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Abstract

The influence of the indenter shapes and various parameters on the magnitude of the capillary force is studied on the
basis of models describing the wet adhesion of indenters and substrates joined by liquid bridges. In the former, we consider
several shapes, such as conical, spherical and truncated conical one with a spherical end. In the latter, the effects of the
contact angle, the radius of the wetting circle, the volume of the liquid bridge, the environmental humidity, the gap between
the indenter and the substrate, the conical angle, the radius of the spherical indenter, the opening angle of the spherical end
in the truncated conical indenter are included. The meniscus of the bridge is described using a circular approximation,
which is reasonable under some conditions. Different dependences of the capillary force on the indenter shapes and the
geometric parameters are observed. The results can be applicable to the micro- and nano-indentation experiments. It shows
that the measured hardness is underestimated due to the effect of the capillary force.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The permanent adhesion arises from various types of interfacial forces, such as capillary, electrostatic
and van der Waals forces. Among these forces, the capillary force is dominant in the nano-scale
contact.

Capillary force exists everywhere under real-life conditions. A powder absorbs moisture from the sur-
roundings because of the adsorption of water vapors at the particle surfaces and the capillary condensa-
tion of this water in the pores of the material (Tselishchev and Val’tsifer, 2003). Capillary force is also
very important in MEMS. During the fabrication of micro- or nano-scale components on silicon sub-
strates, the oxidized polysilicon surface is hydrophilic and the capillary force formed between the structure
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and substrate is sufficiently strong to collapse the microstructure, which is called release-related adhesion.
Several engineering approaches to minimize release-related adhesion have been investigated (Maboudian,
1998a; Maboudian et al., 2000) and self-assembled monolayer has been widely focused because it converts
the surface to be hydrophobic (Maboudian, 1998b). In micro-manipulation, the influence of gravitational
force is extremely small compared to adhesion force, the capillary force is large enough to detach an
adhered particle if the liquid has volume sufficiently smaller than that of the particle (Tanikawa et al.,
1998).

In biological attachment systems, dry adhesion is adopted by geckos, jumping spiders, etc. (For exam-
ples, Autumn et al., 2002; Kesel et al., 2003). These animals have achieved superior attachment ability
through the van der Waals force. Animals like beetles and ants have not evolved the same attachment
terminals as geckos (For examples, Eisner and Aneshansley, 2000; Federle et al., 2004). They resort to
another strategy, which is based on wet adhesion. When they attach to surfaces, some secretory fluid is
produced and delivered to the bottom of the attachment pads. Experiments have verified that the capillary
force is very important to their ability to adhere on surfaces (Dixon et al., 1990).

Different models and experiments have been established to investigate the wet adhesion between objects
with different shapes and a solid plane. For examples, Orr et al. (1975) considered a liquid bridge between
a sphere and a plate and obtained analytical expressions for the bridge profile in terms of elliptic integrals.
Fortes (1982) studied the capillary force with axisymmetric liquid bridge between two parallel plates. Tseli-
shchev and Val’tsifer (2003) investigated the influence of the particle dimensions and type of interparticle
contact on the magnitude of the capillary forces between the powder particles. Yoon et al. (2003) did
nano-contact experiments and studied the effect of the capillary force in various relative humidity. Obata
et al. (2004) proposed a micro-manipulation method because the capillary force could be controlled by
regulation of the volume of the liquid bridge. In order to decrease the wet adhesion, effective surface treat-
ments are required. Providing a stable hydrophobic surface is one example to decrease the formation of
water layers on the surface, thereby decreasing the capillary forces (Maboudian and Howe, 1997; Yoon
et al., 2003). Pakarinen et al. (2005) numerically calculated the exact meniscus profile from the Kelvin
equation and found that a circular meniscus profile would give correct results in most cases. In order
to increase the wet adhesion, size reduction and long effective interaction range are helpful (Qian and
Gao, 2006).

