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Abstract 
Single molecule analysis of DNA has revealed new 
insights into its mechanical and physical properties. The 
study of stretching DNA is of significant interest to 
researchers and scientists in the fields of gene mapping. 

In this paper, DEP stretch of double stranded DNA 
(dsDNA) along the electric field lines is modeled by 
FEM. The 12-6 Lenard-Jones potential is used to 
describe the stacking energy. The geometry of dsDNA 
is initially assumed as the double helix dsDNA based on 
the helix function with 147bp. Backbones and base pairs 
are modeled as beam like elements. The force fields of 
the stacking and the hydrogen bond are added into the 
dsDNA model as the virtual beam elements. The 
experimental results of single-stranded DNA in 
phosphate buffer are chosen from literature to define the 
effective elastic modulus of clustered backbone and 
base pair elements. The related voltage to each time-
averaged dielectrophoretic force value is calculated by 
DEP stretch formula. DNA stretch occurs as result of 
distributed force applied along the backbone of the 
molecule. A highly inhomogeneous stretching is 
observed in which near the free end there is very little 
stretching, while near the tethered end the tension is the 
sum of forces applied to the remainder of the chain. 
Numerical responses reveal an underlying scaling form 
for the extension of DNA versus applied voltage. 
Outcomes obtained by FEM modeling are in good 
agreement with experimental data. 
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Introduction 
Mechanical properties of DNA have significant role in a 
variety of biological processes ranging from the 
protein’s search for its DNA target site, DNA 
replication, transcription, or repair, and genome 
sequencing. The DNA molecule is the primary genetic 
material of most organisms. It is a double-helical 
biopolymer in which two chains of complementary 
nucleotides (the subunits whose sequence constitutes the 
genetic message) wind (usually right-handedly) around 
a common axis to form a double-helical structure. 
Because of this unique structure, the elastic property of 
DNA molecule in a solvent is a fundamental problem in 
biological systems, and, in many of their processes, 
DNA bending is of particular importance. 

There is currently an upsurge of interest in this 
question as nanotechnologies make it possible to apply 

forces onto an isolated DNA filament [1]. These new 
kinds of methods, called single-molecule manipulation 
techniques, are very helpful tools for exploring 
mechanical and other properties of DNA [2,3]. Benham 
[4] derived an analytical wormlike rod chain (WLRC) 
model for dsDNA mechanics and Sarkar et al. [5] 
improved its accuracy. These basic WLRC models can 
predict DNA’s mechanical response under low 
stretching forces. A so-called subelastic-chain (SEC) 
model [6] was recently proposed considering the 
development and discussion of more general 
semiflexible polymer models. Recent experiments 
supported SEC over WLC as an appropriate model [7]. 
However, all these models neglect the effects of the 
double-stranded nature of the DNA structure and 
geometry where it should be extremely important to its 
elastic properties. Yuan et al. [8] presented a FEM 
model for DNA in which the double-stranded molecule 
was extended by a static concentrated force. They 
considered the mechanical characteristics of the long-
chain dsDNA molecule under the axial stretching and 
lateral unzipping by a clustered atomistic-continuum 
method (CACM).  

An attractive noncontact electrokinetic method for 
stretching DNA is dielectrophoresis which is the 
movement of polarizable particles in nonuniform 
electric fields. Particle forces arise from the application 
of an AC voltage to microelectrodes lying within a 
suspension of particles in an electrolyte. The particles 
move under the influence of the nonuniform electric 
field, generated by the AC electrode potentials, 
depending on their effective polarizability. Dalir et al. 
[9] experimented on modeled experimentally DEP 
stretch of DNA in an AC electric field and also 
proposed a theory about it. 

In this paper, DEP stretch of dsDNA is modeled 
through which the DNA molecule is elongated into an 
extended conformation along the electric field lines by 
FEM.  
 
