
ORIGINAL PAPER

On the Transition from Bulk to Ordered Form of Water:
A Theoretical Model to Calculate Adhesion Force Due
to Capillary and van der Waals Interaction

M. A. Yaqoob • M. B. de Rooij • D. J. Schipper

Received: 24 August 2012 / Accepted: 21 December 2012 / Published online: 11 January 2013

� The Author(s) 2013. This article is published with open access at Springerlink.com

Abstract The adhesion force due to capillary interaction

between two hydrophilic surfaces is strongly dependent on

the partial pressure of water and is often calculated using

the Kelvin equation. The validity of the Kelvin equation is

questionable at low relative humidity (RH) of water, like in

high vacuum and dry nitrogen environments, where water

is only present as layers of several molecules thick at the

surfaces. A model from ordered to bulk form of water has

been developed using the Brunauer, Emmett, and Teller

adsorption model. The results show that the adhesion force

calculated using the Young–Laplace and Kelvin equations

at low (5–30 %) RH is underestimated. The total adhesion

force shows changes when the RH is changed from 0 to

100 %. In dry conditions, at RH below 10 %, the total

adhesion force is contributed by the van der Waals inter-

action due to solid–solid contact. The total adhesion force

then increases and remains constant being equal to the

superposition of van der Waals interaction due to solid–

solid contact and van der Waals interaction due to adsorbed

water layers on the surfaces. The total adhesion force

further increases slowly with the increase in RH incorpo-

rating capillary forces and then decreases at very high RH

due to screening of van der Waals forces. This change in

adhesion force occurs from solid–solid interaction to

ordered form of water at low RH and from ordered form to

bulk form of water at high RH along with the screening

effect of van der Waals interaction. The results have been

compared with the experiments and it has been seen that at

small length scales, the model is in agreement with the

existing experimental data. However, at large length scales

roughness of the surfaces should be taken into account.

Keywords Capillary interaction � van der Waals

interaction � Adhesion force � BET adsorption model �
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1 Introduction

An adhesion force is present between two surfaces when

they are in contact with each other. The work of adhesion is

the work need to separate these two surfaces and can be

used to calculate the magnitude of the total adhesion force

present in the system. However, the adhesion force is

generally caused by the superposition of different kind of

surface forces like van der Waals force, capillary force,

electrostatic force, and other interacting forces present in a

system as shown in Eq. (1) [1, 2].

Fa ¼ Fcap þ Fvdw þ Fel þ . . . ð1Þ

where, Fa (N) is the adhesion force, Fcap (N) is the capillary

force, Fvdw (N) is the van der Waals force, and Fel (N) is the

electrostatic force.

Capillary forces or meniscus forces are present when the

surfaces are in contact or are close to each other under

humid conditions. This force strongly depends on relative

humidity (RH), roughness of the contacting bodies, radius

of the sphere, and the hydrophilicity of the contacting

bodies. The RH dependence of the capillary force has been

reported for different kind of material combinations [2–5].

In other studies it was seen that due to a large surface
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roughness the adhesion due to capillary condensation is

small compared to other surfaces with low surface rough-

ness [6–8].

The validity of Kelvin’s equation under these conditions

is questionable. At RH = 10 % a Kelvin radius of 5.4 Å is

calculated which is approaching the size of a water mole-

cule [6]. Therefore, the Kelvin’s equation at very low RH

(RH\10 %) cannot be applied [6]. A similar argument was

reported by Grobelny et al. [4] that the existing theories

based on continuum mechanics are not sufficient for pre-

cise computation of capillary forces at very low RH values.

Therefore, a model for calculating the adhesion force at

low RH is required which can also incorporate the effect of

adsorption layers on the surface.

Brunauer, Emmett, and Teller extended the Langmuir

monolayer adsorption model to a more practical multilayer

adsorption model. The model is called the BET adsorption

model or BET adsorption isotherm [9]. The BET model

can be used to estimate the film thickness on the surface as

a function of the RH. There are some assumptions used in

this model which limits its applicability in the whole range

of RH; however, for the first estimate of the adsorbed film

thickness this model is suitable. On the other hand,

experiments have been performed to measure the adsorp-

tion layers on surfaces using attenuated total reflection

infrared spectroscopy [10]. Verdaguer et al. [11] studied

the growth and structure of water on SiO2 by several

techniques, like surface potential measurements using an

atomic force microscope (AFM) and ambient pressure

X-ray photoemission and near edge X-ray absorption fine

structure spectroscopies (XPS and NEXAFS). The mea-

surement results also followed the BET adsorption iso-

therm in a certain RH range which indicates the

applicability of the model in that range.

