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The theoretically predicted vanishment of the macroscopic contact angle hysteresis is found experi-

mentally along with a small but finite force of adhesion (FAd � �0:5 �N) that, unexpectedly, is

independent of the history of the preload. Our results agree with the prediction of a model in which

the surface tension of the liquid provides the counterpart of the restoring force of an elastic solid,

evidencing that the dewetting of a liquid in the absence of strong pinning points is equivalent to the

detachment of an elastic solid.
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When an elastic solid sphere of radius R is pressed
against a surface and subsequently detached from it, a
counterintuitive result is found: the force of adhesion or
‘‘pull-off force’’ (FSolid

Ad ) is not only independent of

the Young’s moduli of the bodies, but also of the history
of the compression. In other words, the compression or
decompression process is completely reversible, and yet, a
small but finite constant FSolid

Ad is measured [1–5] that is

proportional to the work of adhesion, wa:

FSolid
Ad / ��Rwa: (1)

This reversibility contrasts sharply with what is usually
found in the interaction between liquids and surfaces [6].
There, either surface roughness or patches with chemical
inhomogeneities of higher local wettability result in con-
tact angle hysteresis [7] (CAH). The force arising from the
elastic deformation of the pinned contact line at these
points opposes the detachment of the liquid from the
surface. Thus, it is normally expected that wetting be a
hysteretic process. Although vanishment of the force hys-
teresis has been recently measured on individual pinning
points [8], as we show in the present work the contact with
of a collection of such points in a macroscopic experiment
does not yield a total zero adhesion. Our system of study is
comprised of a submillimeter semidrop of mercury (Hg) in
contact with a boron doped diamond surface treated to be
super-mercury-phobic. The effective surface energy of this
liquid-solid system is so low (� 2 mJ=m2) that there is no
pinning of the contact line. As a consequence, the CAH
vanishes and yet, a finite force of adhesion independent of
the history of the compression is measured [Fig. 1(l)],
just as in the case of the contact between elastic solids.
We use a similar energy balance as the one put forward by
Johnson-Kendall-Roberts (JKR) [3] of the deformation of
soft elastic solids, leading to a parameter-free prediction of
a constant force of adhesion between Hg and a super-
mercury-phobic surface. Our results imply that the dewet-
ting process of Hg from this surface is equivalent to the
detachment of an elastic solid, thus bringing further

together two once perceived separate areas of study:
Surface physics and mechanics [4].
The top row in Fig. 1 shows Hg drops resting on three

surfaces of increasing roughness. The high surface tension
of mercury (�lv ¼ 486:5 mJ=m2) yields a very steep equi-
librium contact angle with the flat surface [�E ¼ 155�,
Fig. 1(a)], an ideal starting point for achieving a
roughness-induced state of supersolvophobicity [6,9].
Indeed, a rough microcrystalline boron doped diamond
film with apparent contact angle �� ¼ 162� [Fig. 1(b)] is
rendered super-mercury-phobic [�� > 175�, Fig. 1(c)]
after a thermal oxidation process transforms the 10 �m2

crystals into pyramids with nanometer-scale tops [10].
Adhesion with mercury is so low, that Hg drops in free-
fall form jets upon colliding with this surface [11]. In static
contact, a Teflon ring is needed to prevent the mercury drop
from spontaneously sliding out of the surface at an appar-
ent zero-tilt angle, a predicted consequence of the vanish-
ment of the CAH for rough surfaces [9]. As shown by
Johnson and Dettre [12], increased roughness can reduce
the CAH since the liquid becomes progressively more in
contact with air than with the substrate itself (for �E >
90�). Later, de Gennes and Joanny [7] pioneered the theo-
retical study of the conditions necessary to suppress CAH,
and referred to the areas of higher local wettability as
‘‘pinning points’’ of the three phase contact line. In the
exclusive presence of ‘‘weak’’ pinning points the CAH is
expected to vanish, so that the compression or detachment
process of a liquid drop should be completely reversible.
The second row of Fig. 1 shows drops of Hg during their
detachment from these surfaces. Note how, while the drop
deforms considerably on both the polished and microcrys-
talline samples, on the oxidized one the drop’s profile
transitions smoothly from contact to noncontact in a seem-
ingly perfectly reversible way. We thus expect no CAH on
this surface (Fig. 3) and a much smaller force of adhesion
that should not depend on the history of the contact.
Our force of adhesion experimental setup is depicted in

