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Abstract  
   This paper deals with the development and modeling of cylindrical contact theories and also the 

simulation of contact forces to be applied in the manipulation of various biological micro/nanoparticles 

by means of the AFM. First, the simulation of contact forces in four environments has been carried out, 

which are the most commonly used fluid in biomanipulation. Then, the spherical and cylindrical contact 

models of Hertz and JKR have been compared for the nanoparticles of gold and DNA, and the developed 

cylindrical models have been validated by comparing the cylindrical contact results with the existing 

spherical contact results. The biomanipulation of rod-shaped micro/nanoparticles in different biological 

environments have been modeled and the results have been compared. The modeling results indicated 

that the JKR cylindrical model, developed in this article, had less deformation for gold nanoparticles 

compared with biological nanoparticles, which was justifiable in view of the considered particles’ 

mechanical properties.  

Keywords: Nanomanipulation, Contact forces, Cylindrical contact theories, Indentation depth. 

 

1. INRODUCTION  

   Atomic Force Microscope (AFM) is an 

important tool for the imaging and 

manipulation of biological particles in 

liquid environments. In recent decades, 

many research works have been conducted 

on the exact modeling of nano-

manipulation procedures based on the use 

of AFM probe as a nanomanipulator [1-5]. 

A new AFM-based real-time identification 

method is proposed for estimating the 

dynamic properties of proteins by Kim et 

al.. It provides on-line measurement of 

mechanical properties of proteins as well 

as identifying protein motions [6]. The 

effects of AFM cantilever stiffness on the 

penetration force characteristics were 

investigated by Kwon et al. [7]. 

   Falvo has carried out the initial modeling 

of the driving of nanoparticles and the 

reaction forces exerted on particles; 

however, he has not considered surface 

adhesion forces in his modeling [8]. Using 

the JKR spherical contact theory, Tafazzoli 

and Sitti have presented a model [9] which 

simulates the dynamic behavior of a 

particle while it is driven on a substrate. 

   Korayem et al. examined the set of 

commonly used contact models in contact 

with biological particles. These models 

include: Hertz, DMT, JKRS, BCP, MD, 

COS, PT, and Sun. The group also studied 

contact by finite element solution [10]. 

Korayem et al. also investigated the effect 

of moisture and adhesion on the 

manipulation process [11]. Korayem et al. 

developed contact models and used finite 

element method to study contact 

mechanics of capped cylindrical 

nanoparticles. The results indicate that 

with same properties, indentation depth of 
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capped cylindrical nanoparticle is more 

than cylindrical and less than spherical 

geometry [12]. Since the use of nanosized 

continuous environment models has been 

greatly simplified, Korayem and his 

colleagues investigated the manipulation 

process in the molecular environment. This 

paper presented the Fixed Interfacial 

Multiscale Method (FIMM) for comput-

ationally and mathematically efficient 

modeling of solid structures [13]. 

   Zhupanska explored different cases of 

adhesion force between a plate and 

cylinder. Since he had considered the 

friction force in his investigations, he 

presented a theory that was different from 

the JKR’s [14].  Korayem et al. also 

investigated the contact mechanics of 

circular crowned roller particles. The 

contact models used in this study did not 

consider adhesive force [15]. 

   It should be noted that the major 

shortcoming with most of the nano-

manipulation contact models proposed in 

the literature is that they consider the 

simplest form for the studied nanoparticles, 

which is the spherical form. These models 

are not able to depict the real shapes of 

biological particles and therefore cannot 

accurately model these types of particles. 

Hence in this article, first, the cylindrical 

contact models of Hertz and JKR are 

developed and compared with similar 

spherical contact models and then these 

models are further developed for biological 

environments for the manipulation of 

different biological micro/nanoparticles 

presumed as nanorods. 

 

2. METHODOLOGY 

2.1. Effective Contact Forces in the 

Contact Between Two Particles 

2.1.1. Van der Waals Force 

   The magnitude of the Van der Waals 

force (Fvdw) is obtained from the following 

relation using the Hamaker constant [15]: 
5 2 28 2vdwF A D R  

 
 (1) 

   Where A is the Hamaker coefficient, 

which is a constant that depends on the 

material properties, D is the separation 

distance and R is the radius of cylindrical 

particle 

2.1.2. Electrical Double-Layer Force 
   The following relations are used for the 

electrical double-layer zone [16]: 
3 2

2 D

elF R Ze     (2) 

   Where κ is the inverse of the Debye 

length, R is the radius of cylindrical 

particle, and Equation (3) gives the 

interaction constant Z: 
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   Where ε0 is the vacuum permittivity, ε is 

the dielectric constant of the liquid, KB is 

the Boltzmann constant, T is the 

temperature, and ψ0 is the surface 

potential. 

