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Abstract  Contact mechanics is related to the 

study of the deformation of solids that meet each 
other at one or more points. The physical and math-
ematical formulation of the problem is established 
upon the mechanics of materials and continuum me-
chanics. Contact mechanics gives essential infor-
mation for the safe and energy efficient design of 
various systems. During manipulation process, con-
tact forces cause deformation in contact region 
which is significant at nano-scale and affects the 
nano-manipulation process. Several nano-contact 
mechanics models such as Hertz, DMT (Derjaguin, 
Muller and Toporov),  JKR (Johnson, Kendall, Rob-
erts), BCP (Burnham, Colton, Pollock), MD (Maugis, 
Dugdale), COS (Carpick, Ogletree, Salmeron M ), 
PT (Pietrement, Troyon), and Sun have been applied 
as the continuum mechanics approaches at nano-
scale. Recent studies show interests in manipulation 
of biological cells which have different mechanical 
properties. Low young modulus and consequently 
large deformation makes their manipulation so sen-
sitive. In this article contact mechanics models are 
used for biological cell, in air and liquid environ-
ment, then results will be compared with Tatara con-
tact mechanics model. Since biological cells are most-
ly modeled as visco- or hyper-elastic materials, this 
model will be more compatible with their condition. 

Keywords  contact mechanics models, biological 
cell, nano-manipulation, large deformation. 

I. INTRODUCTION 
It is now well known that biological cells sense the me-
chanical changes in their environment. The out coming 
response to mechanical changes is determinative in con-
trolling the cell’s action. Realizing the mechanical be-
havior of the cell, first needs a precise knowledge of 
both force and stress distribution within the contact ar-
ea. 

This feature is crucial since determining the 
force/stress of various types of load can dictate the me-
chanical cell response (Girot et al., 2006). 

Pursuant to literature, much endeavor has been dedi-
cated to recognize the mechanism by which the cell per-
ceives the external mechanical actuations. In fact, many 
methods have been developed, whether to mechanically 
stimulate cells, sense force distributions or to determine 
the mechanical properties of the cells (Lukkari and 
Kallio, 2005). Among these methods, the most promis-
ing ones involve Scanning Probe Microscopy (SPM) 
techniques for the nano-scale level (Girot et al., 2006). 

However, the Atomic Force Microscope (AFM) has be-
come a commonly used tool in the field of bioscience. 

The original work in contact mechanics dates back 
to 1882 with the publication of the paper “On the con-
tact of elastic solids” by Heinrich Hertz. It gives the 
contact stress as a function of the normal contact force, 
the radii of curvature of both bodies and the modulus of 
elasticity of both bodies (Johnson 1985). 

It was not until nearly one hundred years later that 
Johnson, Kendall, and Roberts found a similar solution 
for the case of adhesive contact. Johnson et al. model 
came to be known as the JKR model for adhesive elastic 
contact.  

Further advancement in the field of contact mechan-
ics in the mid-twentieth century may be attributed to 
names such as Bowden and Tabor. Bowden and Tabor 
were the first to emphasize the importance of surface 
roughness for bodies in contact. The works of Bowden 
and Tabor yielded several theories in contact mechanics 
of rough surfaces (Tatara 1991). 

However, these developments are confined to the 
case of small deformation and based on point or line 
contact of half-space elastic body model and problems 
of large deformations in simple compression of elastic 
spheres as well as elastic bodies have remained un-
solved. Tatara (1991) proposed a new model which was 
the extension of Hertz mechanics model for hyper-
elastic material like rubber. 

The organization of this article is as follows: interac-
tion forces which are important in liquid environment 
are studied and their effects in contact mechanics mod-
els are applied. Then small deformation contact models 
for gold nano-particle and biological nano-particle will 
be compared. In addition Tatara large deformation mod-
el will be simulated for two different kinds of biological 
cells and its results will be compared with small defor-
mation models.  