Fig. 2 and consists of a custom-made force microscope
[11,13] modified to be able to hold a macroscopic Hg

PRL 111, 226102 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

27 NOVEMBER 2013

0031-9007=13=111(22)=226102(4) 226102-1 � 2013 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.111.226102


semidrop. To do so, we take advantage of the notoriously
high adhesion that exists between sticky polymers and
mercury [14] to stick an Hg semidrop of radius R ¼
350 �m to a 1� 1 mm2 polymer-covered piece of glass,
making a 120� contact angle (�p). The piece of glass is

glued at the end of a fiber optic used as a force gauge.
An example of the experimental data is shown on the

third row of Fig. 1. Note that there exists a large force
hysteresis on the first two surfaces that is almost absent on
the super-mercury-phobic one. The measured force of
adhesion as a function of the displacement H of the base
(or equivalently of the corresponding average preload) is
presented for each surface at the bottom row of Fig. 1. It is
striking that just as in the case of the contact between
elastic solids, the force of adhesion on the super-
mercury-phobic surface is constant. Consistent with this
result, Fig. 3(b) shows that the CAH indeed vanishes, in

contrast with the result on the microcrystalline film that is
markedly hysteretic. This suggests that the interaction
energy (Es) between the semidrop and the oxidized surface
is extremely low. To incorporate this surface term into a
physical model, we follow Griffith [4,15] who recognized
that surface interactions can couple with elasticity and
influence contact dynamics. If we consider only short
range interactions—such as the van der Waals (vdW)
forces—the interaction energy is proportional to the ener-
getic cost (wa) of bringing apart a unit area of contacting
surfaces [1,3]. Taking the value of �lv for mercury, and its
contact angle with the flat diamond [�E ¼ 155�, Fig. 1(a)],
the Dupré equation [6] yields wa ¼ �lvð1þ cos�EÞ ¼
45:55 mJ=m2, which falls within the expected values for
the vdW interactions [16].

FIG. 1 (color online). Topography, contact angle, and force of
adhesion results. (First row) Left-middle-right columns display
SEM topography images of the polished-microcrystalline- nano-
contact boron doped diamond surfaces. (Insets) 1mm drops of
Hg resting on each surface. (Second row) Hg drops being
detached from the corresponding surfaces. (Third row) Typical
force data during compression or detachment cycles. (Fourth
row) Corresponding average FAd. Standard deviations are 1%,
3%, and 7% for Figs. ( j),(k), and (l), respectively. The line in
Fig. 1(l) displays the prediction from a model of the interaction
with a perfectly super-mercury-phobic surface [Eq. (3)] for an
elastic solid of the same radius and effective wa. Solid lines in
Figs. ( j),(l), and (k) depict the average and linear fit of the
respective data.

FIG. 2 (color online). Experimental setup: (b) A small, thin
piece of glass covered with a sticky polymer is glued about 1 mm
away from the end of a 7.5 mm-long fiber optic connected to an
830 nm diode laser (Thorlabs, USA) and pointing to a quadrant
detector. The holder is brought in contact with a pool of mercury
(c) then retracted, leaving a semidrop on its surface (d). (a) As
the base holding the surfaces moves a distance H, the semidrop
is compressed and the fiber is deflected a distance �, yielding a
force (k�), where k is the spring constant of the fiber (5:4þ =�
0:4 N=m). The magnitude of the compression is x � ðH� �Þ.
The contact angle between the semidrop and the polymer (�p)

remains fixed at about 120� after hundreds of compression or
detachments tests [inset of Fig. 2(d)].