2.1.3. Hydration 

   The hydration force is calculated as 

follows [17]: 
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   Where F(x) is the short-range force, D is 

the separation between the surfaces, C1 and 

C2 are hydration constants, and λH is the 

Debye length:  

2

0 2H BK T Ce   
(5) 

2.1.4. Simulation of the Effective Forces 

in the Contact between Two Particles 

   In this section, the Van der Waals force, 

electrical double-layer force and hydration 

force are simulated for four biological 

environments of water, 10% ethanol, 20% 

ethanol and methanol. As observed in the 

diagram of Fig. 1(a), with the increase of 

the distance between cylindrical 

nanoparticle and surface, the magnitude of 

Van der Waals force approaches zero. Fig. 

1(b) shows the simulation of the electrical 

double-layer force. This diagram indicates 

that with the increase of the separation 

distance from the surface, this force also 

approaches zero. Fig. 1(c) illustrates the 

hydration force, which also approaches 

zero with the increase of the separation 
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distance. However, the clear difference 

between these three diagrams is that the 

electrical double-layer force approaches 

zero at a farther separation distance 

compared to the other two forces. This 

means that the electrical double-layer force 

enjoys a higher significance in the 

manipulation of cylindrical nanoparticles, 

followed by the hydration force and, 

finally, the Van der Waals force. 

2.2. Theories of Cylindrical Contact 

Mechanics 

2.2.1. Hertz Contact Model 

   Initial research works on the subject of 

contact mechanics are attributed to Hertz 

[18]. Hertz theory is only valid for elastic 

states and it does not consider adhesion 

forces. In this model, the relationship 

between contact radius and loading force is 

expressed as [18]: 

( ) 0adh HertzF   (6) 
*4Hertza PR E

 
(7) 

   Where F(adh)Hertz is the adhesion force, 

aHertz is the contact radius, P is the 

externally applied force, R  is the 

equivalent radius of two surfaces that have 

a interaction, and E
*
 is the effective 

modulus of elasticity, 1/E
*
=mt/2[(1-

ν1
2
)/E1+(1-ν2

2
)/ E2], E1 and E2 are the 

Young’s moduli and ν1 and ν2 are the 

Poisson’s ratios of the two surfaces in 

contact and mt is a constant and dependent 

parameter on the geometry of the tip (mt=1 

for a cylindrical geometry, mt=1.5 for 

spherical geometry and m=2 for conical 

forms). 

   In modeling, the geometry of the AFM 

tip was considered spherical. Moreover, 

the relationship between indentation depth 

and contact radius and also between 

indentation depth and applied load can be 

calculated by the following equations, 

respectively [19]: 
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   In the above relation, δHertz is the 

indentation depth, P is the externally 

applied force, E
* 

is the effective modulus 

of elasticity.  

   In this section, since the external force P 

includes the main intermolecular forces 

such as the electrostatic force (Fel), steric 

force (Fsteric) and the hydration force (FHyd) 

in addition to the externally applied 

dynamic force (F1), by developing the 

Hertz cylindrical model for the considered 

biological environment, we will have:  

1 el steric HydP F F F F     (10) 

   It has been demonstrated that in the 

absence of adhesion, the Hertz model 

describes the areas of contact between 

elastic bodies precisely. 

2.2.2. JKR Contact Model 

   As was pointed out, the Hertz contact 

model doesn’t take the adhesion force into 

consideration. For this reason, Johnson et 

al. [20] also studied the adhesion effect. In 

this model, the relationship between 

contact radius and loading force per unit 

length is expressed as [21]: 


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(12) 

   Where F(adh)JKR is the adhesion force, 

aJKR is the contact radius, R is radius of 

cylindrical particle, ω is the work of the 

adhesion force. Also, the relationship 

between indentation depth and contact 

radius can be determined as follows [20]: 

2 *8 3JKR JKR JKRa R a E    (13) 

   In the above relation, δJKR is the 

indentation depth. The JKR model is 

suitable for the modeling of reactions 

between probe tip and very soft samples 

where the adhesion force is so strong that it 

overcomes the stiffness of the sample and 

causes the surface to be pulled towards the 

probe tip.  
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2.3. Target Nanoparticles 

   Studies have shown that DNA can be 

considered as a nano-size spherical pack 

[22]. Therefore, a globular bundle of DNA 

with a diameter of 40 and gold 

nanoparticles with a diameter of 50 

nanometer have been used in this article [9, 

10]. 

3. RESULTS 

3.1. Comparison between Spherical and 

Cylindrical Contacts of Gold and DNA 

Nanoparticles Using the Hertz Model 

   As noted, the total force exerted on the 

contact is calculated from Equation 10. For 

this reason, the impact of the forces must 

first be examined in general. As can be 

seen in the Fig.1, the intermolecular forces 

reach zero as the separation distance 

increases. Also, the effect of these forces is 

very small and in the range of a few nN. 

