model that predicts interfacial surface energies
to determine whether an arbitrary combination of solid and
lubricant will repel a given impinging fluid. This model was
validated against experiments performed in the present work as
well as the literature and subsequently used to develop a new
framework for LIS design and provide unique design guidelines.
Furthermore, we demonstrated LIS on uncoated high-surface-
energy solids, eliminating the need for unreliable low-surface-
energy coatings. The vOCG-based approach to LIS design
using high-surface-energy solids and polar lubricants resulted in
repulsion of discrete droplets of the lowest surface tension fluid
recorded to date (butane, γ ≈ 13 mN/m). This demonstration
of LIS repelling extremely low-surface-tension fluids is
promising for applications in thermal management14,55 and
hydrocarbon processing.17 More broadly, the insights gained
from the vOCG framework will promote new developments in
LIS design, paving the way for new technology in biological
science, lab-on-a-chip, thermofluidics, and beyond.

■ MATERIALS AND METHODS
Experimental Design: Condensation Experiments. Condensa-

tion experiments were performed inside of a controlled environmental
chamber. TFTS-functionalized CuO coatings were applied to the
exterior surface of copper condenser tubes.56 The TFTS-coated CuO
was infused with lubricant by first placing a few droplets of lubricant
onto the surface and allowing them to spread completely, then using a
nitrogen stream (99.9%, Airgas) to shear off excess lubricant.
Following the addition of lubricant, the chamber was sealed and
noncondensable gases were evacuated with a vacuum pump (except in
the case of the ethanol lubricant, where the vacuum pump was not
used so as not to evaporate the ethanol). Pure vapor of the impinging

Figure 4. Behavior of liquid butane impinging on a LIS of 6F-IPA infused in silicon micropillars. The experiment was performed inside of a glass vial
at elevated pressure. Photos a−d are time lapse images of droplets moving on the LIS after being sprayed on the surface. The dashed red circles
indicate when droplet coalescence events are about to occur, and the red arrows indicate droplets sliding on the surface, which occur at
approximately the capillary length (1.4 mm) in this case. Droplets of butane deposited onto a flat SiO2 surface in the same experimental setup
immediately spread over the surface.
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condensate was then introduced as the tube sample was cooled from
within with a chiller loop set to 15 °C. The behavior of the condensate
was imaged from a viewport during condensation.
Experimental Design: Droplet Impingement Experiments.

Droplet impingement experiments were performed with the LIS held
at ∼45° from horizontal inside of a fume hood. Excess lubricant was
added to the base of the dry, plasma cleaned57 SiO2 pillar structured
surface and allowed to wick into the SiO2 pillars until they were filled
with lubricant. The droplets of the impinging fluid were then
dispensed from a syringe with a stainless steel needle. Images were
taken at an angle of ∼0° from horizontal with a camera outside of the
hood. For the experiment with butane as the impinging fluid, to
prevent rapid evaporation of butane, the LIS was placed inside of a
glass vial, infused with the 6F-IPA, and then a small amount of butane
was placed at the bottom of the vial and the vial was sealed and
allowed to reach saturation conditions. Butane droplets were then
introduced through a port at the top of the vial.
Pendant Drop Measurements. The surface energy components

were determined for Krytox oil using the pendant drop method to
characterize the interfacial tension of Krytox oil with multiple test
liquids including water, ethylene glycol, glycerol, 1-bromonapthalene,
and chloroform. The pendant drop measurement system consisted of a
collimated light source (Thorlabs 6500 K, 440 mW Collimated LED)
illuminating the droplet and aligned with a telecentric lens (Edmund
0.25X SilverTL) attached to a camera (PointGrey CM3-U3-13Y3C)
capturing images. The droplets were dispensed with a Harvard
Apparatus syringe pump through stainless steel needles, and when
interfacial tension between two fluids was measured, the second fluid
was contained inside of a glass cuvette. Glass cuvettes were cleaned
thoroughly with Alconox followed by progressive solvent rinses in
acetone, methanol, ethanol, isopropanol, and finally 99.99% pure DI
water, and then nitrogen stream drying (99.9%, Airgas). Interfacial
tensions were characterized from images using a plugin for ImageJ.58

