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Unlike liquids, for crystalline solids the surface tension is known to
be different from the surface energy. However, the same cannot
be said conclusively for amorphous materials like soft cross-linked
elastomers. To resolve this issue we have introduced here a direct
method for measuring solid–liquid interfacial tension by using the
curved surface of a solid. In essence, we have used the inner surface
of tiny cylindrical channels embedded inside a soft elastomeric film
for sensing the effect of the interfacial tension. When a liquid is
inserted into the channel, because of wetting-induced alteration in
interfacial tension, its thin wall deflects considerably; the deflection
is measured with an optical profilometer and analyzed using the
Föppl–von Kármán equation. We have used several liquids and
cross-linked poly(dimethylsiloxane) as the solid to show that the
estimated values of the solid–liquid interfacial tension matches with
the corresponding solid–liquid interfacial energy reasonably well.
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Surface energy of a material is the energy required to create a
unit area of new surface by the process of division, whereas

surface tension is the isotropic surface stress associated with its
deformation. For liquid, these two quantities are numerically
equal because, when a liquid surface is deformed, the separation
distances between molecules at the surface do not necessarily
alter as molecules can move from the bulk to a deforming sur-
face. It is generally not so for a solid, as it has been argued (1–3)
that a solid surface consists of a constant number of atoms, so the
work done to alter the separation distance between atoms at the
surface is expected to depend on this distance itself. As a result,
work of deformation is not necessarily the same as the thermo-
dynamic work required to create a new surface. It is not clear,
however, if this picture is true for all kinds of solids. For crystal
surfaces the question is somewhat resolved as it has been shown
both experimentally and theoretically (2, 4) that surface free
energy is a function of area itself and therefore the surface
tension is expected to be different from surface energy. However,
for amorphous materials, like polymeric solids and cross-linked
elastomers, the issue remains unresolved because, for these
materials, the molecules can have local mobility which allows
them to show liquid-like behavior, e.g., surface reconstruction
in response to external cues (5, 6). It has not been possible,
however, to state anything conclusively because for most solids
surface tension has not been measured accurately. The difficulty
arises because, when a solid deforms due to the application of
external forces, the internal stresses at the bulk of it far exceed
that at the surface (7), which prevents the estimation of surface
tension. Even when the sole effect of surface tension is considered,
for most solids it remains almost immeasurable as the deformation
due to surface tension remains significantly small.
In general, surface tension can deform only a sufficiently

compliant solid, the extent of deformation of which can be esti-
mated in terms of an elastocapillary length (8) defined as l= γ=μ,
where γ and μ are, respectively, the surface tension and shear
modulus of the solid. For a soft rubber-like elastomer, with
γ = 22 mN/m and μ= 106 Pa, the capillary length is estimated to
be l= 22 nm, which is too small to be measured by standard

techniques, e.g., optical microscopy. For example, it has been
shown that surface tension can result in blunting of a sharp corner
(radius of curvature → 0) of rubbery solid, thereby compromising
the fidelity of pattern transfer (9), but it has not been possible to
measure the surface tension because of very small deformation
and the possibility of effect of surface tension being coupled with
thermal and chemical stresses during cross-linking. However,
when the modulus of the solid is diminished considerably, e.g., by
over three orders of magnitude, μ∼ 102 − 103 Pa, the elastoca-
pillarity leads to meso- to microscopic effects which become
somewhat tractable by optical methods. Flattening of undulating
surface of a soft gel (10), diminishing effect of adhesion-induced
surface roughening of a confined gel layer (11), and prevention of
creasing instability in compressed solid (12, 13) are signatures of
surface tension of the solids, yet the deformation is too small,<1 μm,
to allow accurate estimation of it.
Apart from solid–air interfaces, solids in contact with a liquid

also have been examined for interfacial tension-driven phe-
nomena, e.g., formation of ridges at the three-phase contact line
of a sessile liquid drop (14–18) placed on a compliant surface;
stiffening of a soft gel embedded with tiny droplets of a liquid
(19, 20); and compressive surface stress owing to Laplace pressure
across a curved solid surface of a slender gel filament submerged
inside a liquid and the resultant Rayleigh–Plateau instability (8, 21).
Although deformation in all these experiments ranges from a few
micrometers to hundreds of micrometers, they involve also mea-
surement of liquid contact angle at the three-phase contact line
which is generally hysteretic owing to metastable states in the en-
ergy landscape. Therefore, methods dependent on measurement
of contact angle are expected to be colored by hysteresis and as-
sociated inaccuracies. Importantly, the above phenomena all occur
in only very compliant solids (Young’s modulus ∼1 kPa) and
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therefore are not suitable for measurement of surface tension of
stiffer solid (Young’s modulus ∼1 MPa).
Recent experiments show that for such solids too, geometric