FIG. 3. CAH results: (a) Pronounced CAH on the microcrys-
talline sample and (b) vanishment of the CAH on the super-
mercury-phobic one. A 2 mm Hg drop was used for these tests.
See Supplemental Material [11] for details.
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However, the actual interaction energy with the rough
surface is much smaller than that with the polished one.
Here we make the assumption that wa diminishes in propor-
tion to the so-called fractional surface area,�s, defined as the
fraction of the surface in actual contactwith the liquid [6] (the
nanotops of the pyramids). This approximation is valid as
long as the profile of the drop remains flat against the surface
[17]. Awetting state in which the liquid is held only by a few
points on the surface (‘‘Fakir effect’’) was studied by Cassie
and Baxter [18] and relates �� to �s and �E through the
relation: cos�� ¼�1þ�sð1þcos�EÞ. The value of�s that
accounts for the contact angle �� with the oxidized surface is
40� 10�3. Therefore, the effective surface energy is brought
down to the very low value we

a � wa�s ¼ 1:82 mJ=m2. In
the theory of contact mechanics, the contribution from simi-
lar interactions limited to the area of contact were originally
studied by Derjaguin [1] who assumed that the deformation
of the surface remains Hertzian [19], and by the JKR model
that incorporates the fact that adhesive forces may decrease
the contact angle for soft materials. In our system, the
equivalent to Derjaguin’s model is the deformation of a
semidrop against a perfectly mercury-phobic wall (�� ¼
180�), and constitutes the zeroth order approximation to
the real contact with the low energy surface. An evident
difference between the deformation of liquid drops and solid
spheres is that the former have no internal stresses, so that
there is no classical elastic energy involved. However, a
deformed drop will exhibit an equivalent restoring force
supplied by the surface tension that tends to minimize the
surface area of the liquid [Eq. (2)], giving rise to a spheroid
[Fig. 4(a)]. The pseudo-elastic energy (EE) associated with
this deformation is given by the increase in surface area of the
drop multiplied by �lv. Both EE and the contact energy
(Es ¼ we

a�a
2
0; a0 � radius of contact) can be calculated

from the profile of the drop that minimizes the surface area
given by the functional

Area ¼ 2�
Z R

x

�
y½z�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð@zy½z�Þ2

q �
dz� ��

Z R

x
y½z�2dz;

(2)

where y½z� is the profile of the drop as a function of the
coordinate z and � is Lagrange’s multiplier that ensures
that the volume of the semidrop is conserved [6,11]. An
assumption, verified experimentally, made to solve Eq. (2)
is that the contact line is pinned while the contact angle
varies during compression. The three different boundary
conditions that arise are discussed in the Supplemental
Material [11]. An example of the profile that satisfies
Eq. (3) is shown in Fig. 4(a). The calculated EE and Es are
verywell fit to a power law [2�R2S�lvðx=RÞ�, with�¼2:3,
Fig. 4(b)] and to a polynomial [�R2we

afAðx=RÞ2þ
Bðx=RÞg, Fig. 4(c)] respectively, where S, A, and B are
constants of order 1 that depend on the value of �p. The final

term needed in the energy balance is the mechanical energy

of the fiber, Em ¼ ð1=2Þk�2. Using x � H � �
(see Fig. 2), the total energy as a function of the deflection
� is then

EHg � EE þ Em � Es ¼ k�2

2
þ 2�R2S�lv

�
H � �

R

�
�

� �ðBRþ AðH� �ÞÞðH� �Þwe
a: (3)