The surface energy components were determined from a plane fit to
the data based on the vOCG equations, detailed in the Supporting
Information.
Surface Fabrication. To create the CuO nanostructures,

commercially available oxygen-free Cu tubes (99.9% purity) with
outer diameters DOD = 6.35 mm, inner diameters DID = 3.56 mm, and
lengths L = 131 mm, were used. Each Cu tube was cleaned in an
ultrasonic bath with acetone for 10 min and rinsed with ethanol,
isopropanol, and deionized (DI) water. The tubes were then dipped
into a 2.0 M hydrochloric acid solution for 10 min to remove the
native oxide film on the surface, then triple-rinsed with DI water and
dried with clean nitrogen gas. Nanostructured CuO films were formed
by immersing the cleaned tubes (with ends capped) into a hot (96 ± 3
°C) alkaline solution composed of NaClO2, NaOH, Na3PO4·12H2O,
and DI water (3.75:5:10:100 wt %).59−62 During the oxidation
process, a thin (∼300 nm) Cu2O layer was formed that then
reoxidized to form sharp, knife-like CuO structures with heights of h ≈
1 μm, solid fraction φ ≈ 0.038, and roughness factor r ≈ 4.
Silicon micropillar surfaces (Figure 4d) with diameters of d = 7 μm,

heights of h = 20 μm, and center-to-center spacings of l = 20 μm (solid
fraction φ = πd2/4l2 = 0.096 and roughness factor r = 1+ πdh/l2 =
3.20) were fabricated using projection lithography and deep reactive
ion etching.
Surface Functionalization. Trichloro(1H ,1H ,2H ,2H-

perfluorooctyl)silane (TFTS) (Sigma-Aldrich) was deposited from
the vapor phase. Prior to silane deposition, each tube was oxygen
plasma cleaned for 2 h to remove organic contaminants on the surface.
Once clean, the tube samples were immediately placed in a vacuum
desiccator (06514-10, Cole Parmer) with a small amount of liquid
TFTS. The desiccator was evacuated by a roughing pump for 2 min to
a minimum pressure of ∼2 kPa. A valve was then closed to isolate the
pump from the desiccator, and the sample was held in a vacuum (∼ 2
kPa) for another 10 min. The functionalized surfaces were then rinsed
in ethanol and DI water and dried in a clean nitrogen stream. The
coating had a typical water advancing contact angle of θa ≈ 120° when
measured on a smooth reference surface and typical water advancing/

receding contact angles of θa/θr ≈ 171/167 ± 3° when measured on
the nanostructured CuO surface.
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S1. vOCG Surface Energy Components 

Table S1. Compilation of vOCG surface energy components for 167 fluids and solids at room 

temperature and atmospheric pressure. 

Fluid/Solid 

γ 

(mN/m) 

γ
LW

 

(mN/m) 

γ
AB

 

(mN/m) 

γ
+ 

(mN/m) 

γ
–
 

(mN/m) SI Ref. 

Benzene 28.9 28.9 0 0 0.96 
1

 

Chlorobenzene 33.6 32.1 1.5 0.9 0.61 
2

 

Chloroform  27.2 27.2 0 1.5 0 
3

 

Cyclohexane 25.24 25.24 0 0 0 
2

 

cis-Decahydrohaphthalene 32.2 32.2 0 0 0 
3

 

Decane 23.83 23.83 0 0 0 
2

 

Diethyl Ether (ethoxyethane) 17 17 0 - - 
3

 

Diiodomethane 50.8 50.8 0 0 0 
2

 

Diiodomethane 50.8 49 1.8 0.01 0 
4
* 

Diiodomethane 50.8 44.1 6.7 0.01 0 
4
** 

Diiodomethane 50.8 48.5 2.3 0.01 
 

5
 

Dimethylsulfoxide 44 36 8 0.5 32 
2

 

Dodecane 25.35 25.35 0 0 0 " 

Eicosane 28.87 28.87 0 0 0 " 

Ethanol 22.4 18.8 2.6 0.019 68 " 

Ethyl acetate (ethyl ethanoate) 23.9 23.9 0 0 6.2 
3

 

