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Abstract  During the recent years, one of the most important progresses in nano world was the development of methods 

for direct access to single molecules on the nanometer scale. The most significant ones have been the scanning probe mi-

croscopes such as the atomic fo rce microscope (AFM). AFM is a versatile tool for imaging, force measurement and ma-

nipulation of different nanoparticles including proteins, DNA, and living cells. This work is focused on manipulat ion of 

biological cells specially DNA in b iological liquid and is analyzed dynamics of the spherical nanoparticle manipulation based 

on Atomic Force Microscopy (AFM). In prev ious investigations, pushing of the gold nanoparticle using AFM was modeled 

in air and liquid  and the dynamic behavior of t ip and nanoparticle was investigated. The problem is simulated for DNA 

nanoparticle pushing on a silicon substrate in b iological liquid using AFM. The biological liquid  is ethanol in all the parts, but 

a comparison has been made between three liquids (ethanol, methanol and blood) in  order to investigate the effect o f env i-

ronment on the results. The results show that, for DNA (as compared to gold), the required manipulation force and time for 

nanoparticle sliding and rolling increase by 17.9 and 18.9%, for sliding and 24.7 and 24.2% for ro lling, respectively. The 

results also make it clear that in comparison to gold, there is an increase in the type of particle movement; in case of gold, the 

particles with radiuses larger than 480 nm starts to rolling before sliding, while for DNA it happens for particles with radiuses 

larger than 530 nm. The comparison between three important contact theories (JKR, DMT and Hertz) shows that there is a 

small d ifference between the crit ical t imes and forces of them.  
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1. Introduction 

The continual interest in controlling and achieving more 

perceptive comprehension in prominent biological systems 

for biomedical investigations, the industry and the biomate-

rial researchers requires the use of techniques that allow the 

manipulation of bio logical samples with minimal or no in-

trinsic natural structural damage. Advances in micro and 

nanotechnology revealed that numerous manipulation tech-

niques for imaging, monitoring and characterization of bio-

logical matters can be employed in an accurately controlled 

way. Amongst the techniques accessible to biologists, AFM 

can manipulate structures with the h ighest precision. AFM 

allows the study of the mechanical properties of b iological 

structures in on the micro and nanoscales. Alterations in the 

mechanical properties of individual cells reflect their 

physiological state, which can help clarify pathological 

states, for example cancer. In this way intact cells could be 

well distinguished from cancerous ones.[1] The direct  in-

vestigation of single molecule mechanical properties - single 
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molecule fo rce spectroscopy - has been accomplished by 

respective methods. The breakthrough for the AFM in this 

area was achieved in 1994 by generation of a 

one-dimensional vert ical pu lling AFM. This apparatus en-

abled the observation of a single streptavidin-biotin complex 

bond rupture[2]. The new method called AFM Force Spec-

troscopy used the cantilever t ip to pick up and pull at  single 

molecules - most significantly polymers. By  applying the 

high vertical fo rce resolution of the AFM, force-distance 

curves could be developed which delineate the mechanical 

tension on an indiv idual po lymer with respect to the pulling 

distance.[3] The applicat ions for single molecule AFM force 

spectroscopy progress manifo ld scientific expert ise, ranging 

from material science to bio logy. AFM can be used not only 

for mechanical imaging but also for nanometer level me-

chanical manipulation of bio logical samples by applying its 

capability of compressing and stretching them with a sharp 

tip mounted on a thin cantilever.[4] The recent interest in 

single molecule v isualization of DNA in flow is driven by at 

least one princip le: these visualizat ions, typically  conducted 

in association with description of the motion is obtained 

from a molecu lar dynamic simulat ion/model, ensures the 

opportunity to understand the profound dynamics of poly-

mers in flow as well as to approve or abolish existing theo-

ries and to create coherent ones. Therefore, over the last 
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decade, the study of DNA dynamics in flow has played a 

pivotal ro le in understanding the rheology of dilute polymer 

solutions.[5] W ith the advent of analytical ultracentrifuga-

tion in the mid-1920s, researchers had the choice of using 

either a sphere (Stokes equation) o r an  ellipsoid (Perrin 

equations) to represent molecules in solution. This restricted 

menu was later augmented by "subunit" modeling techniques 

in which spherical subunits were used to build up the whole 

molecular structure.[6] Using the tapping mode of AFM 

imaging, compression elasticity of single double-stranded 

DNA (dsDNA) molecules in the force region was evaluated. 