In this paper a transition model for calculating the

adhesion force as a function of partial pressure of water

will be discussed. The model shows three transitions in the

total adhesion force in the whole range of RH (0–100 %).

At very low RH the dry situation is depicted and only

solid–solid contact is formed. In this region only the van

der Waals force contributes to the total adhesion force. At

the intermediate RH region the van der Waals force due to

adsorbed water layers will also contribute to the total

adhesion force. In this region the water acts like a solid

since the water molecules on the surface are in an ordered

form. As the RH increases further the capillary force due to

capillary formation of the bulk water will also contribute to

the total adhesion force. At higher RH the total adhesion

force decreases due to the screening of the van der Waals

force. The results were compared with experimental data

where experiments were performed in ambient conditions

(25 �C, 1 bar and 45 % RH), ambient RH controlled con-

ditions (25 �C, 1 bar and 10–45 % RH), and in high

vacuum conditions (25 �C, 10-6 mbar). Furthermore,

results of the purposed model have been compared with the

experimental results presented in literature.

2 Theoretical Model

The capillary force for the sphere–plane geometry, as

shown in Fig. 1 can be calculated using Eq. (2). The cap-

illary force is strongly influenced by the nature of surfaces

in consideration. Since the attractive capillary force is

given as [2, 8]:

Fcap ¼ �2pRcL cos h1 þ cos h2ð Þ ð2Þ

where, R(m) is the radius of the sphere, h1,2 are the contact

angles between the liquid and the surfaces, and cL is the

surface tension of the liquid (here water).

The capillary force is directly influenced by the contact

angles of the surfaces. Similarly, from Eq. (2) it can also be

seen that there is no RH dependence on the capillary force.

However, there is strong experimental evidence of RH

dependence of the capillary force [2–5]. There are several

reasons which restricts the applicability of Eq. (2) like the

filling angle u & 0 if the R � r2 � r1 [2, 12]. First, the

filling angle is dependent on the RH where the meniscus

radius r2 increases with an increase in RH. As the amount

of water in the system increases the meniscus will grow

and will increase the meniscus radius r2. Second, for a

small tip radius R e.g., an AFM tip the R � r2 � r1

approximation fails [2]. Third, there is no contribution

from the surface tension force in the total capillary force

shown in Eq. (2), which is again an important contribution

for small radii tips.

The water is considered in structured form or ordered

form until three monolayers of water molecules and then

there is a transition from ordered to bulk [10]. Therefore,
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Fig. 1 A sphere in contact with a flat surface under a certain applied

normal load FN in humid environment. The solid–solid contact radius

a and the meniscus radius r2 are also shown
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the Kelvin equation cannot be used to calculate the adhe-

sion force for low RH. The force acting on the sphere due

to meniscus formation when the meniscus is in equilibrium

is written as [3]:

Fc ¼ Fs þ Fp ð3Þ

Fs ¼ �2pcLr2 sin h1 þ uð Þ ¼ 2pcLR sin u sin h1 þ uð Þ
ð4Þ

Fp ¼ �Dpp r2
2 � a2

� �

¼ � �RgT

Vm

log
p

ps

� �� �
p R2 sin2 u� a2
� �

ð5Þ

where, Fs is the surface tension force and Fp is the capillary

pressure force which is attractive because the pressure in

the liquid is lower than in the outer vapor phase. The

negative sign shown in Eq. (5) is due to the fact that the log

(p/ps) \0. In Eq. (5) the capillary pressure Dp is given

using the Young–Laplace and Kelvin equations. Rg is the

universal gas constant, T is the absolute temperature, Vm is

the molar volume, p and ps are the equilibrium and satu-

ration vapor pressures of the liquid, respectively, and a is

the contact radius for solid–solid contact which can be

calculated by e.g., Hertz theory [13].