Ethylene Glycol 48 29 19 1.92 47 
2

 

Ethylene Glycol 48 29 19 3 30.1 
3

 

Ethylene Glycol 48.8 32.8 16 3 30.1 
6

 

Formamide 58 39 19 0.5 32 
2

 

Formamide 58 39 19 2.28 39.6 
3

 

Formamide 58.2 36 22.2 2.29 39.6 
4
* 

Formamide 57.9 34.3 23.5 2.28 39.6 
6

 

Formamide 58.2 39.5 18.7 2.28 39.6 
5

 

Glycerol 64 34 30 3.92 57.4 
2

 

Glycerol 63.4 40.6 22.8 3.92 57.4 
4
* 

Glycerol 63.4 37 26.4 3.92 57.4 
6

 

Heptane 20.14 20.14 0 0 0 
2

 

Hexadecane 27.47 27.47 0 0 0 " 

Hexane 18.4 18.4 0 0 0 " 

Methanol 22.5 18.2 4.3 0.06 77 " 

Methyl-ethyl-ketone 24.6 24.6 0 0 24 " 

Nitrobenzene 43.9 41.3 2.6 0.26 6.6 " 

Nonadecane 28.59 28.59 0 0 0 " 

Nonane 22.85 22.85 0 0 0 " 

Octane 21.62 21.62 0 0 0 " 

Perfluoroheptane 12.8 12.8 0 0 0 
7
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Fluid/Solid 

γ 

(mN/m) 

γ
LW

 

(mN/m) 

γ
AB

 

(mN/m) 

γ
+ 

(mN/m) 

γ
–
 

(mN/m) Ref. 

Perfluorohexane (FC-72) 12.0 (12.0)   (0)  (0) (0) 
8
 

Perfluorohexane (FC-72) 10.0 (10.0) (0) (0)  (0) 9
 

Pentadecane 27.07 27.07 0 0 0 
2

 

Pentane 16.05 16.05 0 0 0 " 

Silicone Oil 18.8 18.8 0 0 0 
10

 

Tetradecane 26.56 26.56 0 0 0 
2

 

Tetrahydrofuran 27.4 27.4 0 0 15 " 

Tricresyl phosphate 40.9 39.8 1.1 
  

4
* 

Tricresyl phosphate 40.9 39.7 1.2 
  

4
*** 

Tricresyl phosphate 40.9 39.2 1.7 
  

5
 

Tridecane 25.99 25.99 0 0 0 
2

 

Toluene 28.5 28.5 0 0 0.72 
3

 

Undecane 24.66 24.66 0 0 0 
2

 

Water 72.8 21.8 51 25.5 25.5 " 

Water 72.8 22.6 50.2 25.5 25.5 
4
* 

Water 72.8 22.1 50.7 25.5 25.5 
4
** 

o-Xylene 30.1 30.1 0 0 0.58 
3

 

α-Bromonaphthalene 44.4 44.4 0 0 0 
2

 

2-Ethoxyethanol 28.6 23.6 5 
  

3
 

Polyethylene oxide, PEO 6000 43 43 0 0 64 
1

 

Dextran 10000 61.2 47.4 13.8 1 47.4 " 

Fluorocarbon polymer, FC 721 9.41 9.15 0.24 0.16 0.76 
11

 

Polydimethylsiloxane, PDMS 23.1 22.9 0.12 0 3.05 
12

 

Poly(methyl methacrylate), 

PMMA 
39-43 39-43 0 0 9.5-22.4 

13
 

Poly(methyl methacrylate), 

PMMA 
48.9 46.5 2.4 0.08 18.1 

14
 

Poly(methyl methacrylate), 

PMMA 
46.4 44.4 1.92 0.03 27.9 

12
 

Polyvinyl acetate, PVAc 44.5 42.6 1.9 0.041 22.3 
14

 

Polyvinyl chloride, PVC 43.7 43 0.7 0.04 3.5 
13

 

Polyvinyl chloride, PVC 43.1 40.2 2.9 0.42 5.1 
14

 

Polystyrene, PS 42 42 0 0 1.1 
13

 