With images under ambient conditions, Young’s moduli of 

dsDNA in compression were calculated.[7] Recent im-

provements in single DNA manipulat ion with AFM have 

proved its capability in  analyzing  genetic informat ion at the 

molecular level. Long et al. established an optimized DNA 

manipulation method in which an accurate and efficient 

method for DNA manipulat ion in different ways such as 

dissection, fold ing and picking were realized. Th is method 

made a great progress in high-efficiency nanomanipulation 

of small molecules with complex structures, and also pro-

vides the possibility to understand the intrinsic p roperties of 

single biomolecules deeply.[8] The first model for the 

pushing of nanoparticles was presented by Falvo, where 

surface forces were ignored. Sitti and Hashimoto considered 

the surface forces by using the Johnson–Kendall–Robert 

theory (JKR), and proposed a new model for the 

tele-operated nanoparticle pushing process.[9] Korayem and 

Zakeri investigated the manipulation models and developed 

a model for the sensitivity analysis of particle pushing in 

critical conditions.[10] Obtaining a characterizing model has 

also been studied in various researches. Korayem et al. also 

considered the liquid environment condition on a nano scale. 

Some of the newly d iscovered effects such as the viscous 

drag force on both sides of the cantilever and the relevant 

local surface tension of cantilever at the air/liquid interface 

were added to the dynamic model of manipulation in air. 

These forces, which are applied on the cantilever, were e x-

tracted and the new dynamic model was obtained for the 

manipulation of the submerged nanoparticles in liquid en-

vironment[11]. 

This article aims  at studying the manipulation dynamics of 

DNA nanoparticles in b iological liquid by means of the 

theoretical force analysis, and to compare it to the pushing of 

nanoparticles in liquid and air. The ultimate goal is to pro-

pose an accurate model for the pushing of biological 

nanoparticles, which could be applied for the assembly of 

nano/micro objects. The pull-off forces are modeled by 

means of the JKR contact mechanics model. First the process 

is simulated fo r a 50-nm radius nanoparticle in Ethanol, and 

then the critical times and forces are analyzed  for different 

radiuses of nanoparticle. The simulation results are com-

pared with the results of previous studies in liquid. Finally 

the results of JKR theory are compared to the ones related to 

Hertz and DMT theories. 

2. Theory 

In nano manipulation process, the probe is considered as a 

spherical shape. A view of the contact forces between probe 

and cantilever and between probe and nanoparticle and also 

forces applied on the cantilever and the probe can be seen in 

Figure 1. 

In this part the used formulas in Mathematica code are 

shown. Dynamic equations are developed based on the free 

body diagram of pushing system, including AFM cantilever 

and probe, nano-particle and substrate. The equations are 

derived from writ ing the existing forces in 2 directions. (y 

and z) The total force (
TF ) and its angle ( ) are finally 

calculated using these formulas. In this formula, 
yF  and 

zF , 

are bending forces of cantilever. 
YF  and 

ZF  are vertical 

and horizontal forces of the probe tip and   is the torsion 

angle of cantilever. 
dF  is the drag  force and hydsqel FFF ,,

are electrostatic force, squeeze film force and hydration force 

respectively. 
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Finally  pushing force and angle of apply ing probe force 

are calculated using the following equations:[11] 

2 2 1, tan ( )Y
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               (3) 

 

Figure 1.  Interaction forces and contact deformations between tip/particle 

and particle/substrate for DNA packing 

In order to start the sliding and rolling movements, the 

total force should overcome the sliding and rolling friction 

forces. For the nanoparticle sliding on the substrate: 
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And for the nanoparticle rolling on the substrate:[11] 
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s  is Sliding friction coefficient and ,rs rt  are ro lling 

friction coefficients of sample and tip. A lso 
s  is shear 

strength of contact area in the sliding and ,rs rt   are shear 

strength of contact areas in the rolling operation related to 

sample and tip respectively. 
sA and 

tA are the contact areas 

of sample and tip. 