DNA Structure 
One of the properties of the DNA is that it shows 
conformational flexibility, and could exist in alternative 
structural forms. The Watson-Crick structure is the B-
form DNA (B-DNA). The B-from is the most stable 
structure for a random sequence molecule under 
physiological conditions and is therefore the standard 
point of reference in any study of the properties of 
DNA. The B-DNA predominates in the cell. There are 
two other structural variants of DNA that have been 
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well characterized in crystal structures. They are A-
DNA and Z-DNA. These DNA variants differ in their 
helical sense, diameter, base pairs per helical turn, helix 
rise per base pair and base tilt normal to the helix axis. 

Common structures of the molecule are shown in 
Figure 1.  
 

 
Figure 1: DNA common structures 

From left to right: A-DNA, B-DNA, and Z-DNA 
 
Theoretical Formulation 
There are four groups of elements in dsDNA structure, 
backbone groups, base pair groups, base stacking 
groups, and hydrogen bond groups. It is a trend to 
consider the first two groups of elements as continuums 
and the second as virtual bond elements. The properties 
of the four groups were revealed by the experiments and 
analytical methods. 

Base-stacking interactions originate from the weak 
van der Waals attraction between the polar groups in 
adjacent nucleotide base pairs. Such interactions are 
short ranged, and their total effect is usually described 
by a potential energy of the Lennard-Jones (LJ) form, 
which contributes significantly to the stability of the 
double helix. The 12-6 Lennard-Jones potential is used 
to describe the stacking energy and based on the 
geometrical assumptions one can obtain the LJ potential 
force versus displacement [8]:  
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where 0l , 0h , 0U , and 0φ represent the initial specific 
length, base pair height, stacking energy, and folding 
angle of the dsDNA, respectively. Also A represents 
backbone cross section area.  Equation (1) is 
represented as Figure 2. 

 

 
Figure 2: Basestacking force field [8] 

Hydrogen bond (H-bond) force is the interaction 
between complementary bases, A, T, G, and C. 
Moreover, the GC base pair has three hydrogen bonds 
and AT has two. In this paper, the three/two hydrogen 
bonds in GC/AT are replaced by only one virtual 
element, with the axial, shear, moment, and torsion 
stiffness. Furthermore, it is assumed that the distances 
of the hydrogen bonds are the same along the dsDNA, 
the donor-acceptor (D-H-A) lines are straight and 
hydrogen atoms are always at the center of the hydrogen 
bond at initial state. 

The same as base stacking force field derivation 
approach, one can obtain the force versus displacement 
curves for H-bonds as shown in Figure 3. 

The effective properties of backbone and base pairs 
can be extracted from the experimental data of the 
single-stranded DNA (ssDNA), because the base-
stacking energy and hydrogen bond energy of ssDNA 
are negligible. 

Mechanical properties of backbone and base pair 
elements are presented in Table 1 [8]. 

 

 
Figure 3: H-bond force field [8]  

 
Table 1: Mechanical properties of backbone and base pair [8] 

H-bond Base stacking  
3105 −×  31025.6 −×  Density (g.nm-3) 

15000  3940  Young modulus (pN.nm-2) 

5.0  5.0  Diameter (nm) 
 

The interactions of water and ions onto the dsDNA 
molecule affect the effective properties of the 
backbones and base pairs, and that is why the values of 
the effective parameters are much larger than the 
realistic ones. 

Dielectrophoretic force results from the interaction 
between an induced dipole on the molecule and a non-
uniform electric field and is a function of frequency, 
electric field, and dielectric properties of the molecule 
and medium. The DNA is attracted towards regions 
where the values of the gradient of the square of the 
electric field are the highest, i.e. towards the electrode 
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edges, and is also orientated parallel to the electric field 
lines as a result of a torque that is exerted on the dipole 
by the electric field. The DNA is consequently 
elongated out from its relaxed state. 

For voltages and frequencies typically used in AC 
electrokinetic systems, the time-dependent AC voltage 
can be approximated in a steady-state simulation as a 
constant DC voltage whose value is equivalent to the 
root mean squared voltage of the applied AC potential.  