PS (based on advancing CA) 44.9 44.9 0 0 1.33 
15

 

PS (based on receding CA) 49.9 49.9 0 0 5.14 " 

Polyethylene, PE (based on 

advancing CA) 
33 33 0 0 0.1 

13
 

PE (based on receding CA) 
57.9-

62.5 
42 15.9-20.5 2.1 30-50 " 

Polyethylene glycol, PEG-

silane-modified 
47.9 45.3 2.59 0.04 39.92 

12
 

Polyamide-imide, PAI 52.6 42.8 9.8 1.04 23.15 
16

 

Polyhydroxyethylmethacrylate, 

PHEMA 
50.6 40.2 10.4 2.07 13.1 

17
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Fluid/Solid 

γ 

(mN/m) 

γ
LW

 

(mN/m) 

γ
AB

 

(mN/m) 

γ
+ 

(mN/m) 

γ
–
 

(mN/m) Ref. 

P(HEMA80/EMA20) 48.2 40.7 7.5 0.63 22.7 " 

P(HEMA40/EMA60) 39.8 39.4 0.4 0.02 16.4 " 

Polypyrrole, PPyTS 47 41 6 0.81 10.9 
18

 

PPyCl 43.5 36.6 6.9 0.43 28.3 " 

PPyDS 41.7 34.8 6.9 1.35 8.85 " 

Poly(3-octylthiophene) (POT), 

undoped  
22.5 

  
0.5 

19
 

POT-AuCl-4 
 

23.4-25 
  

0.7-4.7 " 

Polystyrene, PS 41.9 41.9 0.22 0.08 0.15 
12

 

PS latices (Anionic) 

(advancing) 
41.4 41.4 0 0 13.13 

15
 

PS latices (Anionic) (receding) 57.6 50.8 6.8 1.19 9.73 " 

PS latices (Cationic)  

(using water/ethylene glycol)  
39.4-41.9 

 
0-0.4 0.3-7 " 

PS latices (Cationic) 

(using water/formamide)  
39.4-41.9 

 
0-0.1 1.8-8.2 " 

Polypropylene, PP 32.2 30.1 2.1 0.3 3.8 
20

 

PP 25.7 25.7 0 0 0 
21

 

PP 29.7 29.7 0 0 1.4 
22

 

PP-O2 plasma 43.1 36.7 6.4 0.5 22 
20

 

PP-N2 plasma 53.3 41.9 11.4 1 30.9 " 

PP-NH3 plasma 42.6 34.9 7.7 0.7 21.4 " 

Fluorinated ethylene-propylene 

(FEP) 
15.71 15.42 0.34 0.01 0.72 

11
 

FEP 18.3 18.3 0 0 0 
23

 

Poly(tetrafluoroethylene), 

PTFE 
19.6 19.6 0 0 0 

24
, 

25
 

Poly(tetrafluoroethylene), 

PTFE 
20.8 19.9 0.9 0.1 1.6 

3
 

Polyisobutylene, PIS 25 25 0 0 0 
21

, 
25

 

Polyaurinlactam, PA 12 41.9 37.5 4.4 1 4.9 
23

 

Nylon (PA) 66 42.8 38.6 4.2 0.4 11.3 " 

Nylon 66 37.7 36.4 1.3 0.02 21.6 
24

, 
26

 

Polyvinyl pyrrolidone, PVPY 43.4 43.4 0 0 29.9 
25

 

Polyvinyl fluoride, PVF 43.6 40.4 3.2 0.16 12.9 
27

 

Polypropylene/EPDM, flame 

treated 
43.7 25.9 17.8 2.6 30.3 

22
 

Polyoxytretramethylene 

glycol), MW 2000 
44 41.4 2.6 0.06 27.6 

28
 

Polyoxyethylene, POE, PEG-

6000 
43 43 0 0 64 

29
 

Polyethylene terephthalate 43.84 43.48 0.36 0.003 7.17 
11

 

Ethylene glycol-co-propylene 

glycol, MW 2000 
47.5 42 5.5 0.13 58.8 

28
 

Ethylene glycol-co-propylene 

glycol, MW 1000 
47.9 40.9 7 0.22 55.6 " 
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Fluid/Solid 

γ 

(mN/m) 

γ
LW

 

(mN/m) 

γ
AB

 

(mN/m) 

γ
+ 

(mN/m) 

γ
–
 

(mN/m) 

 

Ref. 