It can be seen that the total capillary force Fc can be

calculated if the filling angle u is known. This filling angle

can be calculated implicitly using the Young–Laplace and

Kelvin equations along with the geometrical analysis of the

contact situation shown in Fig. 1 and is given as [2]:

Dp

cL

¼ 1

r1

þ 1

r2

� �
¼ � RgT

VmcL

log
p

ps

� �
ð6Þ

� RgT

VmcL

log
p

ps

� �
¼ cos h1 þ uð Þ þ cos h2

d þ R 1� cos uð Þ þ
1

R sin u
ð7Þ

Here d is the distance between the sphere and the flat (not

shown in Fig. 1) which is assumed to be 0.2 nm when the

sphere and flat are in contact [1]. It can be seen that by

simplifying Eq. (5) using the assumptions explained above,

Eq. (2) can be obtained.

In the solid–solid contact, without the meniscus, the van

der Waals force will only contribute to the total adhesion

force. This solid–solid contact situation can also be termed

as the dry contact situation when there will be very little

water present (very low RH) in the environment like in

high vacuum (HV) or ultra high vacuum (UHV). The van

der Waals force for sphere–flat geometry can be calculated

by [1]:

FS�vdw ¼ �
A132R

6d2
ð8Þ

where, A132 is the Hamaker constant between sphere 1 and

flat 2 in medium 3 (here vacuum). As mentioned earlier the

distance d is assumed to be 0.2 nm when the surfaces are in

contact; therefore, the van der Waals force due to solid–

solid contact is a constant for a certain set of materials of

constant geometry.

As the amount of water content in the environment

increases the adsorption of water molecules on the surfaces

will also increase. The thickness of this adsorbed water

layer can be calculated using BET adsorption isotherm [9].

The film thickness Tf as a function of RH is given as [9]:

Tf ¼
C � nmon � m � rA

1� p
ps

� 	
� 1þ p

ps
� C � 1ð Þ

n oh i � p

ps

*C ¼ e Q1�Qið Þ=RT ð9Þ

where, C is called the BET constant which is dependent on

the Q1 and Qi which are the heat of adsorption of the first

layer and heat of condensation of the adsorbate (here

water), respectively. The nmon is the number of adsorbed

molecules in one full monolayer per unit area, rA is the

cross-sectional area, and m is the diameter of the adsorbate

molecule (for water, rA is 0.77 nm2 and m is approximately

2.75 Å) [14, 15]. The typical values of C and nmon for

different materials have been measured and it was shown

that the film thickness is strongly dependent on the

hydrophilicity of the adsorbent [16]. The C values used

further for non–porous a-alumina and silica are 28 and 11

and the corresponding nmon values are 6.5 and 3.6 mole-

cules per nm2, respectively [9, 16].

The BET isotherm for silica is shown in Fig. 2 and is

compared with the values of measured film thickness from

literature [10]. It can be seen that the measured values fit

well until 50 % RH which is a strong evidence to use BET

isotherm for calculating film thickness until 50 % RH for

silica. The first monolayer forms at about 10 % RH;

therefore, we can consider solid–solid contact before 10 %

RH. After 10 % RH the monolayer starts to grow in mul-

tilayers and at about 30 % RH 3 monolayers are formed.

The water will be considered as bulk only if the number of

monolayers is greater than 3 [10, 11]. So, water will be in

an ordered form from 10 to 30 % RH. The film thickness

keeps on growing slowly and there is a transition from

ordered to bulk form of water between 30 and 60 % RH.

After 60 % RH the meniscus will be formed around the

sphere–flat contact and the water layers can be considered

as bulk. However, the increase in the amount of water in

the contact will decrease the van der Waals force due to

more adsorbed layers of water. This is called the screening

of van der Waals force [1].

The contact situations representing three different

regions of RH are schematically shown in Fig. 3. The van

der Waals force between 10 and 30 % RH considering the
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adsorbed layer system between a sphere and a flat surface

FW-vdw as shown in Fig. 3b is given by [1]:

FW�vdw

¼�R

6

Awaw

d2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A1w1Aawa

p

dþTf1ð Þ2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2w2Aawa

p

dþTf1ð Þ2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2w2A1w1

p

dþTf1þTf2ð Þ2

" #

ð10Þ

where, Tf1 is the water film thickness on the sphere 1, Tf2 is

the water film thickness on flat 2, w represents water, and

a represents air or vacuum.