3. Simulation Assumptions 

In order to make the possibility o f comparing the results of 

simulations to the recent works in liquid environments, the 

initial data are assumed to be the same as the previous re-

searches. The simulation of the problem’s equations is con-

sidered by means of the previously developed algorithm by 

Korayem et al. 2011. 

In order to simplify the simulation, the hypothesis of a 

spherical shape object has been used and it is imagined that a 

group of DNA molecu les shaped a spherical object. This 

assumption was used by Arsuagaa et al. 2002[15]. 

Table 1.  AFM geometric constants and mechanical properties 

( )L m  ( )w m  ( )t m  ( )H m  ( )tR nm  

225 48 1 12 20 

E(GPa) G(GPa) rs
 

k(GPa) 2( )J
m


 

169 66.54 
73 10

[12] 
400[7] 0.00016[13] 

The AFM geometric constants and mechanical properties 

are shown in Table 1. These are the standard values which 

are usually used for simulat ing the AFM work process. L, t 

and W are Length, thickness and width of the cantilever and 

H is the probe height. Also 
tR is the tip radius. E and G are 

Young and Shear modulus and   is Poisson’s coefficient. 

 
Figure 2.  Flow chart of dynamic modeling simulation 
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The used properties of DNA are also shown on Table 1. 

rs  is the ro lling friction coefficient of sample and   is 

work of adhesion. K is the reduced elasticity modulus be-

tween two contacted materials which is calculated by using 

the following formula. 
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Assuming a substrate velocity of 100 nm/s the init ial 

conditions are obtained by simplifying the equations at t = 0. 
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4. Simulation Results 

In this part, different diagrams of simulation process are 

shown. The diagrams have been compared to the ones who 

are related to the manipulation process of gold nanoparticle 

and the justifications are made based on the differences 

between gold and DNA. Figure 3 demonstrates the critical 

conditions of motion for the DNA and gold particle of 50 nm 

radius during the pushing process. The medium is considered 

to be ‘‘Ethanol’’ in case of DNA. It can be seen that the 

intersections for both rolling and sliding resistance forces are 

larger in case of DNA. It is also clear that these critical in-

tersections happen later for DNA. For a nanoparticle with a 

50 nanometer rad ius, the critical slid ing force is smaller than 

the critical rolling force. In other words, for a part icle in this 

size, the total force will overcome to the sliding resistance 

sooner than rolling resistance and rolling mot ion happens 

first. This phenomenon could be different for larger part icles 

and it will be investigated in next d iagrams. 

Table 2.  The intersection amounts for rolling and sliding time and force 

Results Gold DNA Increase(%) 

Rolling time 338 msec 420 msec 24.2 

Rolling force 0.834 μN 1.04 μN 24.7 

Sliding time 227 msec 270 msec 18.9 

Sliding force 0.67 μN 0.79μN 17.9 

Table 2 shows the critical t ime and force needed for ma-

nipulation of gold and DNA nanoparticles respectively. In 

this table the comparison can be made easier and it  is obvious 

that more force and time are needed to start the manipulation 

process for DNA part icle than a gold particle.  

 

 

Figure 3.  Critical conditions of motion for: A. the DNA particle and B. the 

gold particle[11] 

  

Figure 4.  Variation of critical force (Fcr) of pushing for different gold[11] 

and DNA particle radii 

 

Figure 5.  Variation of critical t ime (tcr) of pushing for different gold[11] 

and DNA particle radii 
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In order to observe the dynamic behavior and the type of 

movement of the nanoparticle (rolling or sliding), the simu-

lation has been done for different rad iuses of nanoparticle 

(from 50 to 1000 nm). So the effect of radius size of the 

particle on pushing critical force and time is clear. As shown 

in diagrams of the Figures 4 and 5, fo r pushing in problem 

conditions, the nanoparticles with radius  smaller than about 

530 nm start to slide before rolling while those with larger 

radiuses, first start to roll on  the substrate. The results show 

that in comparison with the gold manipulation, this result 

happens in larger nanoparticles and it has an increase; be-

cause for pushing gold nanoparticles, the change in the 

process happens after 480 nm. 