Oriented polypropylene, OPP 

(advancing) 
32.6 32.6 0 0 0 

30
 

OPP (receding) 39.2 37 2.2 1.3 0.9 " 

OPP-air Corona-treated 

(advancing) 
55.8 42 13.9 1.9 25.2 " 

OPP-air Corona-treated 

(receding) 
64.7 46.2 18.5 2 25.2 " 

Trimethoxy(octadecyl)silane 

(OTS) 
23.5 23.3 0.19 0.01 1.1 

12
 

Zoltek carbon fibers, unsized 41.3 41.3 0 0 32.4 
19

 

Zoltek carbon fibers, Ultem 

sized 
40.2 38.6 1.6 0.03 20.5 " 

Zoltek carbon fibers, PU sized 35.8 33.2 2.6 0.11 15.3 " 

Chromium 59.6 45.8 13.8 0.86 55.5 
14

 

Aluminum 57.4 46.7 10.7 0.5 57.5 " 

Silicon wafer 61.9 38.6 23.3 4 33.98 
31

 

Glass 59.3 42.03 17.8 1.97 40.22 " 

Glass, H2SO4/HNO3 64.5 42.03 22.47 2.82 44.76 " 

Glass, C18 26.8 25.7 1.12 0.24 1.32 " 

Glass, APS-treated 45 39.2 5.76 0.084 98.62 
12

 

HSA, dry, pH 4.8 45 44 0.1 0.03 76 
32

 

HSA, dry, pH 7 41.4 41 0.4 0.002 20 " 

HSA, hydrated, pH 7 62.5 26.8 35.7 6.3 50.6 " 

HIg-G, hydrated, pH 7 51.3 34 17.3 1.5 49.6 " 

HIg-A, hydrated, pH 7 26.8 26.8 0 0 93 " 

Bovine fibrinogen, dry 40.3 40.3 0 0 53.2 " 

Human fibrinogen, dry 40.6 40.6 0 0 54.9 " 

HLDLP, dry 41.1 35.5 5.66 0.26 30.8 " 

Candida abicans (yeast)  

cultured at 30C 
42.5 38.1 4.4 2.9 1.7 

33
 

Candida abicans (yeast) 

cultured at 37C 
47.7 37.3 10.4 0.6 43.7 " 

Streptococcus gordonii 

(bacteria) 

cultured at 37C 

38.9 35.8 3.1 4.2 0.6 " 

Streptococcus oralis 34 57 35 22 2.7 45 
34

 

Streptococcus oralis J22 48.7 38 10.68 0.5 57 " 

Actinomyces naeslundii 5951 44 38 6 0.5 18 " 

Actinomyces naeslundii 5519 40 37 2.97 0.1 22 " 

Pressure-sensitive adhesive, 

PSA 
16.7 12.6 4.1 0.42 9.9 

14
 

Cellulose acetate 40.2 35 5.2 0.3 22.7 
13

 

Cellulose nitrate 45 45 0 0 16 
13

 

Agarose 44.1 41 3.1 0.1 24 " 

Gelatin 38 38 0 0 19 " 
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Fluid/Solid 

γ 

(mN/m) 

γ
LW

 

(mN/m) 

γ
AB

 

(mN/m) 

γ
+ 

(mN/m) 

γ
–
 

(mN/m) Ref. 