Almost in all of the above studies on capillary forces, the gap between the two objects are not less than
zero, i.e., D P 0. It is well known that the environmental humidity should have significant effects on the
results of micro- and nano-indentation, which are mainly used to measure the materials’ hardness. In
order to get the hardness of materials, continuous stiffness method is often used to obtain the load–depth
relation, from which the hardness of materials can be calculated. The micro- and nano-indentation hard-
ness of bulk materials and film-substrate systems has been studied by many researchers (For examples, Ma
and Clarke, 1995; McElhaney et al., 1998; Nix and Gao, 1998; Huang et al., 2000; Chen et al., 2004a,b)
and the size effect in the indentation experiments are mainly focused in these years, i.e., the indentation
hardness increasing with a decreasing indentation depth, when the indentation depth is less than several
tens micrometers. Only the load acted externally is considered in studying the indentation hardness.
Nobody considers the effect of the capillary force. Furthermore, the indenter should penetrate into the
measured object continuously, so that the gap considered in the above literatures on capillary force should
be negative in the indentation models. Some questions will be proposed obviously. Are there any different
phenomena between D P 0 and D < 0? What is the effect of humidity on the capillary force when D < 0?
How does the rounded indenter tip influence the capillary force? What is the effect of capillary force on
measured hardness? All these questions bestir us to repeat the present research in details, though some of
the models in the present paper have already been studied before (For examples, Yoon et al., 2003; Tseli-
shchev and Val’tsifer, 2003; Pakarinen et al., 2005).

In this paper, the methods for calculating the capillary force of different models are presented. The
effects of the indenter shape, the radius of the wetting circles, the distance between the indenter and
the substrate, the volume of the liquid bridge and the relative humidity on the magnitude of the capillary
force are mainly investigated in details. The effects of the capillary force on the indentation hardness in
micro- and nano-indentation experiments are discussed.
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2. Circular assumption and conception of relative humidity

The capillary force for a sphere, a cone and a truncated cone in wet adhesive contact with a solid plane will
be studied to simulate the indentation experiments with different indenter shapes. The liquid between the
indenter and the substrate is assumed to be water due to the environmental humidity. The surface tension
Dc is assumed to be a constant though the confinement of a liquid or even the presence of a solid surface
may change the effective surface tension of the liquid at a nano-scale, i.e., Dc = 0.072 N/m. The liquid bridge
surface is curved because of an interaction of the liquid molecules with each other. We assume the meniscus of
the bridge to be a circular arc according to Pakarinen et al. (2005) and Farshchi-Tabrizi et al. (2006). Thus the
contact angles h1 and h2 of the liquid on the indenter and the substrate can be described as h, i.e.,
a

Fi
h1 ¼ h2 ¼ h ð1Þ
The environmental humidity is described by the relative vapor pressure P/P0, where P is the actual vapor pres-
sure and P0 is the saturation vapor pressure of a reference planar liquid surface, which can be calculated using
the Kelvin equation
P
P 0

¼ exp �DcV m

RGT
1

r
� 1

l

� �� �
ð2Þ
in which RG = 8.268 J/(K mol) is the gas constant, T = 298 K is the temperature, Vm = 18 � 10�6 m3/mol and
Dc = 0.072 N/m are the molar volume and surface tension of water, respectively. r and l describe two principal
radii of curvature.
3. Wet adhesion between a conical indenter and a solid plane

Fig. 1a and b shows a model for the analysis of wet adhesion between a conical indenter and a solid sub-
strate, where b is the radius of the circle of the liquid bridge wetting the cones, a is half of the cone angle,
h1 = h2 = h is the contact angle, D is the gap between the indenter and the substrate, the curvature radii r

and l of the liquid bridge are also shown in the figures.
The magnitude of the capillary force Fc depends on two components. The first one is determined by the

surface tension of the liquid Dc. The second one is owing to the pressure difference Dp inside and outside
the meniscus. Since the effect of gravity is neglected in our study, Dp is a constant within the meniscus.