II. THEORY  
A. Contact Mechanics Models 
Contact mechanics models are used in different litera-
ture. But since these models have been developed for 
special conditions their application in other situation 
would encounter problems and limitations. Most models 
are applicable in small deformations, but a large defor-
mation model will be investigated in this paper which 
invokes a non-linear elastic response and a large defor-
mation formulation. In this model the influence of adhe-
sion and the effects of interfacial friction are not consid-
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ered, but still seems to be an appropriate model to use in 
biological applications (Tatara 1991). 
Tatara theory 
The original Hertz model for a small deformation of a 
half-sphere of radius R1 under compressive contact with 
a spherical probe of radius R2 predicts that the force, F, 
depends on the 1.5th power of δ. In the subsequent for-
mulas, subscript 1 and 2, respectively, denote the quan-
tities for the sample and the tip, with common notations 
of E and ν, respectively, for Young’s modulus and Pois-
son’s ratio: 
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In Tatara theory, by using the same symbol a as above, 
F is given as: 
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B. Interaction Forces 
Due to DLVO (Derjaguin, Landau, Verwey, Overbeek) 
theory and direct measurement of surface forces con-
ducted in aqueous media, the total interaction force (Ft) 
between two lyophobic particles in a medium can be 
expressed as follows (Israelachvili and Pashley 1983):  

hyddet FFFF        (3) 
where Fhyd represents the hydration force, Fe electrical 
double-layer force and Fd the van der Waals force. 

Different works for different electrolytes have been 
done. The work done by Grabbe and Horn (1993) 
showed that hydration force changes just a little with the 
changes in surface treatment and electrolyte concentra-
tion. The measured hydration forces could be fitted to a 
double-exponential function of the form: 
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where C1,2 are the strength of the long-ranged forces and D1,2 
are the related Decay lengths. 

III. RESULTS 
Studies show that DNA can be considered as a nano-
scale spherical pack (Arsuaga et al., 2002). So to 
simulate nano-scale biological cell behavior in contact 
moment, a pack of DNA was considered. Since 
biological cells, such as DNA, live in biological 
environment, four different kinds of liquids are used to 
identify the effect of biological environment on DNA 
behavior.  Since the liquid environment affects the 
interaction forces so forces in different liquids are 
simulated to find out the effectiveness of these forces in 
manipulation of biological cell. 
 

Table 1.  Liquid properties (Yoon and Vivek, 1998) 

 Dielectric  
coefficient 

Hamaker 
constant (10-21) 

Debye length 
(nm) 

Water 80 2.64 96 
Ethanol(10%) 74 2.61 176 
Ethanol(20%) 69.5 2.58 196 

Methanol 73.4 2.6 202 

Table 2. Hydration force constants(Yoon and Vivek 1998) 
 C1 (mN/m) C2 (mN/m) D1 (nm) D2 (nm) 

Water 7.2 0.35 0.44 2.4 
Ethanol(10%) 5 0.42 0.48 1.25 
Ethanol(20%) 3.27 0.43 0.5 1.1 

Methanol 8 0.35 0.41 2.3 
Table 3. DNA and AFM tip properties (Israelachvili and 

Pashley, 1983) 

 Elasticity 
modulus(Gpa) Poison ratio Dielectric 

coeffeicient 
DNA 0.1-0.2 0.35-0.5 2.56 

AFM tip 169 0.27 3.9 

In order to calculate the interaction forces some 
parameters such as Hamaker constant are needed. The 
calculation of this parameter is as follows (Israelachvili, 
1991): 
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where, KB is Boltzman coefficient. T is temperature in 
Kelvin. ε1 is dielectric constant for tip. ε2 is dielectric 
constant for sample and ε3 is dielectric constant for 
environment.  Calculated Hamaker constant for liquids 
are shown in Table 1.  Table.2 shows the parameter 
needed to calculate the hydration force.  DNA and AFM 
tip properties are shown in Table.3.  