amplification can result in significant deformation, thereby facilitat-
ing measurement of surface tension. For example, an incompressible
elastic film, embedded with liquid-filled microstructures, bulges out
considerably because of wetting (22, 23). The deflection of a flat,
thin, circular elastomeric film of thickness t in contact with a liquid
drop of radius c gets amplified by geometric ratio (24) ðc=tÞ:
δ∼ ðσ=μÞðc=tÞ; here σ denotes the summation of bulk and sur-
face stresses present in the film. This observation was used to ex-
tract a value of interfacial tension by extrapolating σ to vanishing
thickness of the film. The estimated values obtained for interfacial
tension were, however, much larger than the corresponding in-
terfacial energies, which calls into question if the film was com-
pletely stress-free to begin with, as the base state was not
characterized. Furthermore, large SD in data suggests also un-
certainties in the measurement. In another elegant yet simple ap-
proach, surface tension was estimated by measuring deflection
profile of a thin elastomeric film floating on a liquid (25) and
indented by a pair of closely spaced cylinders. Here too, surface
tension could be recovered in the limit of zero thickness of the film.
The above discussions bring out the point that for amorphous

solids the relation between solid surface tension and surface
energy still remains unresolved. It is in this context that we
present a direct and accurate method for measuring surface
tension of a relatively stiffer solid, e.g., poly(dimethylsiloxane)
(PDMS), the shear modulus of which is on the order of 1 MPa, i.e.,
at least three orders of magnitude larger than that used in various
earlier experiments. In essence we have here a thin elastomeric
layer embedded with monolithic tiny microchannels of circular
cross-section such that the thickness of the elastomeric skin above
the channel does not remain uniform but varies according to
channel curvature. When a liquid fills in these channels, the thin
skin bulges out or bulges in, following changes in solid–liquid in-
terfacial tension. The extent of bulging deflection depends on the

minimum thickness, t0 of the skin and the diameter d of the
channel. Thus, this experiment allows the effect of finite thickness
of a solid layer to be coupled with its intrinsic curvature to attain
significant deflection of the solid. We show also that the inherent
symmetry of the geometry allows the problem to be analyzed in two
dimension so that solid–liquid interfacial tension γsl can be directly
estimated by analyzing the deflection profile of the skin. We have
examined the efficacy of this method by estimating γsl for several
liquids and PDMS system. For all these cases the numerical value
of interfacial tension was found to be similar to the interfacial
energy estimated from Young’s equation.

Materials and Method
PDMS, Sylgard 184 elastomer, and the curing agent were procured from Dow
Corning Corp. Cylindrical steel rods of diameter 180–550 μm and feeler gauges of
thickness 40–600 μmwere procured from local market. Microscope glass slides, 25 ×
75 × 1 mm, were procured from Fisher Scientific. Octadecyltrychlorosilane (OTS),
methanol, ethanol, butanol, hexanol, octanol, nitromethane, and dimethyl sulf-
oxide (DMSO) were purchased from S.D. Fine-Chem Limited. Perflurooctane was
procured from Sigma-Aldrich. Deionized Millipore water was used in all stages of
the experiment.

Sample Preparation. PDMS precursor mixedwith the curing agent in 10:1wt/wt
was allowed to cure between two parallel microscope glass slides, one of
which was silanized with self-assembled monolayers of OTS, whereas the
other was plasma oxidized (PO). The silanized plate was easily removable
from the cross-linked layer, which remained strongly bonded to the PO slide
(26). The steel rods used as templates were placed horizontally on the bot-
tom plate inside the pool of cross-linkable liquid (27). Spacers were used for
attaining specific thickness of the layer. The liquid was cross-linked at 25–
27 °C temperature for 72 h, following which the templates were withdrawn
out of the cured solid by exerting a gentle pull. In this process, cross-linking
was not complete as evidenced by the presence of a thin layer of oil on the
needle after it was withdrawn. Therefore, the solid film with the subsurface
channels was further cured by heating at 80 °C for 2 h, following which it
was cooled to room temperature. Channels of length ∼20 mm, diameter
d = 180–550 μm were thus embedded in PDMS films to attain minimum skin
thickness of t0 = 5–50 μm. Channels were also maximally buried so that