Paraffin 25.5 25.5 0 0 0 
35

 

Krytox 100 15.9 11.7 0.115 0.016 0.200 
36

 

Krytox 105 18.8 12.7 0.049 0.028 0.021 " 

Trichloro(1H,1H,2H,2H-

perfluorooctyl)silane (TFTS) 

(advancing contact angles) 

8.0 7.6 0.48 0.64 0.09 
37

 

Trichloro(1H,1H,2H,2H-

perfluorooctyl)silane (TFTS) 

(receding contact angles) 

24.5 24.9 0.48 0.01 5.76 " 

Trichloro(1H,1H,2H,2H-

perfluorooctyl)silane (TFTS) 

(23 °C anneal) 

17.07 11.28 3.38 2.36 1.21 
38

 

Trichloro(1H,1H,2H,2H-

perfluorooctyl)silane (TFTS) 

(150 °C anneal) 

8.41 5.35 2.47 2.68 0.57 " 

Trichloro(3,3,3-

trifluoropropyl) silane (FPTS) 

(23 °C anneal) 

29.05 18.01 4.70 3.43 1.61 " 

Trichloro(3,3,3-

trifluoropropyl) silane (FPTS) 

(150 °C anneal) 

14.48 10.62 0.40 3.72 0.11 " 

Clean glass 

(advancing contact angles) 
51.1 40.8 10.92 0.49 60.84 

37
 

*from contact angle measurement  

**from interfacial tension measurement  

***from contact angle data on poly(methyl methacrylate) 

(parenthesis) indicate estimated value  
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S2. Determination of vOCG Surface Energy Components 

The vOCG surface energy components for undocumented fluids were determined by plane fitting 

experimental data points determined from at least three different test fluids.  In the present work, 

the test fluids water, glycerol, ethylene glycol, 1-bromonapthalene, and chloroform were chosen.  

Equation S1 shows the form of the plane equation, where the left-hand-side corresponds to the 

vertical axis in Figure S1 and the right hand side contains two slope terms and the intercept.  The 

subscript “u” indicates the fluid with unknown vOCG components which must be solved for, the 

subscript “i” represents the i-th test fluid for which the vOCG terms are known, and the 

interfacial tensions γu and γui are measured experimentally. 

 
(𝛾𝑢 + 𝛾𝑖) − 𝛾𝑢𝑖

√𝛾𝑖
𝐿𝑊

= √𝛾𝑢
+√

𝛾𝑖
−

𝛾𝑖
𝐿𝑊 +√𝛾𝑢

−√
𝛾𝑖
+

𝛾𝑖
𝐿𝑊 + 2√𝛾𝑢

𝐿𝑊 (S1) 

 

 

Figure S1. Planar regression to determine vOCG surface energy components. Each 

measurement in the pendant drop experiment is represented by a point on the plot.  The intercept 

and two slopes give the best-fit values for the LW, acid, and base surface energy components.  

The regression is shown here for (a) Krytox GPL 100 and (b) Krytox GPL 105 with results 

shown in Table S1 above, and the error from this process was determined to be less than 1 mN/m 

for each of the predicted surface energy components.  A linear interpolation/extrapolation with 

these values may be used to approximate the surface energy components of Krytox GPL oils 

ranging from 100-107. 
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S3. Impact of Surface Geometry 

The surface geometric factor R is determined by the roughness, r, which represents the actual 

solid surface area divided by the projected area, and the solid fraction, φ, which represents the 

fraction of the solid which contacts the base of the droplet.  These properties are combined in the 

form R = (r–1)/(r–φ), where R can vary from 0 for a flat surface to 1 for an extremely rough 

surface, shown in Figure S2. A higher value of R amplifies the interaction between the solid and 

either of the liquid phases compared to the liquid phases with each other or with the surrounding 

vapor.  For instance, increasing R can satisfy criterion (III) for a given lubricant which does not 

spontaneously spread over a flat solid surface. 

 

Figure S2. Plot of the geometric factor R. Values for R range from 0, corresponding to a flat 

surface, to 1, corresponding to a very rough surface. 
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S4. Effect of Tightening the Miscibility Constraint 

The miscibility criterion (V) in the main text can be more generally written as: 

𝛾𝑑𝑙 > 𝛾𝑚 (S2) 

 

where γm is a miscibility cutoff value. All predictions in the main text use a cutoff value of γm = 0 

mN/m unless otherwise indicated.  The effect of altering the miscibility cutoff is explored here, 

with the result displayed in Figure S3. 

 

Figure S3. Result of changing the miscibility cutoff, γm. A higher miscibility cutoff results in a 

more conservative solution (i.e., more stringent requirement to be considered immiscible) which 

makes the solution domain smaller.  Conversely, setting γm to –∞ is equivalent to removing 

criterion (V) from the model. 