Figure 1 shows van der Waals force variations for 
different liquids in contact area. As shown in this figure, 
in separation distance which is about 0.165 nm, this 
force is approximately zero for these liquids. Since 
Hamaker constants for different liquids were appro-
ximately the same and have very small differences, the 
forces’ curves are similar. As mentioned before van der 
Waals force is dependent on Hamaker constant. The  
 

 
Fig. 1. Van der Waals forces vs. separation distance 
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Fig. 2. Hydration forces in different liquids 

 
Fig. 3. Electrical double layer force for water and methanol 

 
Fig. 4. Electrical double layer force for ethanol 10% and etha-
nol 20% 
 
magnified figure of the van der Waals force shows 
direct relationship between this force and Hamaker 
coefficient of the liquid. 
 Figure 2 shows hydration force variation for 
different liquids. As shown in the Fig.3, hydration 
forces decrease by increasing the distance, which results 
in ignorable hydration force at 0.165nm. The other 
considerable result is significant decrease in hydration 
force for ethanol 10% compared with water which 
shows the effect of concentration of the solvent on 
hydration force (Yoon and Vivek, 1998). 

Figures 3 and 4 show the electrical double layer 
forces in liquids. Again these forces are too small in 
contact moment to be considered. 

Despite being insignificant, these forces have been 
calculated and added to external force to show the dif-
ference between results in liquid and air environment 
(Figs. 5 and 6). 

 
Fig. 5.  DMT force- displacement curve in air and liquid 

 
Fig. 6. Hertz force- displacement curve in air and liquid 

 
Fig. 7. Contact mechanics models for gold nano-particle  

As expected, simulation shows that calculated inter-
action forces for fluid environment do not play an im-
portant role in manipulation and at the contact moment. 
So it can be concluded that contact mechanics models in 
liquid and air environment have ignorable differences. 
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The same results have been obtained for gold nano-
particle (Korayem et al., 2011). Since most of the inter-
action forces are repulsive, as shown in magnified Fig. 
6, to have the same deformation in liquid environment 
more applied force is needed in comparison with air.  

Differences between various contact mechanics 
models results for gold nano-particle and biological cell 
have been shown simulating the contact moment. For 
both gold nano-particle and DNA, as shown in Figs. 7 
and 8, rising of pushing force will increase the indenta-
tion depth and contact area. Disregarding the adhesion 
force by Hertz theory may result in underestimating the 
indentation depth. So this model cannot be used for all 
systems. It can be applied only for non-adhesive con-
tacts with small deformation. In contrast JKR contact 
mechanics model considers the greatest adhesion force 
so the indentation depth obtained from this model is 
high. Consequently JKR model provides the greatest 
contact area and the smallest contact radius is estimated 
by Hertz theory. DMT model has the lowest adhesion 
force. Therefore, this model is approximately similar to 
Hertz model and provides small indentation depth. BCP 
adhesion force and indentation depth is between JKR 
and DMT models. MD model does not have limitations 
of other models, so depending on deformation its graph 
can fall down the other models’ graphs. But since MD is 
an analytical model, other empirical models such as PT 
or COS are used for complex systems. These models 
have more flexibility and easier calculation.  

Since Tatara theory is the expanded model of Hertz 
theory for hyper-elastic material, the comparison is done 
between these two models (Fig. 9). Small deformation 
contact mechanics models depict that the softer the 
nano-particle becomes, the contact area rises, while the 
applied load declines with sharp slope. But as men-
tioned before, biological cells are visco or hyper-elastic 
materials and these kinds of materials have damping 
properties which does not let the material to deform so 
much due to small forces. Since Tatara theory is a large 
deformation model established for a hyper-elastic mate-
rial DNA deformation is simulated with it. Results show 
that using this model the slope of force- deformation 
curve is slower which is closer to the actual situation. 
Therefore, it is suggested to use this model for biologi-
cal cells.  