Fig. 1. (A) Schematic of the experiment in which a thin elastomeric layer of PDMS, embedded with microchannels of circular cross-section, remains bonded to
a rigid substrate. Liquids with varying ability to wet the PDMS surface are inserted into the channel and the surface of the layer at the vicinity of the channel is
examined under an optical profilometer. (B–E) Optical profilometry images of the bulging deflection of the skin of the PDMS layer with channel filled with
ethanol, DMSO, perflurooctane, and air, respectively.

12564 | www.pnas.org/cgi/doi/10.1073/pnas.1502642112 Mondal et al.

www.pnas.org/cgi/doi/10.1073/pnas.1502642112


the thickness of films was equal to the summation of channel diameter and
skin thickness of the film, h = d + t0. The surface of the templates had an
average root-mean-square roughness of 15 nm, as measured by using atomic
force microscopy; therefore, the inner surfaces of the channels are also
expected to have similar or smaller roughness values which are not expected
to cause significant perturbation to curvature of the inner surface of the
channel. The side view of the channels was captured (Fig. S1) using a mi-
croscope lens fitted with a camera, from which the exact values of t0 and h
were obtained. Young’s modulus of such cross-linked networks was esti-
mated to be 2.4 MPa and these networks are known to be incompressible
(26). The films thus prepared were allowed to relax for ∼2–3 d, after which
they were used for further experiment.

All liquids, except water, were used as received from the supplier. Water is
known to contain dissolved air that tends to nucleate on the hydrophobic PDMS
surface; therefore the following procedurewas followed to remove the air from
water. Noting that the dissolved air primarily consists of oxygen, the solubility of
oxygen inwater being orders ofmagnitude larger than that of nitrogen (28), the
water in a glass beaker was purged with nitrogen gas for 30 min, following
which it was frozen in a freezer for 24 h. Thereafter, the ice was thawed by
keeping it at room temperature and was further heated to 45 °C. After cooling
it down to room temperature, the water was purged again with nitrogen gas
for 30 min and was stored in airtight condition. The water thus prepared was
used for injecting into the channels. A fresh batch of water was prepared every
time the above experiment was done.

Result and Discussion
The channels were filled with liquids, e.g., ethanol, perfluorooctane,
DMSO, nitromethane, acetonitrile, ethylene glycol, and water,
which have dispersive interaction with PDMS. Except for water,
these liquids all wet the surface of PDMS to different extents but
swell it negligibly or do not swell at all. The liquids which can wet
the surface of the channel filled it in by capillary action, for
others, the liquid was injected into the channel using a syringe.
Care was taken that they did not spill over the top surface of the
film which was exposed to atmosphere. Wetting of the channel
alters the solid–liquid interfacial tension, leading to bulging of
the thin skin over the channel. The bulging deflection was cap-
tured using an optical profilometer (ZYGO ZeGage 3D). Fig. 1
B–D shows typical such profiles when pure ethanol, DMSO, and
perfluorooctane are used inside channels; Fig. 1E corresponds to
air. The final bulging height was achieved instantly and was
found to remain unaltered so long as the liquid remained within

the channel. The bulging deflection was reversible, as the skin
went back to its original state as the liquid was withdrawn from the
channel or it got evaporated to atmosphere. The bulged profile
subsided also when a flexible adherent was brought in complete
contact with the film (Fig. S2). However, the profile almost went
back to its original state as the contactor was withdrawn. It may be
argued that bulging deflection occurs not because of surface ten-
sion but because of some other phenomena at the bulk of the solid,
e.g., swelling. Some of the liquids, e.g., ethanol, methanol, and few
others are indeed known to swell PDMS (29), albeit to a small
extent over a long period. In our experiments, the skin underwent
deflection instantly and remained so with time. In fact, liquids like
perfluorooctane, nitromethane, and DMSO (Fig. 2A), which do
not swell PDMS at all, also caused measurable deflection of the
skin of the channel. Fig. 2B depicts the reversibility of the phe-
nomenon, in which a channel was first filled with one liquid, e.g.,
nitromethane, which resulted in the deflection profile 1. The
nitromethane present inside the channel was then ejected out by
blowing dry nitrogen followed by injecting water into it using a
hypodermic syringe, which instantly altered the bulging de-
flection from 1 to 1′. The profile flipped back to 2 with almost no
hysteresis as the water was then ejected out and nitromethane
was injected into the channel. This process could be repeated
several times.