The optimal miscibility cutoff was calculated from a dataset comprised of 120 fluid-fluid 

interactions with known miscibility (binary values: either miscible or immiscible).
39

  Only 20% 

of the cases in the dataset were for two immiscible fluids, with the remainder of the cases 

representing two miscible fluids.  With this in mind, a successful prediction for two immiscible 

fluids was scored 4x higher than a successful prediction for two miscible fluids to avoid a bias in 

prediction capability towards miscible pairs, resulting in a maximum attainable score of 192 for 

the 120 cases corresponding to 100% prediction accuracy.  The vOCG-based miscibility 

prediction (Equation 7 from the main text) was performed for all of the fluid pairs in the dataset, 

and the score based on the number of correct predictions was determined.  

The prediction score was bounded by 50% accuracy at a cutoff of –∞ when every prediction is 

immiscible (i.e., 50% agreement between the vOCG prediction and the dataset representing only 

the immiscible cases, 20% of the 120 cases scored with 4x weight for a total of 96 out of 192 

points) and 50% accuracy at a cutoff of +∞ when every prediction is miscible (i.e., 50% 

agreement between the vOCG prediction and the dataset representing only the immiscible cases, 

80% of the 120 cases scored with 1x weight for a total of 96 out of 192 points).  The scores 

between these bounds are plotted in Figure S4.  The optimal cutoff for miscibility was found to 

be 3.5 mN/m based on this scoring algorithm, as it resulted in the highest likelihood of predicting 

either miscibility or immiscibility correctly.  This cutoff will give a more conservative prediction 
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of whether a proposed LIS will succeed or fail if used in criterion (V).  In the main text, the 

miscibility cutoff value of γm = 0 mN/m was used throughout to avoid the requirement for 

empirical data, but this more conservative “fitting parameter” miscibility cutoff value of γm = 3.5 

mN/m could be used to help eliminate spurious results in future work. 

   

Figure S4. Weighted miscibility prediction score versus miscibility cutoff value.  The 

optimal value for accurate miscibility prediction is 3.5 mN/m, which could be used in criterion 

(V) instead of 0 mN/m for a more conservative prediction of whether a LIS surface will succeed. 
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S5. Choice of Solid Material for Polar Impinging Fluids 

Figure 2 in the main text demonstrated the suitability of polar surfaces with significant Lewis 

acid-base components of vOCG surface energy for repulsion of nonpolar impinging fluids.  

However, if the impinging fluid is very polar, a nonpolar solid surface will likely generate a 

larger solution domain as shown in Figure S5 with water as the impinging fluid. 

 

Figure S5. Design of LIS to repel a polar fluid – in this case, water. The PTFE-coated solid 

surface allows a reasonable solution domain of fluid choices, shown in (a).  The polar SiO2 pillar 

array surface does not result in any solutions for practical lubricating fluids (solutions only exist 

for γ
+
 > 20 mN/m, which is outside of the realm of available choices as illustrated in Table S1), 

shown in (b). 
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S6. Results from Condensation Experiments 

Images of several successful condensation tests performed with various fluids on a LIS are 

shown in Figure S6.  These results were used in Table 1 for the model validation. 

 

Figure S6. Results from condensation of impinging fluids on LIS. Three different impinging 

fluids, (a) water, (b) toluene, and (c) pentane, were condensed onto a LIS comprised of Krytox 

GPL 101 infused into TFTS-coated CuO nanoblades.  In all three cases, formation of discrete 

droplets of condensate was observed.  
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S7. Droplet Impingement Experimental Setup 

Experiments were performed for the LIS using SiO2-coated pillar arrays fabricated on silicon 

wafers as the solid.  The geometric factor of the pillar array used was R = 0.71.  Since these high-

surface-energy SiO2-coated pillars could not be applied to the exterior of the cylindrical 

condenser tubes, droplet impingement tests were performed to determine whether the proposed 

LIS designs were successful.  The experimental setup is shown schematically in Figure S7. 