For a field-aligned prolate ellipsoid of radius R and 
length dS (R > dS), the time-averaged dielectrophoretic 
force is given by [9]: 
 

22 )Re(
3
1

RMScmmDEP EfdsRf ∇= πε  (2) 

 
where mε is the effective dielectric permittivity of the 
medium in which the particle is suspended, RMSE  is the 
root mean square (RMS) value of the field strength for 
an applied voltage RMSV , and )Re( cmf  is the real 
component of cmf , the Clausius-Mossotti factor.  
 
Stretching DNA 
Mechanics of the dsDNA under stretching can be 
classified in three main stages as follows [8]. 

First stage: When external loading is first applied to 
the B-form DNA (B-DNA), the base pairs and hydrogen 
bonds transfer the mechanical forces, bending moments, 
and torque between the two backbones. Both the 
backbone and the base-stacking virtual elements inherit 
uniform reactant forces. Additionally, the torsional 
rigidity of the dsDNA backbones resists the twisting of 
the complementary base pairs. Accordingly, the 
geometry of the dsDNA remains as B-DNA in this stage 
without any structural transition. 

Second stage: As the external force is increased, the 
stacking reactant force between the adjacent base pairs 
also increased. When the distance between the adjacent 
base pairs exceeds the limitation, the base stacking 
virtual element would fail. Moreover, the failure order 
of the stacking virtual elements will follow the 
geometrical location of these elements from loading end 
to the fixed end. DNA molecules that subject to 
sufficient tensions, experience an internal structural 
transition from a low tension state (which we will 
denote by B-state) to a new elongated state (which we 
will denote by S-state), which under applied tension has 
a lower free energy. The B-S transition happens at 
approximately 65 pN of tension. Meanwhile, the torque 
of the dsDNA local structure overcomes the backbone 
torsional rigidity and begins untwisting the double helix. 
Untwisting starts from the base pair nearest to where the 
external force is applied and propagates along the 
remaining parts of the dsDNA.  

Third stage: If the loading further increases, dsDNA 
would be stretched as the ladder S-form DNA. In this 
stage, the base pairs and hydrogen bonds transfer the 
mechanical forces/bending and moments/torque 
between the two backbones. The simulation depicted 
that the backbones will inherit most of the reactant axial 
forces which are induced by the external loadings. 

Moreover, the base pairs will inherit most of the 
reactant torques which are induced by the structural 
transition (untwisting of the double helix at second 
stage). 

So, three structural transition stages could be 
apparently defined as the B-form dsDNA in stretching, 
B-S transition, and the S-form dsDNA in stretching. 
Note that the information of dsDNA at low applied 
forces (f < 1 pN) is ignored because the mechanical 
characteristics at large applied forces (5 < f < 100 pN) 
are focused. 

Three stages of DNA stretch can be better 
understood by considering Figure 4.  
 

 
Figure 4: Three stages of DNA stretch [10] 

If small forces are neglected (neglect first line of the curve 
from left to right), three main lines of the curves are related to 

the three main stages of DNA stretch respectively. 
 
Finite Element Model  
DNA consists of two long polymers of simple units 
called nucleotides, with backbones made of sugars and 
phosphate groups joined by ester bonds. These two 
strands run in opposite directions to each other and are 
therefore anti-parallel. Attached to each sugar is one of 
four types of molecules, two purines (A and G) and two 
pyrimidines (C and T), called bases. The two backbones 
are joined together by hydrogen bonds between pairs of 
nucleotides A-T and G-C. The geometry of dsDNA is 
initially assumed as the double helix (B-form) dsDNA 
based on the helix function with 147 base pairs. Note 
that we assume that the dsDNA molecule, which is 
longer than the persistence length (147 base pairs), will 
exhibit the similar mechanical response. 

As shown in Figure 5, backbone and base pairs are 
modeled by elastic beam elements and the force fields 
of base stacking and hydrogen bonds are added into the 
dsDNA model as the elastic nonlinear discrete beam 
elements. We use FEMB 28 with LSDYNA 971 double 
precision solver to model and solve the problem.  

As shown in Figure 6, during dielectrophoretic 
process, DNA lays along the electric field lines so that 
the DEP force acting on DNA backbone stretches the 
molecule along its central axis. 