In the next part, different liquids are considered as the 

environment. Three biological liquids (ethanol, methanol 

and blood) have been used and their used propert ies in the 

simulation are shown in table 3.  

The comparison has been done between the three condi-

tions in the figures 6 and 7. For blood with a bigger viscosity 

than ethanol, the critical sliding and rolling forces are larger 

and in case of methanol with a smaller viscosity, these forces 

are s maller than ethanol. So it  can be seen that viscosity has a 

more significant effect than tension surface. 

Table 3.  Properties of biological liquids 

 Ethanol Methanol Blood 

Viscosity 0.0012 0.000544 0.003 

Tension surface 0.0226 0.0221 0.05589 

 

Figure 6. Rolling resistance force for 3 different liquid environment 

 

Figure 7. Sliding resistance force for 3 different liquid environment 

 

 

Figure 8.  Critical sliding and rolling force and time for A. JKR theory B. Hertz theory C. DMT theory 
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In order to investigate the effect of contact theory which is 

used in the process on the critical time and force, the simu-

lation has been done for three ma jor contact models: Hertz, 

JKR and DMT. Results are shown in Figure 8 and Table 4 

shows the comparison between them. It can be seen that 

there is a negligible d ifference between the critical t imes and 

forces of these theories. In other words, in this part it has 

been proved that in the present work the contact theory does 

not have a significant effect on the results and choosing each 

of them will give almost the same amounts. So for the fu-

ture works, choosing each of them is allowed and will not 

affect the results greatly. 

Figure 9 and 10 show the increase of Contact depth and 

Contact radius between tip and particle, during the static 

phase of the process for the three theories which are a proof 

that there is no sliding between the tip and the particle. They 

also show that there is a small difference between these 

theories. 

Table 4.  Critical rolling and sliding time and force for Hertz, JKR and 
DMT theories 

 

Critical 

rolling 

force 

Critical 

sliding 

force 

Critical 

rolling 

time 

Critical 

sliding 

time 

JKR 1.041 0.77 0.45 0.3 

Hertz 1.03 0.76 0.43 0.28 

DMT 1.035 0.76 0.44 0.29 

 

Figure 9.  Contact radius changes between tip and particle 

 

Figure 10.  Contact depth changes between tip and particle 

5. Discussion and Conclusions 

In this paper, nano manipulation of the DNA nano parti-

cles has been investigated in fluid environmental conditions. 

The manipulation  process is simulated for nanoparticles of 

different radiuses (from 50 to 1000 nm). In addition, the 

manipulation process is simulated for nanoparticles of 50 nm 

radius submerged in ethanol and for a cantilever that is 

half-submerged in liquid. The required critical force and 

time for the manipulation of DNA nanoparticle show an 

increase over the existing values for manipulation of gold 

nanoparticle. This was predictable due to the larger elasticity 

modulus and smaller adhesion energy of DNA in comparison 

to gold. As the size of the nanoparticle increases and be-

comes closer to micro world, it starts to roll before slid ing, 

while for nanoparticles with radiuses smaller than 500 nm, 

the sliding happens before rolling. It is also clear that the 

needed force and time for starting the process became larger 

by increasing the radius of the nanoparticle. The comparison 

between three contact models (Hertz, JKR and DMT) shows 

that there is not a significant d ifference between using them 

and they all show almost the same results. Increasing the 

depth and contact radius during the process shows that there 

is no sliding between probe and nanoparticles so manipula-

tion can be done successfully. It can be seen also that there is 

a small difference between the depth and contact radius for 

three contact theories, so it is another proof for close results 

of these theories. 

Finally, it should be mentioned that for an accurate 

nanoparticle manipulation in liquid media, more studies are 

needed, considering various intermolecu lar forces that are 

involved in d ifferent situations. Future works in this area 

could be the simulat ion of manipulation process for other 

biological cells using AFM. Also an experimental work for 

verification of this simulation seems to be necessary. 
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