(1) For the case of D P 0, the capillary force is
F c ¼ �pb2Dp þ 2pbDc cosða� hÞ ð3Þ
and the pressure difference is described by the Laplace equation,
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g. 1. Schematic illustration of a cone in wet adhesion with a substrate, the gap between them is D. (a) D P 0 and (b) D < 0.
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Dp ¼ Dc
1

l
� 1

r

� �
ð4Þ
where the two principal radii of curvature can be obtained from geometric relations,
r ¼ ½b= tan aþ D�
sinða� hÞ þ cos h

l ¼ b� r½1� cosða� hÞ� ð5Þ
Substituting Eq. (4) into (3) yields
F c ¼ pbDc 2 cosða� hÞ þ b
1

r
� 1

l

� �� �
ð6Þ
The volume of the liquid bridge Vl can be obtained as the volume of the figure yielded by rotating a circular
arc of radius r about the y axis minus the volumes of the indenter immersed in the liquid Vs, that is
V l ¼
Z z2

z1

px2 dz� V s ¼
Z z2

z1

pG2ðzÞdz� V s ð7Þ
where the curve equation has the form
GðzÞ ¼ r þ l�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 � ðz� r cos hÞ2

q
ð8Þ
and the coordinates of the contact points 1 and 2 as shown in Fig. 1 are
x1 ¼ r þ l� r sin h x2 ¼ b ð9Þ
and
z1 ¼ 0 z2 ¼
b

tan a
þ D ð10Þ
After derivation, the volume of the liquid bridge is written as
V l ¼ pðz2 � z1Þ½ðr þ lÞ2 þ r2� � p
3
½ðz2 � r cos hÞ3 � ðz1 � r cos hÞ3�

� 2pðr þ lÞ z� r cos h
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 � ðz� r cos hÞ2

q
þ r2

2
arcsin

z� r cos h
r

� �����
z2

z1

� V s ð11Þ
The volume of Vs in Fig. 1a with D P 0 can be expressed as
V s ¼
pb3

3 tan a
ð12Þ
(2) If D < 0 as shown in Fig. 1b, the capillary force can be written as
F c ¼ pDc
1

r
� 1

l

� �
½b2 � ðD tan aÞ2� þ 2pbDc cosða� hÞ ð13Þ
and the volume of the indenter immersed in the liquid is
V s ¼
p
3

b
tan a

þ D
� �

½b2 þ ðD tan aÞ2 þ b j D j tan a� ð14Þ
The formula of curvature radii of the liquid bridge, the coordinates of the contact points 1 and 2 are identical
to Eqs. (5), (9) and (10), except that D has different sign.

4. Wet adhesion between a spherical indenter and a solid plane

The analysis model of a spherical indenter in wet adhesive contact with a substrate is shown in Fig. 2a, in
which the distance between the substrate and the sphere is D P 0, / is the filling angle, R is the radius of the
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Fig. 2. Schematic illustration of a sphere in wet adhesion with a substrate, the gap between them is D. (a) D P 0 and (b) D < 0.
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sphere, b is the radius of the circle of the liquid bridge wetting the sphere, h1 = h2 = h is the contact angle, r

and l are the curvature radii of the liquid bridge. Fig. 2b shows the corresponding model of D < 0.
The liquid pressure difference Dp inside and outside the meniscus is also expressed by the Young–Laplace

equation (4), where the curvature radii of the liquid bridge are written as
r ¼ Rð1� cos /Þ þ D
cosðhþ /Þ þ cos h

ð15Þ
and
l ¼ r sinðhþ /Þ þ R sin /� r ð16Þ
(1) The capillary force Fc is the sum of the pressure difference and the axial component of the surface ten-
sion acting on the sphere. For the case of D P 0, the expression of the capillary force is
F c ¼ pR sin /Dc 2 sinðhþ /Þ þ R sin /
1

r
� 1

l

� �� �
ð17Þ
The volume of the liquid bridge has the same form as that in Eq. (7), but the coordinates of contact points 1
and 2 as shown in Fig. 2a and b are,
x1 ¼ r þ l� r sin h; x2 ¼ b ¼ R sin / ð18Þ
z1 ¼ 0; z2 ¼ r cosðhþ /Þ þ r cos h ð19Þ
and the volume of the sphere immersed in the liquid is
V s ¼
p
6
ðR� R cos /Þ½3ðR sin /Þ2 þ R2ð1� cos /Þ2� ð20Þ
(2) If D < 0, the capillary force Fc can be written as
F c ¼ �pDpfb2 � ½R2 � ðRþ DÞ2�g þ 2pbDc sinðhþ /Þ ð21Þ
and the volume of the sphere immersed in the liquid is
V s ¼
p
6
ðR� R cos /þ DÞf3b2 þ 3½R2 � ðRþ DÞ2� þ ðR� R cos /þ DÞ2g ð22Þ
The other formula are the same as those for D P 0.