In Figure 7, a distributed force is applied to the 
dsDNA molecule as a result of electric field. Two lower 
nodes (each one belongs to one strand) are fixed and the 
molecule stretches upward.  
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Figure 5: Finite element model of DNA 

Backbone and base pair beam elements are bonded together 
with base stacking and H-bond discrete beam elements. 

 

 
Figure 6: DNA elongation during DEP process [9] 

DNA elongates along the lines of electric fields between two 
sets of micro electrodes. Red areas represent the locations of 

dsDNA bulks. 
 

 
Figure 7: DNA loading 

 The lowest two nodes of each strand are fixed and a 
distributed load is applied to the molecule backbone. 

Results and Discussion 
We modeled two types of DNA molecules with 
different lengths but similar sequences, one with a 
length of 10bp as short type and the other with 147bp as 
long type. By the application of external distributed 
force on the backbone of each of the models, the force-
extension curves are obtained. Since loading is seriously 
inhomogeneous in DEP stretch [7], final force-extension 
curves are not similar to ones with simple concentrated 
loading.  

As shown in Figures 8 and 9, when external 
distributed force increases, DNA gets much strain 
nonlinearly. FEM force-extension results beside 
experimental data [9] are used to complete Table 2. By 
selecting some points and calculating the related DEP 
properties [9], force-extension curves are converted to 
extension-voltage curves and comparisons are made.  

Table 2 shows the detailed electrical and mechanical 
data of dsDNA dielectrophoresis stretch. It can be seen 
that the Lab strain values are nearly close to numerical 
results. 
 
 

 
Figure 8: Displacement-force curve for short dsDNA 

 

 

 
Figure 9: Displacement-force curve for long dsDNA  
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The final results of DNA DEP stretch are plotted in 
Figure 10. Relative extension in vertical axis represents 
the ratio of the deformed length to the standard B-form 
DNA, and the reaction force is extracted from the 
summation of the bottom fixed nodes. 
 

 Table 2: DEP data through dsDNA stretch process. 
Vp-p 
(V) 

E 
(MV) 

ΔE 
(GV) 

F 
(pN) 

FEM 
strain  

Lab 
strain [9] 

0 0.00 0.00 0 0.00 0.00 

10 0.71 0.14 12 0.30 0.34 

15 1.10 0.21 28 0.50 0.50 

20 1.43 0.29 50 0.76 0.66 

24 1.70 0.34 70 0.96 0.90 

28 2.00 0.40 96 1.00 0.86 
 

 
Figure 10: Extension-voltage curve for long dsDNA in 

comparison with experiment [9] 
 

It is clear that stretch varies linearly up to 25V of  
Vp-p and after that disappears. Simply, the more electric 
field gets empowered, the number of ions with different 
charges near to the molecule increases and that causes 
stronger dielectrophoresis forces. Afterwards, the 
distance between the adjacent base pairs exceeds from 
the base stacking bond length limitation and causes base 
stacking bond failure. In contrast with the application of 
concentrated load to DNA [8], base stacking failure 
starts from the elements near to the fixed ends and then 
propagates to the other side of the molecule. The failure 
can be continues so that the entire base stacking 
elements disappears (end of the second stage of stretch), 
but here it stops due to electrical charge restrictions.  

There are other factors, such as frequency of the 
electric field, hydro dynamic flow fields, and thermal 
fluctuations of the fluid filled the micro channel that 
determine the quality and quantity of the stretching, but 
none of them are as influential as the net value of 
electric field [9].      
 
 
 

Conclusions 
B-type dsDNA stretched as a result of the 
dielectrophoretic force exerted along its backbone axis 
by a FEM approach. By the elastic DNA model 
presented and by considering the base-stacking 
interactions between DNA adjacent nucleotide base 
pairs, we found an underlying scaling relation between 
the DNA extension and the applied voltage up to 25V of 
Vp-p, which emphasizes the significance of the electric 
fields, and after that all the stretch effects of voltage 
disappeared. Outcomes obtained by FEM modeling 
were in good agreement with experimental data. 
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