Analysis of Bulging Deformation of Skin Above the Channel. The
bulging effect of the channel embedded films can be analyzed by
considering that the thin skin above the channel (0< jxj< d=2) is
an elastic membrane freely supported on the elastomeric layer at
jxj= d=2. The cylindrical channel is long enough that we assume
plane strain approximation, i.e., bulging of the skin and the
curvature of the bulged-out profile remaining uniform along the
axis of the channel. Furthermore, the out-of-plane deflection is
small enough in most of our experiments that the thickness of the
skin above the channel can be considered to remain unaltered.
Under these conditions, the out-of-plane deflection or the extent of
bulge ψðxÞ of the thin skin of the channel satisfies the following
coupled one-dimensional Föppl–von Kármán equations (7):

Fig. 2. Bulging profile ψ of thin skin of an elastic film embedded with liquid-filled channels. (A) Curves 1–7 represent liquids: (1) acetonitrile (filled-in
channel of diameter d = 450 μm, embedded in film of thickness h= 467 μm and minimum skin thickness, t0 =17 μm); (2) nitromethane (d= 450 μm, h= 480 μm,
and t0 = 30 μm); (3) DMSO (d = 180 μm, h= 185 μm, and t0 = 5 μm); (4) perflurooctane, (d = 180 μm, h= 204 μm, and t0 = 24 μm); (5 and 6) ethylene glycol,
air (d= 450 μm, h= 468 μm, and t0 = 18 μm); and (7) water (d = 450 μm, h= 480 μm, and t0 = 30 μm), respectively. (B) Two liquids are injected alter-
natively into the channel. Bulging deflection ψ of the channel skin flips from 1 to 1′ as nitromethane, initially present in the channel, is replaced by
injecting water into it. The profile flips back to 2 as water is similarly replaced by nitromethane. This process is repeated 4–5 times, without any
signature of irreversibility or hysteresis. A film embedded with channel of diameter d = 550 μm and minimum skin thickness t = 35 μm is used in this
experiment.
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in which E is Young’s modulus of the film and ν is its Poisson
ratio. The first term on the left-hand side of Eq. 1a accounts for
the bending force in the membrane, the thickness of which does
not remain constant but varies spatially. Therefore, the moment
of inertia IðxÞ, defined as IðxÞ= ðtðxÞÞ3=12, also varies. Bending force
is defined per unit width of the membrane, i.e., per unit length
of the channel. The second term accounts for the tension F1 per
unit width in the film. Eq. 1b implies that the tension in the skin
remains uniform along x. On the right-hand side, Δp accounts
for the external force on the membrane, which in this case is the
Laplace pressure, arising out of the curvature of the thin skin
and the meniscus of the liquid in the channel. The Laplace
pressure occurs at three different interfaces: (i) at the liquid
meniscus at i1 (Fig. 3A), (ii) at the inner surface i2 of the skin,
where it remains in contact with the liquid, the natural curva-
ture 2=d is augmented by that associated with deflection ψ of
the skin, and (iii) at the solid–air interface i3. The expression
for the Laplace pressure is obtained by constrained minimiza-
tion of the total energy of the system (Supporting Material),
which yields the following relation for Δp as Δp=−ð2=dÞ
ðγsl + 2γl cos θÞ+ ðγsa + γslÞðd2ψ=dx2Þ, where γl,  γsa, and γsl rep-
resent surface tension of liquid and interfacial tension of solid–air
and solid–liquid interfaces, respectively. Substituting it in Eq. 1a
and integrating it twice with respect to x, and noting that the solu-
tion of bulging deflection is symmetric about x= 0, we obtain