5. Wet adhesion between a truncated conical indenter and a solid plane

In the micro- and nano-indentation experiments, the indenter tip is not actually ideal sharp due to the lim-
itation of industry technology or tip wear after many times of experiments. The indenter tip is often repre-
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sented by a spherical end. The capillary force between a truncated conical indenter and a substrate is studied in
this section.

The truncated conical indenter is shown in Fig. 3, where R is the radius of the sphere, b is the radius of the
circle of the liquid bridge wetting the truncated cone, /max is half of the opening angle of the spherical part, a
is half of the cone angle and D is the distance between the indenter and the substrate.

The formula of the capillary force and the volume of the immersed indenter are different for different inden-
tation depths.

(1) First, we study the case of D P 0, i.e., the indenter does not penetrate into the substrate.
(1a) If b < R sin/max, the contact point 2 lies on the sphere boundary, the liquid bridge forms between the

spherical end and the substrate. All the formula are the same as those in Section 4 for D P 0.
(1b) If b P R sin/max, the contact point 2 lies on the cone boundary. The curvature radii of the liquid

bridge can be described as
a

Fig. 3.
(b) D <
r ¼
b�R sin /max

tan a þ Dþ Rð1� cos /maxÞ
sinða� hÞ þ cos h

ð23Þ

l ¼ r cosða� hÞ þ b� r ð24Þ
and the coordinates of contact points 1 and 2 in z direction are
z1 ¼ 0; z2 ¼ r sinða� hÞ þ r cos h ð25Þ
The capillary force in this case can be written as
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Schematic illustration of a truncated cone with a spherical end in wet adhesion with a substrate, D is gap between them. (a) D P 0;
0 and jDj 6 R � Rcos/; (c) D < 0 and jDj > R � Rcos/max.
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F c ¼ pbDc 2 cosða� hÞ þ b
1

r
� 1

l

� �� �
ð26Þ
where the Young–Laplace equation has been used.
The volume of the capillary liquid is still obtained as Eqs. (7) and (8), but the volume of the truncated con-

ical indenter immersed in the liquid is
V s ¼
p
3

R3ð1� cos /maxÞð1þ sin2 /max � cos /maxÞ þ
p
3

h½ðR sin /maxÞ
2 þ b2 þ bR sin /max� ð27Þ
where
h ¼ b� R sin /max

tan a
ð28Þ
(2) For the case of D < 0, two models as shown in Fig. 3b and c will be analyzed for jDj 6 R � Rcos/max

and jDj > R � Rcos/max, respectively.
(2a) jDj 6 R � Rcos/max and b 6 R sin/max. The liquid bridge forms between the spherical end and the

substrate. All the formula describing the capillary force, the volume of the liquid bridge are the same as those
in Section 4 for D < 0.

(2b) jDj 6 R � Rcos/max and b > R sin/max. The contact point 2 lies on the cone boundary as shown in
Fig. 3b. The curvature radii of the liquid bridge can be written as
r ¼
b�R sin /max

tan a þ Dþ Rð1� cos /maxÞ
sinða� hÞ þ cos h

ð29Þ

l ¼ r cosða� hÞ þ b� r ð30Þ
and the coordinates of contact point 1 and 2 in z direction are
z1 ¼ 0; z2 ¼ r sinða� hÞ þ r cos h ð31Þ
Combining the two components, i.e., the pressure difference and the liquid surface tension acting in axial direc-
tion yields the capillary force,
F c ¼ �pDp½b2 � R2 þ ðRþ DÞ2� þ 2pbDc cosða� hÞ ð32Þ
where Dp is expressed by the Young–Laplace equation.
The volume of the liquid bridge can also be expressed by Eq. (11), but the volume of the indenter immersed