It is important to mention here that the Hamaker constant

Awaw or Aawa has been calculated using pairwise additivity

rather than using Lifshitz theory. This is because the water

molecules in 10–30 % RH cannot be considered as bulk and

the Lifshitz theory considers materials to be in bulk form and

uses bulk properties. However, the transition region for other

materials can be different as explained above depending on

the trend of film thickness as a function of RH.

3 Results and Discussion

The above theory can be used to calculate the total adhe-

sion force for a wide range of RH. Considering the above

analysis, Eq. (1) can be rewritten as:

Fa ¼
FS�vdw Tf � 1 monolayer

FS�vdw þ FW�vdw 1 monolayer\Tf � 3 monolayers

FS�vdw þ FW�vdw þ Fc Tf � 3 monolayers

8
><

>:

ð11Þ

Using Fig. 2 we can correlate the number of monolayers

with the RH. It can be seen that there are two transitions in

the adhesion force as shown in Eq. (11). The first transition

is from solid–solid to solid–solid ? adsorbed layered

system and the second one is from solid–solid ? adsorbed

layered to solid–solid ? adsorbed layered ? meniscus.
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Fig. 2 Water film thickness as a function of RH on silica surface

calculated using BET adsorption isotherm. The theoretical values have

been compared with the measurement results from literature [10]*
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Fig. 3 Schematic representation of different contact situations for

different regions of RH. The solid–solid contact depicts the

completely dry situation, the ordered form of water shows the

monolayer formation due to adsorption, and meniscus formation

shows a bulk water forming meniscus
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S–shaped function has been used in both the transitions

since it is physically realistic. It is important to mention

here that the emphasis is on the adhesion force levels (e.g.,

FS-vdw, FS-vdw ? FW-vdw, etc.) rather than the shape of the

transitions. From Fig. 2 the first monolayer on silica is

formed at approx. 10 % RH and three monolayers are

formed at about 30 % RH. For the first transition, for

example, this S–shaped curve in terms of RH could be

given as:

where, Fatran1 is the adhesion force in the transition region

RH0–RH1, RH0 is the start of the transition from dry

situation to the first monolayer situation, RH1 is the relative

humidity where one complete monolayer is formed, and

x is the transition point between RH0 and RH1. Similar

expressions have been used for the RH2–RH3 and RH4–RH5

transition regions shown in Fig. 4.

The results from the model for a silicon ball of 20 nm

with a native oxide and a glass surface are shown in Fig. 4.

This size of the contact geometry is used to compare with

the results from literature. Three distinctive regions are

shown in the Fig. 4 which depends on the RH of water and

will be explained step by step as follows:

• At very low RH \1 % there is no water since the

adsorption phenomenon is very slow, as can be seen from

Fig. 2. At this stage the adhesive force is contributed by

the van der Waals force between the two solid surfaces

and, therefore, called solid–solid contact.

• In the region of 1 % \ RH [ 10 % (between RH0 and

RH1 in Fig. 4) the water molecules start to adsorb more

rapidly and at 10 % RH the first monolayer is formed.

In this region the transition is shown from solid–solid to

an ordered layered system. The emphasis here is on the

change in the level of adhesion force rather than the

nature of the transition.

• From 10 to 30 % RH (between RH1 and RH2 in Fig. 4)

there will be an ordering effect where the adhesive

force is contributed by the van der Waals forces of

adsorbed water layers on the surfaces along with the

solid–solid van der Waals interaction.

• When RH [30 % (between RH2 and RH3 in Fig. 4) a

slow transition will start from ordered to bulk and at

60 % the transition completes as the fourth monolayer

is formed. At this stage the meniscus will be formed

and the total adhesive force is contributed by the

superposition of van der Waals force due to solid–solid

contact, van der Waals force due to adsorbed water

layers, and capillary force which can be calculated

using Eq. (3). It can also be seen that at nano scale the

surface tension force Fs cannot be neglected.

• As the RH increases the capillary forces dominate and

the screening of van der Waals force can be seen above

70 % (between RH4 and RH5 in Fig. 4). The adhesion

force is reduced to the capillary force only at very high

humidity.