Ep

12
ðtðxÞÞ3d

2ψ

dx2
=F1ψ − γ

x2

d
+B, [2]

where Ep =E=ð1− ν2Þ and coefficients F1 and γ represent F1 =
F1 + γsa + γsl and γ = 2γl cos θ+ γsl, respectively. B is an integration
constant, which can be estimated by setting the values of maximum
curvature: d2ψ=dx2 and deflection: ψ at x= 0 as obtained from
experimental data. Furthermore, using the following dimensionless

quantities: Ψ=ψ=Δ, T = tðxÞ=t0, X = x=d in which Δ is a charac-
teristic deflection of the skin, Eq. 2 can be written in dimensionless
form as
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The second term on the right-hand side of Eq. 3 yields an expression
for the elastocapillary length as Δ∼ ð12γ=EpÞðd=t0Þ3, as against its
conventional form: ∼ γsl=E

p, implying that the elastocapillary length
gets amplified by the geometric factor ðd=t0Þ3. Thus, an elastomeric
film embedded with channel of larger diameter but with smaller
skin thickness is expected to result in larger deflection as observed
in our experiments. Eq. 3 is a second-order differential equation
with nonlinear coefficients, which is not amenable to analytical
solution. It is possible however to extract the unknown coefficients
F1 and γ by regression analysis of the optical profilometry data. The
bulging profile all through the width of the channel could be used
for this analysis, but noting that skin thickness increases away from
the tip of the profile, a limited number of data points very close to
the tip was used for fitting with Eq. 3. In effect, in most cases, the
data points that lie within ∼10% of minimum thickness at the tip of
the profile were used. Furthermore, in most experiments, skins of
intermediate thickness and channels of intermediate diameter were
used. A thin membrane with very low flexural rigidity deflects to a
large extent but remains susceptible to nonuniform deflection
along the axis of the channel. For very thick membranes, the extent
of bulging diminishes; also the effect of surface stress becomes less
important compared with tension that develops at the bulk of the
film (7). Experiments with very thin skin t0 < 5 μm, d= 705 μm
indeed showed that the bulging height was varying along the axis
of the channel, which indicates breaking down of the plane strain
approximation. Similarly, channels of very small diameter were
avoided, as for these cases, the height of bulge diminishes; also,
the skin thickness increases more rapidly away from the tip com-
pared with channels with larger diameter, which amplifies nonlinear
effect and consequent inaccuracy in the regression analysis. For very
large diameter channels, the thin skin was susceptible to natural
sagging because of the effect of gravity. Care was taken also that
the deflection profile of the thin skin was perfectly symmetric about
the axis of the channel. All these issues call for detailed mechanical
analysis of the geometry, which remains for the future. For now, we
find that channels of diameter d= 180− 550 μm and skin thickness
t0 = 5− 30 μm are most suitable for carrying out our experiments.
Fig. 2 shows the profilometry data for air and different liquids:

acetonitrile, nitromethane, perfluorooctane, DMSO, ethylene glycol,

Fig. 4. (A and B) Typical fit of the quantity ζ− ζ0 = t3ðd2ψ=dx2Þ−
t30 ðd2ψ=dx2Þ��x=0 as a function of x and ðψ −ψ0Þ as described in Eq. 3. The sym-
bols ○ and □ represent data obtained for channels (diameter d = 450 μm,
minimum skin thickness t0 = 20 μm, and film thickness h= 470 μm) and (d = 180 μm,
t0 = 25 μm, and h= 205 μm) filled with perfluorooctane, and△ represents one
(d = 450 μm, t0 = 30 μm, and h= 480 μm) filled with nitromethane, respectively.
The solid line represents that obtained by using respective fit equations.