in the liquid consists of two parts
V s ¼
p
3

b� R sin /max

tan a
½b2 þ ðR sin /maxÞ

2 þ bR sin /max� þ
ph
6
½3ðR sin /maxÞ

2 þ 3½R2 � ðRþ DÞ2�

þ h2� ð33Þ
where the parameter h is
h ¼ z2 �
b� R sin /max

tan a
ð34Þ
(2c) jDj > R � Rcos/max. In order to ensure the existence of the liquid bridge, b > R sin/max +
[jDj � R(1 � cos/max)]tana is required. In this case, the curvature radii of the liquid bridge are
r sinða� hÞ þ r cos h ¼ b� R sin /max

tan a
þ Dþ Rð1� cos /maxÞ ð35Þ
and
l ¼ r cosða� hÞ þ b� r ð36Þ
The coordinates of contact points 1 and 2 in z direction are
z1 ¼ 0 z2 ¼ r sinða� hÞ þ r cos h ð37Þ
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The capillary force is
F
c (

nN
)

a

Fig. 4.
liquid
differen
F c ¼ �pDc
1

l
� 1

r

� �
b2 � b

tan a
� z2

� �2

tan2 a

" #
þ 2pbDc cosða� hÞ ð38Þ
and the volume of the liquid bridge can be described by Eqs. (7) and (8), but the volume of the indenter im-
mersed in the liquid is
V s ¼
pz2

3
b2 þ b

tan a
� z2

� �2

tan2 aþ b
b

tan a
� z2

� �
tan a

" #
ð39Þ
6. Results and discussion

6.1. Numerical calculations

6.1.1. The case of a conical indenter and a substrate

From Eq. (5), one can see that for determined contact angle h and cone angle 2a, if the radius of the circle of
the liquid bridge wetting the cone b keeps unchanged, the curvature radius r will increase and l will decrease
when the gap D between the cone and the substrate increases, then the capillary force Fc will decrease accord-
ing to Eq. (6). If the gap D between the cone and the substrate keeps unchanged, then the capillary force will
increase with an increasing radius of wetting circle b according to Eqs. (5) and (6). An example is shown in
Fig. 4a. In order to be continuous, the results for D < 0 according to Eqs. (5) and (13) are also included in
Fig. 4a, from which one can see that the capillary force will increase when the indentation depth increases.
The corresponding volumes of the liquid bridge can be obtained from Eqs. (11), (12) and (14), which are
shown in Fig. 4b. Comparing Fig. 4a and b, one can see that if the contact angle, the cone angle and the radius
of the wetting circle are fixed, the volume of the liquid bridge will decrease and the capillary force will increase
when the indentation depth increases. This conclusion is only obtained from the mathematics point of view
and has no physical meaning.

The contact angle embodies the features of hydrophobicity and hydrophilicity of objects. Fig. 5 shows the
capillary force as a function of the contact angle h when the cone angle a, the radius of the wetting circle b and
the gap D between the cone and the substrate are unchanged. From Fig. 5, one can see that the capillary force
decreases when the contact angle increases, i.e., the surfaces varying from hydrophilic to hydrophobic. With a
fixed contact angle h, the capillary force decreases when the gap between the cone and the substrate increases.
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With regard to the model of wet adhesion between a cone and a substrate shown in Fig. 1, it is convenient
to use the radius of wetting circle b as a parameter. When the parameter b is varied, the values of the curvature
radii r and l can be obtained as well as the relative humidity according to Eq. (2). Fig. 6a shows the capillary
force as a function of the relative humidity, where one can see that the capillary force increases with humidity.
The shape of the curve changes and the strength of the capillary force increases more quickly for a vanishing
gap between the cone and substrate. For a fixed humidity, the capillary force increases with an increasing
indentation depth. The capillary force in Fig. 6a is based on the Kelvin equation, which assumes a thermody-
namic equilibrium of system. However, due to the speed of tip motion in small scale indenter, system with
capillary condensed meniscus may not be governed by the Kelvin equation. In this case, constant meniscus
volume has to be assumed. Fig. 6b shows the dependences of the capillary force on the volume of the liquid
bridge for different gaps between the cone and substrate. One can see that the capillary force increases with the
volume of the liquid bridge. Furthermore, one can find that, for a constant meniscus volume, the capillary
force increases with an increasing indentation depth. The relation between the relative humidity and the
meniscus volume is plotted in Fig. 6c, from which it is easy to find that the relative humidity increases with
an increasing meniscus volume and tends to saturate when the volume attains about 10�22 m3.