 
Fig. 8. Contact mechanics models for DNA 

 
Fig. 9. Comparison of Tatara and Hertz models for DNA  

 

 
Fig. 10. (a) Comparison between Tatara and Hertz model for 
mESC (b) Experimental curve 

Table 4. Mechanical properties of live mESM (Ladjal et al., 
2009) 

 Live undiff 
Diameter of the cell (μm) 10 

Elastic modulus (Kpa) 0.169 
Poisson ratio 0.49 

Diameter of the tip (nm) 5 

The same comparison is done between simulation of 
Tatara model for another biological cell and its experi-
mental results. This comparison will prove our claim 
about validity of applying Tatara model for a biological 
cell. In this part a mouse embryonic stem cell is used. 
Its properties are shown in Table.4.  

As shown in Fig.10 (a) Tatara model curve is more 
compatible with experimental data provided in Fig. 10 
(b). This result for mESC proves that, as it mentioned 
before for DNA, Tatara contact mechanics model is 
more appropriate to use in biological cells behavior 
analysis at the contact moment and under applied load. 

IV. CONCLUSION 
In this article, different small deformation contact me-
chanics models in manipulation of biological cell at 

(a) 

(b) 
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contact moment were simulated. Since biological cells 
live in biological environment, four liquids were con-
sidered, in which biological cells can be kept. Due to 
DLVO theory two major forces, van der Waals and 
electrical double layer forces, should be added to exter-
nal force which is exerted by AFM tip. Although DLVO 
theory was proved to be practical for biological envi-
ronment, literature showed that non-DLVO forces such 
as hydration forces are also important. So, to modify 
contact mechanics models for biological condition, 
three major forces were added to external force, van der 
Waals, electrical double layer and hydration forces. 
Contact moment of manipulation was simulated for 
nano-scale DNA of 50 nm radius submerged in pure 
water and three other biological fluids. 

Results for van der Waals force show that this force 
in every four fluid tends to be zero in separation dis-
tance of 0.165 nm and it can be ignored in contact theo-
ries. Electrical double layer and hydration forces are al-
so ignorable due to their small values.  Although forces’ 
values were ignorable, they have been added to the ex-
ternal force in JKR, DMT, Hertz and BCP theories to 
see the differences between these models in air and liq-
uid environment. Results show that these theories for air 
and liquid environment are approximately the same. 
This conclusion is analogous to gold nano-particle 
(Korayem et al., 2011). 

Small deformation contact mechanics models simu-
lation results for DNA were compared to gold nano-
particle. Since DNA is about 1000 times softer than 
gold nano particle, larger deformations was expected. 
Results comparison proved this idea. To deform gold 
nano-particle about 2.5×10-6 (m), the force should be 
1000 times greater in comparison to DNA. 

Since Tatara theory is the expanded model of Hertz 
theory for hyper-elastic material, the comparison has 
been done between these two models (Fig. 10). Small 
deformation contact mechanics models depict that the 
softer nano-particle becomes, the contact area rises, 
while the applied load declines with sharp slope. But as 
mentioned before, biological cells are visco or hyper-
elastic materials and damping properties of these kinds 
of materials does not let them to deform so much due to 
small forces. It means that the force-deformation curve 
does not have sharp slope. Tatara theory as a large de-
formation model established for a hyper-elastic material 
has been used for DNA simulation. Results show that 
using this model the slope of force- deformation curve 
is slower which is closer to the actual situation, so it is 
suggested to use this model for biological cell. To verify 
the results obtained for DNA, simulation is done for 
mESC which experimental curve is available. Results’ 
comparison shows that Tatara theory is more compati-
ble with experimental data. 

Finally, it should be mentioned that for an accurate 
biological cell manipulation in liquid media, more stud-
ies about contact moment and deformations are needed. 
Since in vivo biological environment has different prop-

erties, study of contact moment and manipulation of bi-
ological cell in this environment can be more useful.  
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