As is observed in Fig. 2(a), for the same 

indentation depth created, the Hertz model 

indicates a smaller force for spherical gold 

nanoparticles than for cylindrical ones, 

which is predictable considering a sphere’s 

smaller contact area relative to a cylinder’s 

and which confirms the accuracy of the 

performed simulations. 

   Also, Fig. 2(b) illustrates the changes of 

contact radius with indentation depth in the 

Hertz contact model for the manipulation 

of spherical and cylindrical gold nano-

particles. It is observed in Fig. 2(c) that for 

the same indentation depth created, the 

Hertz model indicates a smaller force for 

spherical DNA nanoparticles than for 

cylindrical ones. Also, Fig. 2(d) illustrates 

the changes of contact radius with 

indentation depth in the Hertz contact 

model for the manipulation of spherical 

and cylindrical DNA nanoparticles.  

 

3.2. Comparison Between Spherical and 

Cylindrical Contacts of Gold and DNA 

Nanoparticles Using the JKR Model 

   As is observed in Fig. 3(a), for the same 

indentation depth created, the JKR model 

indicates a much smaller force for 

spherical gold nanoparticles than for 

cylindrical ones, which is expected 

considering a sphere’s smaller area of 

contact relative to a cylinder’s and also the 

inclusion of the adhesion force in the JKR 

theory. 

 
(a) 

 
(b) 

 
(c) 

Figure 1. Simulation of contact forces; (a) 

Van der Waals force, (b) Electrical 

double-layer force, (c) Hydration force. 
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(a)                                                          (b) 

 

(c)                                                         (d) 

Figure 2. Changes of force and contact radius versus indentation depth in the Hertz 

contact model for Au (a & b) and DNA (c & d). 

 

   This confirms the validity of the 

performed simulations. 

   Also, Fig. 3(b) illustrates the changes of 

contact radius with indentation depth in the 

JKR contact model for the manipulation of 

spherical and cylindrical gold 

nanoparticles. This figure demonstrates 

that to cause the same deformation in gold 

nanoparticles, the spherical model needs a 

smaller force, which is justified in view of 

the contact area in this model. 

   It is observed in Fig. 3(c) that for the 

same indentation depth created, the JKR 

model indicates a lower magnitude force 

for spherical DNA nanoparticles than for 

cylindrical ones, which is predictable 

considering a sphere’s smaller contact area 

relative to a cylinder’s. Also, Fig. 3(d) 

shows the changes of contact radius with 

indentation depth in the JKR contact model 

for the manipulation of spherical and 

cylindrical DNA nanoparticles. 

   In view of figures (2) and (3) it can be 

concluded that, in general, for the same 

exerted force, cylindrical nanoparticles 

undergo less deformation compared to 

spherical nanoparticles, which is justifiable 

considering the smaller contact area in 

cylindrical contacts relative to spherical 

contacts and which confirms the validity of 

performed simulations. 
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                                 (a)                                                                (b) 

 

Figure 3. Changes of force and contact radius versus indentation depth in the JKR contact 

model for cylindrical nanoparticles of Au (a & b) and DNA (c & d). 
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   As is shown in Fig. 4(c), for the same 
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biological nanoparticles have a lower 

modulus of elasticity.  

   According to this figure, most of the 

platelets and DNAs exhibit the same 

deformation under the application of load. 

This is similar to the simulation results of 

spherical contact models and it validates 

the presented simulations.  

 

                                 (a)                                                                (b) 

 

                                  (c)                                                                (d) 

Figure 4. Changes of force and contact radius versus indentation depth in the Hertz (a 

& b) and JKR (c & d) contact models for cylindrical nanoparticles. 
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contact models of Hertz and JKR indicate 

more deformation for gold nanoparticles 

compared to biological nanoparticles, 

which is justifiable with regards to the 

mechanical properties of gold and the 

higher elasticity modulus of gold 

nanoparticles. The developed contact 

models also indicate over 1.15 times more 

deformation for yeasts and nanobacteria in 

comparison to DNAs and platelets. This is 

also predictable in view of the properties 

considered for these nanoparticles.  

   Finally, it is concluded that for the 

precise displacement of various biological 

particles, it would be essential to consider 

the effect of different contact forces and 

the real shapes of the particles and to 

employ more exact contact models for the 

control of applied forces and for precise 

manipulation. In view of the significant 

role of simulation in illuminating the 

process of nanomanipulation, assemblage 

and precise displacement control of 

biological particles, it is necessary to study 

the above process with respect to particles 

of different shapes in addition to spherical 

and cylindrical forms. 
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