It is important to mention here that these simulations

have been performed by considering the contact between

two smooth surfaces and there are no transient effects on

the capillary formation. It can be seen that the total capil-

lary force Fc calculated with Eq. (3) using the Kelvin
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Fig. 4 Simulation results of the trends of different surface forces as a

function of RH for a 20-nm-radius SiO2 ball and a glass flat. The

solid–solid contact FS-vdw depicts completely dry situation, the

ordered form of water FW-vdw shows the monolayer formation due to

adsorption, and meniscus formation Fc shows bulk water forming

meniscus. The transition line shows the transition in adhesion force at

different RH

Fatran1 ¼

FS�vdw x�RH0

FS�vdwþ FW�vdwð Þ � 2 � x�RH0

RH1�RH0

� 	2
� �� �

RH0�x� RH0þRH1

2

FS�vdwþFW�vdw� FW�vdwð Þ � 2 � RH1�x
RH1�RH0

� 	2
� �� �

RH0þRH1

2
�x�RH1

FS�vdwþFW�vdw x�RH1

8
>>>>><

>>>>>:

ð12Þ
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equation underestimates the total adhesion force and does

not predict the transition regions in the total adhesion force.

The total adhesion force FT-adh is the superposition of all

the adhesive forces present in the system. The transition

curve (solid line) shows the transition between three dis-

tinct regimes as shown in Fig. 3. AFM pull–off measure-

ments for different RH between SiO2 and 100 nm radius

Si3N4 tip had been reported by Xiao and Qian [2]. Similar

results had been shown by Jones et al. [5] between 20-nm-

radius SiO2 ball and using glass and SiO2 as counter sur-

faces and by He et al. [17] between Si and 20-nm-radius

Si3N4 tips. Furthermore, the results from the selected lit-

erature shown in Fig. 5 do not show pull–off measurements

at RH \10 %. The results from literature have been sum-

marized in Fig. 5 and they show good agreement with the

proposed model. The experimental data from the different

literature sources is not quantitatively in mutual agreement

as shown in Fig. 5. There are many possible reasons for

these differences since the measurements have been per-

formed with different experimental setups. However, from

Fig. 5 it is clear that our model predicts the same order of

magnitude of all these measurements.

Similar simulations have been carried out for a SiO2 ball

of 5 mm diameter in contact with a glass flat surface. The

calculated adhesion forces with the model are shown in

Fig. 6. It can be seen that the contribution of the surface

tension force Fs to the total capillary force Fc can be

neglected for this radius. Therefore, the total capillary force

is equal to the capillary pressure force Fp. These simula-

tions have been carried out to compare the results to the

adhesion measurements performed on a dedicated Vacuum

Adhesion and Friction Tester (VAFT) shown in Fig. 7. The

detailed design and working of the VAFT has been

explained elsewhere [18].

3.1 Experiments

To validate the model the adhesion experiments were

performed in ambient as well as in high vacuum condi-

tions. The samples used in these experiments are 5-mm-

diameter SiO2 ball and a borosilicate glass (float glass) flat

surface. The samples are prepared in the following way

before experiments.

3.1.1 Sample Preparation

A flat glass surface has been cleaned in an ultrasonic bath

of acetone for 15 min, rinsed with deionized water, and

then dried. The silica ball after cleaning in an ultrasonic

bath of acetone for 15 min, rinsing in deionized water, and

drying has been glued to an indenter. The ball has been

inspected for any pits and bumps on the surface with the

Keyence Confocal Microscope before applying the glue

and the surface roughness was measured. The ball was also

inspected after the glue was dried and no contamination

due to the application of glue on surface was found. The

surface roughness was measured after this step as well. To

make sure that the surface is cleaned the glued ball along

with the indenter was cleaned in an ultrasonic bath of

acetone for 15 min, rinsed with deionized water, and then

dried. The glue used in this process was not reactive with

acetone. The ball was again inspected using the standard
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inspection procedure and the surface roughness was mea-

sured. Both measurements showed that there is no con-

tamination on the surface of the ball after glue. The flat

glass has been placed on an XY positioning stage and the

indenter is then mounted on the cantilever. The cantilever

was then mounted through the force measuring mechanism

on the Z positioning stage, see Fig. 7. The whole setup has

been placed in a vacuum chamber to control the RH. The

RH is measured through a humidity sensor in the chamber

and the RH can be controlled by flushing liquid nitrogen

through a coil which traps the water molecules present in

the chamber.

