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ABSTRACT 

 
This paper introduces an inductance-based sensor for 

detection of DNA hybridization and investigates its 
performance by means of computer simulation.  In order to 
detect the occurrence of hybridization, single strand target 
DNA’s are tagged with magnetic beads. Target DNA’s are 
then exposed to known single strand probe DNA’s which 
are immobilized on a surface in the proximity of a spiral 
coil with a specific design. After hybridization, the 
expected variations in the coil inductance due to presence 
of magnetic beads are studied for different coils as well as 
magnetic beads of different sizes and permeabilities. The 
simulation results are presented and discussed in order to 
obtain optimal coil parameters with the aim of producing 
maximum variations in the coil inductance. 
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1 INTRODUCTION 
 
Considerable effort has been made for more than a 

decade to miniaturize and integrate the whole processes of 
detection of DNA hybridization in a single disposable chip. 
Although detection of DNA by optical methods is reliable 
and well practiced, it cannot be easily implemented on 
electronic chips. Alternative methods with potential for 
miniaturization have been investigated in recent years. 
Among these methods are electrochemical techniques [1], 
piezoelectric sensors [2], impedance based techniques [3], 
and capacitance techniques [4].  

 
Micron-sized magnetic beads have also been widely 

used as labels in DNA detection [5]-[7]. Using magnetic 
beads allows easy manipulation of DNA and therefore may 
also facilitate mixing and separation protocols [8], [9]. In 
particular, through application of a magnetic force, 
magnetic beads may also be used in non-specific bindings 
as well as single-base mismatch. It is worth mentioning that 
such a method is not restricted to DNA and can be equally 
used for other biological entities. This paper introduces a 
DNA hybridization detection sensor that uses magnetic 
beads attached to DNA strands as detectable particles. 
Increased concentration of magnetic beads due to DNA 
hybridization is detected in the form of inductance 
variations.  The response of a planar spiral coil sensor to 
different  types of  magnetic  beads is  investigated  and  the  

 

 
Figure 1: Proposed DNA Detection Sensor showing 

hybridized DNA strands tagged with magnetic beads 
forming a magnetically permeable layer in the proximity of 

coils. 
 
effects of coil geometry on the performance of the sensor 
are numerically evaluated. 

 
2 METHODOLOGY 

 
The concept of using a planar spiral coil for DNA 

hybridization detection is illustrated in Figure 1. The core 
of the sensor is a planar spiral inductor which is 
sandwiched between an insulating layer on the top and a 
layer of permaloy in the bottom. The insulating layer is 
covered with a permeable layer to which probe DNAs can 
attach and be immobilized. This layer could be any of 
standard surface treatments on gold coating or SiO2–
Si3N4. Magnetic beads functionalized with target DNAs 
are applied to this surface. Specific Hybridization of target 
and probe DNA will result in formation of a layer of 
magnetic beads above this surface. This layer is of high 
magnetic permeability and acts as one half of the magnetic 
core for the inductor. The underlying permalloy layer acts 
as the other half of the magnetic core and completes the 
magnetic circuit. Formation of this magnetic circuit allows 
the magnetic flux to pass through easily and leads to an 
increase in the coil inductance. This property is used for 
detection of hybridization process. 

 
2.1 Parameters Affecting the Inductance 

The inductance of the spiral coil is a function of various 
geometrical as well as physical parameters. The most 
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important physical parameters affecting the coil inductance 
are the relative permeability of magnetic beads, μrB and the 
thickness of the bead layer tB, formed after hybridization.  
Geometrical parameters as depicted in Figure 2 are defined 
as follows: 

 
• outd : Coil outer diameter 

• ind : Coil inner diameter 

• ct : Conductor thickness 

• pt : Thickness of permalloy layer 
 

2.2 Electrical Model of the Sensor 

The electrical model of the sensor is shown in Figure 3. 
The coil is driven by an AC current source and the coil 
voltage is measured as the sensor output. After formation of 
the bead layer, the coil inductance is increased and the 
sensor output, VS, will be changed. This amplitude of this 
voltage is used in order to detect the hybridization. 

 
 

 
Figure 2:  Sensor model used in simulations showing 

geometrical details of the coil and other layers (a) Top view 
of the coil  (b) Lateral cross section of the sensor model. 

 
 

 
Figure 3: Electrical model of the sensor. 

Parameter Explanation Quantity 
tC Thickness of Conductor 20 μm 
wC Width of Conductor 20 μm 
s Space Between Conductors 30 μm 

FF 
Fill Factor (occupied area of 
conductors of the coil to the 

total coil area) 
%80 

h 
Gap between coil and bead 

layer which is occupied with 
insulator 

10 μm 

Table 1: Various parameters and their corresponding values 
that are used in coupled inductors simulation. 

 
The amplitude of VS can be expressed as follows: 
 

2 2( )s s c cV I R L= + ω     (1) 
 

The voltage VS is measured and its normalized variation 
is calculated to indicate the presence of the bead layer due 
to occurrence of hybridization. The frequency of the current 
source may be chosen in a range where RC is constant. This 
means that for a particular sensor and source frequency, the 
voltage VS is merely dependent on the inductance LC and 
hence, the normalized variations of VS may be calculated as 
follows: 
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To understand the way 

sVδ varies with respect to 
different geometrical and physical parameters explained 
above, the variation in LC is computed numerically. This is 
then used to determine how the coil voltage will change in 
terms of different parameter values. 
 