Fig. 3. (A) Top view of a typical channel of diameter d filled with a wetting
liquid which forms a concave meniscus. The particular image was taken for
perfluorooctane in a channel of diameter d = 180μm. (B) Magnified side view
of the channel shows that the thin skin above the channel bulges out.
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and water used with channels of different diameter: d= 180− 450 μm
and skin thickness t0 = 5− 30 μm, respectively. Note also that except
for acetonitrile, none of the other liquids swells PDMS; acetotrile
swells it only ∼3% by volume. The dashed line shows the profile of
the surface of the film before the template was withdrawn. Following
its withdrawal, the skin above the air-filled channel bulges in. When
the channel was filled with liquid, the bulging deflection was found to
vary depending on the solid–liquid interaction. The deflection profile
ψðxÞ of the surface of the film was analyzed according to Eq. 3
(details presented in Supporting Material and Fig. S3). Fig. 4 A and B
shows typical fit of experimental data according to Eq. 3. In essence,
the data of bulging deflection ψðxÞ from optical profilometery were
used to obtain ζ= ðtðxÞÞ3ψ xxðxÞ, which are then fitted as ζ− ζ0 with
respect to x2 and ψ −ψ jx=0; from the slopes of the fit, F1 and γ were
extracted. For channels filled with air, the fitted value of γ was
directly equated to γsa, whereas for liquid, γsl values were calculated
as γsl = γ − 2γl cos θ; the contact angle θ of the liquid meniscus with
the channel wall was measured from the top view of the capillary as
shown in Fig. 3A. Because θ was measured at the inner surface of the
capillary where the wall thickness far exceeded other relevant
lengthscales, e.g., channel diameter and the minimum skin thickness
of the film, the deformation at the three-phase contact line is
expected to be negligible. For any particular liquid, experiments are
carried out in channels of different diameter and skin thickness as
presented in Table S1 in the Supporting Information; γsl calculated
from each such experiment was averaged to obtain a representative
value along with the SD of the data.
For the air-filled channel, such an analysis yielded solid–air

surface tension, γsa = 26.2±2.3 mN/m, which is similar to the in-
trinsic surface energy of PDMS (30, 31), ηsa = 22 mJ/m2. For
liquids, the solid–liquid interfacial tension calculated in the
above process was compared with interfacial energy ηsl obtained
from measurement of contact angle of these liquid inside the
PDMS capillaries. In particular, we measured the advancing
contact angle θ which yielded the solid–liquid interfacial energy
via Young’s equation: ηsl = γs − γl cos θ. Table 1 shows the γsl and
ηsl values calculated for different liquids. The solid–liquid in-
terfacial tension was obtained to be very similar to the solid–
liquid surface energy values. For example, for nitromethane:
γl = 34.9 mJ/m2 and θ = 69°, the solid–liquid interfacial energy
was calculated to be ηsl = 8.5± 1.1 mJ/m2, which is close to
the interfacial tension γsl = 5.8± 2.8 mN/m as obtained in our

experiments. Similar values of interfacial energy and tension were
observed also for the DMSO–PDMS system: the interfacial energy
and tension were estimated as 10.2± 2.7 mJ/m2 and 8.5± 2.5 mN/m,
respectively. For the perfluorooctane–PDMS system, with θ =
48° and γl = 14 mJ/m2, the interfacial energy was estimated as
ηsl = 12.6± 0.1 mJ/m2 similar to γsl = 11.4± 4.4 mN/m obtained
from our experiments. For ethylene glycol the estimated value
for γsl = 28.5± 4.5mN/m was somewhat larger than ηsl = 17.9mJ/m2,
possibly because the very small extent of deformation (curve 6 in Fig.
2A) does not allow γsl to be estimated accurately.

Summary
To summarize, we have presented here a simple method for
measuring solid–liquid interfacial tension γsl using curved surface of
a solid. When such a surface is brought in contact with a liquid, the
resultant solid–liquid interfacial tension leads to its deflection,
which has been analyzed using Föppl–von Kármán equations. The
method has been demonstrated by estimating the interfacial ten-
sion γsl values for several PDMS–liquid systems, each measurement
being averaged over experiments with different channel diameter
and skin thickness. The curved surface of the channel allows us to
estimate directly and relatively more accurately the interfacial
tension without having to resort to any extrapolation method as
attempted previously for a flat elastic membrane (24, 25). Although
in all our experiments we have used PDMS films of Young’s
modulus E= 2.4 MPa, the amplification factor ðd=t0Þ3 along with
use of an optical profilometer should allow use of much stiffer solid
for similar experiments. The interfacial tension values that we
obtain for various liquid–PDMS systems match closely with cor-
responding solid–liquid interfacial energy values, signifying that for
elastomeric solids the interfacial tension and interfacial energy
remain in almost complete agreement, unlike for crystal surfaces.
Our experiments show also that the bulging profile and the cur-
vature of the bulge change almost instantaneously and reversibly as
the liquid contacting the channel surface is altered. This phe-
nomenon then brings out the possibility of designing an interfacial-
tension-induced actuator in soft systems.
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