3.1.2 Validation of the Model

The measurement results for a 5-mm-diameter silica ball and

glass interface along with the calculated results are shown in

Fig. 8. The measurements have been performed in ambient

conditions before and after pumping the chamber down to

10-7 mbar for several days. The measured adhesion force

during this process has been well within the error margin

indicated in Fig. 8. Furthermore, each measurement point

consists of at least ten adhesion measurements.

The measurement points shown in Fig. 8 at very low

relative humidity and high relative humidity has a small error

bandwidth as compared to the measurements between 5 and

60 % RH. The reason for this large bandwidth in this range

could be because of the distribution of water layers on the

surfaces. However, the measurement points with small

bandwidth shows a dry contact at very low RH (the first point

in Fig. 8) and the wet contact with bulk water effects at

humidity between 70 and 80 %. The first point in Fig. 8

depicting the dry situation has been measured when the

system has been pumped down to the pressure of 10-7 mbar.

The pressure is then increased to 10-5 mbar and it can be seen

Fig. 7 Test setup for measuring adhesion and friction force in ambient and high vacuum conditions
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Fig. 8 Simulation results for adhesion force along with the measured

adhesion force for a 5-mm-diameter SiO2 ball against a glass flat
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that the adhesion force is increased with respect to the

measurement performed at 10-7 mbar. The increase in

pressure increases the RH in the chamber and the adhesion

force increases as the pressure is increased until 1 bar

showing the formation of monolayers on the surfaces.

The measurement results as well as model results show

the same trend; however, the magnitude of the adhesion

force measured, as shown in Fig. 8 is approximately 5

times less than the magnitude calculated with the model as

shown in Fig. 6. The main reason for this is that the model

does not incorporate the roughness effects of the surfaces.

Although the surface roughness values of SiO2–glass sys-

tem are very small but the adhesion force is very sensitive

to surface roughness [7, 8, 19, 20]. An adhesion parameter

h was introduced which is a function of elastic modulus E,

surface energy Dc, asperity radius b, and standard deviation

of the surface roughness r and is given by [19]:

h ¼ Er
3
2

b
1
2Dc

ð13Þ

If the value of the adhesion parameter is larger than 10,

the adhesion force significantly reduces from the adhesion

force value measured between relatively smooth surfaces

[19]. It has also been reported that the adhesion force

reduces two orders of magnitude with one order of

magnitude change in rms roughness (i.e., 1–10 nm) [8].

Similarly, value of adhesion force as a function of rms

roughness has been reported to be decreasing by a factor of

five if the rms roughness is increased from 0.2 to 4 nm and

for higher roughness values it stabilizes [7, 21]. For the

SiO2–glass system the value of adhesion parameter reaches

ten when the rms roughness is 1 nm. The measured rms

roughness of SiO2 ball is 2–3 nm and the flat glass surface

is 0.7–1 nm. Therefore, equivalent roughness of the contact

is higher than 1 nm. There are small microcontacts present

in the contact and, therefore, the real area of contact is

much smaller than the nominal area of contact which

reduces the pull–off force significantly. Furthermore,

capillary force and the van der Waals force scales with

the radius of the spherical surface (here contacting

asperities) [1]. As mentioned earlier, the measured

adhesion force is a factor five less than the calculated

adhesion force from the purposed model and this difference

corresponds to the study reported by van Zwol et al. [8] and

Ata et al. [21] where the relation between the rms

roughness and the adhesion force has been established.

4 Conclusions

A transition model for calculating adhesion force as a

function of RH has been developed using BET adsorption

isotherm. The results of the calculated adhesion force

shows that the Kelvin equation cannot be used below a

certain RH. The results also show that the Kelvin equation

cannot predict the transition behavior of the adhesion force

with changing RH. The model shows good agreement with

the measurement results for a selected pair of materials

from literature for nano scale contacts. However, at macro

scale the roughness of the interface influences the adhesion

force significantly. The calculated adhesion values from the

model at macro scale have been compared with the mea-

surements performed on a dedicated measurement setup.

The trend of the effect of humidity on the adhesion force is

well predicted. However, the measured adhesion force is 5

times less than the calculated adhesion force for macro

scale which is caused by the roughness of the interface.

This fact is also in agreement with literature.
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