Equilibrium is reached when (dEHg=d�ÞH ¼ 0, while

the stability criterion requires (d2EHg=d�
2ÞH > 0. This

corresponds to a ‘‘fixed grip’’ configuration [4]. The result-
ing force (k�, obtained numerically) as a function of the
base displacement H is plotted in Fig. 4(d) for different
values of we

a. As H approaches zero, a real solution ceases
to exist and the drop detaches from the surface. The force

at this point is the force of adhesion FHg
Ad, and it is plotted as

a function of we
a in the inset of Fig. 4(d). Using the values

FIG. 4 (color online). (a) Theoretical profile of the deformed
drop. (b,c) Es and EE vs (x=R) for different �p (if �p ¼ 120�,
A ¼ 1:46, B ¼ 0:28 and S ¼ 0:26). (d) Theoretical FHgðHÞ
(Eq. (3) and ðdEHg=d�ÞH ¼ 0) for different we

a and �p ¼
120�. (inset) Corresponding F

Hg
Ad. (e) Reaction forces setting

we
a ¼ 1:8 mJ=m2: Derjaguin model with K ¼ 65 KPa (line)

and perfectly Hg-phobic system (circles).
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for the parameters S, A, and B obtained for �p ¼ 120�, and
we

a ¼ 1:82 mJ=m2, the force of adhesion predicted by our
model is �0:6 �N, in good agreement with the experi-
mental value of �0:5 �N [Fig. 1(l)]. We note that in the
case of the contact with the flat surface (Fig. 1, left
column), our model underestimates the force of adhesion

by a factor of 1=3 (F
Hg
Ad ¼ �15 �N if �s ¼ 1) since the

pronounced deformation of the drop’s profile demands
different expressions for Es and EE than those of Eq. (3).

An analytical approximate solution of ðdEHg=d�ÞH ¼ 0

can be found if we impose � ¼ 2:5, which still yields a
reasonably good fit to EE as obtained from Eq. (2) [11].
The force of adhesion then becomes

FHg
Ad ¼ �B�Rwe

a: (4)

Similarly, as in the contact of solids [Eq. (1)], FHg
Ad is

independent of the source of the restoring elastic force
(�lv) and does not depend on the quadratic term A of the
contact area. The percentual error between the approxi-
mate analytical and the exact numerical solutions is of the
order of 2% [11]. This suggests that the whole force vs
compression curve FHgðxÞ of the Hg drop can be recovered
from the solution of Derjaguin’s model multiplied by B,
i.e., BFDerjðxÞ � FHgðxÞ, when a compliant elastic solid is
considered, characterized by an effective elastic constant
given by K � 4=3�ðk1 þ k2Þ where ki � ð1� 	2

i Þ=�Ei

and 	i and Ei are the Poisson’s ratio and Young’s modulus
of each body i [3]. The corresponding contributions to

the energy balance in Derjaguin’s model are EE ¼
ð2=5ÞKR3ðx=RÞ5=2 and Es ¼ we

a�a
2
0 ¼ we

a�R
2ðx=RÞ, giv-

ing a total energy

EDerj ¼ k�2

2
þ 2

5
KR3

�
H � �

R

�
5=2 � �RðH � �Þwe

a: (5)

Comparing with the equivalent expression for the Hg
drop [Eq. (3)], a dimensional analysis shows that K must
scale as S�lv=R. Indeed, Fig. 4(e) shows that by setting
K ¼ 55�S�lv=R � 65 kPa, the force curve obtained from
the compression of the 350 �m Hg drop can be recovered
by multiplying by B the corresponding reaction force of the
deformed elastic solid. Despite the good match shown, this
analogy would no longer be valid for we

a > 5 mJ=m2 [11].
We note that the effective K used in the comparison of
Fig. 4(e) is over 2 orders of magnitude smaller than that of
the softest rubber, but it is comparable to the Young’s
modulus of biological cells [20]. This analysis along with

the constancy of F
Hg
Ad with respect to the preload plus the

vanishment of the CAH, allows us to conclude that
the dewetting of a liquid from a surface with very low
interaction energy is equivalent to the detachment process

of a solid. Based on this analogy we propose that this
system would be ideal to investigate the dynamic forma-
tion and rupture of both weak and strong individual pin-
ning points by monitoring the shift in resonant frequency
of the fiber during the forced wetting of a macroscopic Hg
drop, in a similar way that dynamic microwelding is
probed on macroscopic gold spheres [12].
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