6.1.2. The case of a spherical indenter and a substrate

Using Eqs. (15)–(17), we plot the relations of the capillary force via the contact angle h for the model of a
spherical indenter in wet adhesion with a substrate as shown in Fig. 7, where one can see that the variation of
the capillary force with the contact angle is different from that in the model of cone-plane. For a set of deter-
mined filling angle /, gap D and radius of sphere R, there exists such a value of the contact angle that the
capillary force attains maximum. For different spherical indenters with different radii and a fixed contact
angle, one can find that the capillary force increases with the radius of the spherical indenter.

Using the resultant equations in Section 3, we can also determine the dependence of the capillary force on
the volume of the liquid in the bridge. The variation of the capillary force via the volume of the liquid bridge is
shown in Fig. 8a for different values of the distance between the indenter and the substrate. From Fig. 8a, one
can see that the shape of the curves for D > 0 and D 6 0 has large difference. In the case of D 6 0, the capillary
force is always decreasing with an increasing volume of the liquid bridge. In the case of D > 0, the capillary
force increases, then decreases after attaining a maximum at a critical volume of the liquid bridge. If the menis-
cus volume is assumed to be a constant due to the speed of tip motion in small scale indenter, the changes in
capillary force as a function of separation between the indenter and the sample are different for D > 0 from
D 6 0. In the case of D > 0, the capillary force decreases with an increasing separation. In the case of
D 6 0, the capillary force decreases with an increasing indentation depth. In the case of D = 0, i.e., point con-
tact, the curvature radius r of the liquid bridge is much smaller than the curvature radius l when the meniscus
volume tends to vanish, which results in qualitative difference for the results of D = 0 from those of D > 0.
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meniscus volume for different values of gap D.
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An interesting phenomenon is also found in the relation between the capillary force and the relative humidity
as shown in Fig. 8b, where we find that for the case of D 6 0, the capillary force decreases very sharply at very
small and very large humidity when the humidity increases, and keeps almost a constant at the moderate humid-
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ity. Once the distance between the spherical indenter and the substrate deviate a very small value from zero and
D > 0, the capillary force increases very sharply at smaller humidity and decreases very sharply at larger humid-
ity when the humidity increases. The value of D = 0 becomes a critical one for the relation between the capillary
force and the relative humidity. The effect of the van der Waals force at small humidity has been discussed by
Farshchi-Tabrizi et al. (2006). The relation between the meniscus volume and the relative humidity is shown in
Fig. 8c in order to give a more clear understanding, from which one can see that the relative humidity increases
when the meniscus volume increases, and at a critical value of the volume the relative humidity saturates.

Fig. 8d and e shows the relation between the capillary force and the relative humidity for the case of spher-
ical indenter with different radii. The capillary force increases when the radius of the spherical indenter
increases, which is consistent well with the numerical results in Pakarinen et al. (2005).

The effect of contact angle on the capillary force is shown in Fig. 9, where it is easy to find that the capillary
force decreases with increasing contact angle, i.e., if the surfaces become hydrophobic from hydrophilic, the
capillary force will decrease.

6.1.3. The case of a truncated conical indenter and a substrate

Fig. 10 shows the relation between the capillary force and the volume of the liquid bridge for the model of a
truncated cone with a spherical end in wet adhesion with a substrate, in which the gap D between the truncated
cone and the substrate, the opening angle of the spherical end, the cone angle and the contact angle are fixed,
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except for the radius of the spherical end. One can see that for a determined radius of the spherical end, the
capillary force increases with an increasing volume of the liquid bridge. If the volume of the liquid bridge
keeps a small constant, the capillary force increases with a decreasing radius of the spherical end. For a large
constant of the volume of the liquid bridge, the case is on the contrary.