  
 

Figure S7. Droplet impingement experimental setup. The droplets were dispensed from a 

syringe onto the sample, which was mounted at an angle beneath the syringe and in front of the 

camera.  Departing impinging droplets fell into a collection vessel.  The entire experimental 

setup was contained within a fume hood. 

 

S8. Reduction in Landau-Notation Order of Required Experiments 

In terms of characterization of LIS from empirical measurements, certainly the direct 

measurement of interfacial energies, contact angles, spreading parameters, or other equivalent 

data to individually characterize each unique interface in a particular LIS system is reasonable 

for a relatively small set of phases, as has been performed in past work to describe 

experimentally observed LIS behaviour for sets of 1-2 solids, 1-3 lubricants, and <10 impinging 

fluids.  However, as the number of possible solid, lubricant, and impinging fluid phases becomes 

large (as when exploring the full range of possible materials), direct interfacial characterization 

becomes intractable.  Considering N total phases divided equally between solids, lubricants, and 

impinging fluids, the total number of surface energy components required to use the vOCG 

method to characterize every combination of fluids scales as O(N).  Meanwhile, the number of 

unique interfaces formed between phases that would require experimental characterization scales 

as O(N
3
).  To determine the behavior of each unique LIS combination for only 30 of each phase 

(30 solids, 30 lubricants, and 30 impinging fluids) would require 270 experimentally measured 
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vOCG surface energy components for complete characterization with the model proposed in the 

present work.  Conversely, if each unique interface were experimentally characterized as in past 

work, 27,000 experiments would need to be conducted, presumably requiring 100x more effort.  

Additionally, many commonly available phases have already had their vOCG surface energy 

components characterized; a table with vOCG surface energy components for over 150 phases is 

included in the Supporting Information section S1 above. 

 

S9. Effect of Gravity on Lubricant Drainage 

Gravity has the potential to partially deplete the lubricant from a LIS if the capillary pressure is 

not sufficient to hold the lubricant within the surface structures.  For a tilted surface, illustrated 

schematically in Figure S8, the capillary pressure can support the gravitational body force acting 

on the lubricant up to a maximum value, Pcap,max based on the lubricant and surface chemistries 

and the surface structure geometry.  

 

 

Figure S8. Schematic illustrating contribution of gravity to LIS failure.  The gravitational 

body force on the lubricant is counteracted by the Laplace pressure due to the curvature of the 

lubricant interface.  If the maximum capillary pressure is not sufficient to support the 

gravitational body force, the lubricant will not cover the entire surface.  

 

The maximum capillary pressure can be estimated from a commonly used method that considers 

the change in total surface energy as a given fluid volume propagates through a structured 

surface
40

: 

 
𝑃𝑐𝑎𝑝,𝑚𝑎𝑥 =

−∆𝐸

∆𝑉
 (S3) 

g

L

θ

Pcap
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where –∆E is the change in surface energy and ∆V is the change in volume.  For a structured 

surface comprised of a square array of pillars, Equation S3 simplifies to: 

 
𝑃𝑐𝑎𝑝,𝑚𝑎𝑥 =

𝛾𝑠 − (𝛾𝑙𝑠 + 𝛾𝑙) + 𝛾𝑙𝑅

𝐻(1 − 𝜑)
 (S4) 

where the numerator is simply the left-hand-side of Equation 10, for criterion (III), in the main 

text.  Once the maximum capillary pressure is determined with Equation S4, the maximum 

surface length, Lmax, that will remain stable in the presence of gravity is: 

 
𝐿𝑚𝑎𝑥 =

𝑃𝑐𝑎𝑝,𝑚𝑎𝑥

𝜌𝑔sin(𝜃)
 (S5) 

For example, taking the SiO2 pillar array in the main text, with R = 0.71 and φ = 0.096, tilted at 

approximately 45° and with methanol as the lubricant, we find that the surface length at which 

gravitational lubricant depletion occurs is over 500 m, which is much larger than the sample 

length of 0.02 m used in the experiments in this work.  Even the surface length required for 

gravitational lubricant depletion with diiodomethane (which has a lower attraction to SiO2 and a 

higher density than methanol) as the lubricant is over 50 m, indicating that gravitational lubricant 

depletion did not play a role in the experiments in the present work. 
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