3 RESULT AND DISCUSSION 
 
3.1 Simulation 

 
Based on the described concept, a three dimensional 

model of the sensor was simulated using the finite element 
package COMSOL FEMLAB Multiphysics v.3.2. Details 
of the model used in the simulation are shown in Fig. 2. 
The model was simulated for a layer of magnetic beads 
with effective thickness of 2μm and different relative 
permeabilities. The normalized variations of the coil 
inductance, described in (3), are computed numerically 
before and after hybridization and the results are presented 
in Figure 4.  
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The graphs of Figure 4 show how δL changes with 
respect to the outer diameter dout for different values of µrB. 
The values adopted for the other parameters are shown in 
Table1. As shown in Figure 4, for each value of the relative 
permeability, the sensor output is maxima at a specific 
value of dout which may be denoted as Dmax. It should be 
noted that the value of Dmax is increasing with respect to µrB 
as shown by the dashed curve in Figure 4. To minimize the 
effect of permalloy on the signal, a very thick layer of 
permalloy (µrB=100 µm) has been used. Also a large space-
domain (7mm × 14mm) has been adopted in order to 
minimize computational errors. 

 
In order to design a sensor with maximum response, it is 

useful to have the optimal coil diameter Dmax in terms of 
different bead permeabilities and conductor thickness. The 
graphs in the Figure 5a show the results of simulation for 
Dmax in terms of µrB and tC. Once the optimal diameter of 
the coil and the conductor thickness is known, it is useful to 
evaluate the magnitude of the output signal. These 
information may be derived from the graphs of Figure 5b 
which depict the maximum change ΔLmax=δL(at Dmax) 
corresponding to optimal values of Dmax in terms of bead 
permeability and conductor thickness. 

 
3.2 The Effect of Thickness of Underlying  

Permalloy on Sensor Output 
 

Application of underlying permeable layer of Permalloy 
is to magnify magnetic flux of the coil and consequently 
increase magnetic inductance of the coil. Moreover, in this 
magnetic sensor, another significant advantage of using 
Permalloy is to prepare a low magnetic reluctance close-
loop circuit with magnetic bead layer to improve response 
of the sensor. In order to characterise the sensor with 
optimum response, it is useful to have the optimal coil 
diameter Dmax and optimal sensor response ΔLmax in terms 
of different Permalloy thicknesses and bead permeabilities. 
The graph in the Figure 6a shows the normalized results of 
simulation for Dmax in terms of µrB and tp. In addition, 
Figure 6b shows the normalized results of simulation for 
ΔLmax in terms of µrB and tp. Moreover, values of Dmax and 
ΔLmax have been normalized to the values of the sensor with 
tp=100. 

 
As shown in the Figure 6a, optimum coil diameter of 

low permeable bead layer is less influenced by thickness of 
Permalloy. For instance, maximum deviation for 
2µm≤tp≤100µm is less than 3% for magnetic bead layer 
with µrB=10 and less than 8% for magnetic bead layer with 
µrB=100. In addition, for low permeable beads, the 
maximum variation is for 0≤tp≤2µm (44% for µrB=10 and 
38% for µrB=100) which create the magnetic circuit to 
generate the magnetic flux. On the other hand, for high 
permeable bead layer, Dmax is decreasing with decreasing tp  

 
Figure 4: Behaviour of percentage change in the coil 

inductance against coil outer diameter for different bead 
permeabilities. Conductor and gap thicknesses are, 

tC=20µm, h=10µm respectively. 

 

 
 

 
 
Figure 5: Graphs for determining optimal sensor parameter. 
(a) Outer coil diameter at which output signal is maximized 
against bead permeability for different conductor thickness 

values. (b) Corresponding maximized inductance 
percentage change. 
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and this decrement is 30% for 2µm≤tp≤100µm and 18 % for 
0≤tp≤2µm. Moreover, as shown in the Figure 6b, significant 
influence of tp on low permeable bead layer is limited to 
0≤tp≤2µm but for high permeable bead layer, ΔLmax 
decrease 74% for 0≤tp≤10µm. Therefore, to design a sensor 
for low permeable beads (µrB≤100), thickness of Permalloy 
could be a few micrometer (2µm≤tp≤10µm) and for high 
permeable bead layer (µrB>100) thickness of Permalloy 
should be more (10µm≤tp≤100µm). 
 

4 CONCLUSION 
 
A sensor based on planar inductor with spiral winding is 

introduced for detection of DNA hybridization using 
magnetic beads. The coil is driven by an AC current source 
and the coil voltage is taken as the sensor response. The 
performance of the sensor is numerically studied against the 
outer coil diameter, conductor thickness, permalloy 
thickness and different magnetic bead permeabilities. 
Percentage of the coil voltage variations is calculated upon 
the formation of the magnetic bead layer and parameter 
values producing maximum sensor output are derived and 
presented as design curves. 

 

 
 

 
Figure 6:  Effect of thickness of underlying permalloy on 

(a) Dmax and (b) ΔLmax 
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