The effect of the contact angle on the capillary force is shown in Fig. 11, where all the parameters are fixed
except for the contact angle. One can see the capillary force increases at small contact angle, then decreases
after a critical value of the contact angle, at which the capillary force attains maximum value. Fig. 11 also
shows that the capillary force increases with a decreasing gap between the truncated end and the substrate
if all the other parameters keep unchanged.

The capillary force versus the relative humidity is shown in Fig. 12, in which we consider tips with smooth
(a + /max = 90�) and non-smooth (a + /max 6¼ 90�) transitions between the spherical and conical parts and
two cases of D = 0 and D 6¼ 0. For the case of D 6¼ 0, one can see that the capillary force increases with
the relative humidity up to a relatively high humidity for the case of a smooth transition, the spherical end
dominates the capillary force. The conical part is only important at very high humidity. For the case of a
non-smooth transition, the relation between the capillary force and the relative humidity consists of three
regimes along with an increasing relative humidity: (i) the capillary force increases at the initial stage, (ii)
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decreases at certain value of the relative humidity, and (iii) then increases once again. The three regimes cor-
respond to the dominations of spherical end, intermediate transition and conical part, respectively. For the
case of D = 0, the capillary force keeps almost a constant up to a relatively high humidity when the spherical
end dominates the capillary force, the conical part is only important at very high humidity also.

When a truncated conical indenter penetrates a depth into the substrate, the relation between the capillary
force and the relative humidity is shown in Fig. 13. The capillary force decreases up to a relatively high humid-
ity, then increases, which means the spherical end dominates up to a relatively high humidity, then the conical
part plays an important role. For a smooth transition between the spherical and conical parts, the curves of
the relation between the capillary and humidity have smooth transitions also; For a non-smooth transition of
the shape of a truncated indenter, the corresponding curves have a sharp transition between the regime of
spherical part domination and that of conical part domination.

If the indent depth increases continuously, the relations between the capillary force and the indent depth are
shown in Fig. 14a–c, in which the effects of the contact angle, the radius of the spherical end, the relative
humidity are considered, respectively. From the three figures, one can see that the curves of the capillary force
via the indenting depth consists of four regimes for the case of non-smooth transition between the spherical
and conical parts of indenter, and three regimes for the case of smooth transition as shown in Fig. 15. In the
case of non-smooth transition, when D < 0, the capillary is in turn dominated by the spherical part, interme-
diate transition part and the conical part along with an increasing indent depth. In the case of smooth tran-
sition, when D < 0, it is only dominated in turn by the spherical and conical parts. In these two cases with
D < 0, the capillary force is always decreasing with an increasing indent depth in the regime dominated by
the spherical part and in the other regimes always increasing with an increasing indent depth. When D > 0,
the capillary force is always decreasing with an increasing gap D. For a determined contact angle or a relative
humidity, the capillary force is significantly influenced by the indent depth as shown in Fig. 14a and c.

6.2. The effect of capillary force on the indentation hardness

In micro- and nano-indentation experiments, an external load is added on the indenter and normal to the
indented surface which is compressed to form an indentation. We define the external force as Fn, which is mea-
sured by the indentation instrument spontaneously. If the capillary force Fc is attractive, the indented depth is
amplified as well as the contact area A in the experiment, which is also measured by the indentation instrument
automatically. The definition of the hardness
Fig. 13
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leads to an underestimation due to the overestimated contact area A. On the other hand, the measured hard-
ness should be overestimated if the capillary force is repulsive.

For convenience, the commonly used Berkovich indenter in the indentation experiments is usually approx-
imated to be a cone with half of the cone angle a = 70.3� in the FEM simulations. Due to the cone wear, the
tip is rounded with a radius about R = 50–100 nm. The capillary force is plotted in Fig. 15 for different radii of
rounded tips and different opening angles for different transitions between the spherical and conical parts,
from which one can see the capillary force is always attractive during the indentation process and influenced
by the radius R and opening angle /max significantly. The capillary force increases with an increasing radius of
the rounded tip. The dominated regime by the spherical end increases with the opening angle. Conclusion can
be made that the measured hardness should be underestimated due to the effect of the capillary force, so that
the ‘‘size effect” in the micro- or nano-experiments is not due to the influence of the capillary force but the
other factors.
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