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Abstract-A noncontact inductive sensor was designed for the eddy
current detection, the main structure of the inductive sensor is
single-layer micro-planar coil. Two groups of micro-planar coils
with different wire width, wire distance and wire thickness are
fabricated by using electrochemical and MEMS technology in
order to make the detection. We establish the inductance and
impedance mathematic models to describe the near-field eddy
current effect of the micro-planar coil according to the structure
of the coil. When alternate current in certain frequency circulates
in the micro-planar coil, alternate magnetic field will generate
around the coil. The effect of eddy current can be mainly
reflected by the signal of inductance. This paper describes the
fabrication of the micro-planar coil, and proposes an approach to
calculate the inductance. Through the experiment of testing the
inductance and impedance of the coil by using Agilent 4294A
Precision Impedance Analyzer and Solartron Electro-chemical
Impedance System, we make a comparison between the
inductance and impedance. The experimental results indicate the
signal of the inductance and impedance of the micro-planar coil
can be well used in the study of eddy current field while in a
certain condition, but the inductance has good sensitivity and
linearity and high interference immunity. The comparison
between the inductance and impedance reveals that the
experimental results and the theoretical calculation results are
almost consistent, and the deviation is between 3% and 12%. So
the mathematical model of the inductance has shown to be
effective, and the intensity of the eddy current field around the
coil can be better expressed by the signal of the inductance while
it is more stable and sensitive.
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l. INTRODUCTION

With the development of MEMS in aerospace, automotive,
communication engineering and many other fields, and the
characteristics of small size, light weight and fast response,
micro-inductive sensor has a tremendous prospect in the study
of eddy current nondestructive detection. The eddy current
nondestructive detection is a superior non-contacting and
quick approach™. Furthermore, the micro-planar coil has
become the novel sensitive device in the detection of the near-
field eddy current, while it has good sensitivity and linearity
and high interference immunity. So it has been widely used in
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the displacement and angle measure, nondestructive testing
and bio-medical detectionl™.

However, due to the limitation of the fabrication condition,
structure of the coil and other factors, the micro-planar coil
generally has a small inductance value and a high resistance
value®. So it is difficult to detect and extract the signal.
Researchers change the shape of the coil and the fabrication
process to raise the inductance value. However, this approach
has little help to the inductance and impedance detection. On
the other hand, this improved coil is not stable in the detection.

In general, micro-planar coil can be divided into planar
spiral coil, planar meandering coil and three-dimensional
spiral coil. The three-dimensional spiral coil and the planar
meandering coil are rarely used in the experiment because of
its complex structure and its high cost if it is fabricated by
MEMS technology!. On the contrary, planar spiral coil is
always a better choice in the experiment while it has a rule
structure, such as square, hexagonal, octagonal and round™.

Micro-planar coils with different wire width, wire distance
and wire thickness are used in the experiment based on the
above statements. This article describes how to establish the
mathematical model of the inductance, and proposes an
approach to calculate the self-inductance and mutual-
inductance. Then make a comparison between the inductance
and the impedance by testing the inductance and impedance of
the micro-planar coil in different conditions. The results show
that in a certain condition, the intensity of the eddy current
field around the coil can be better expressed by the signal of
the inductance while it is more stable and sensitive.

Il.  FABRICATION AND STRUCTURE OF MICRO-PLANAR COIL

The micro-planar coil is fabricated by a MEMS-based
glass  micromachining  process including  sputtering,
photolithography, electroplating and etching. Glass is always
used in the process because it can avoid the influence of
electromagnetic induction caused by the silicon substrate,
while it has good structural properties in the MEMS
micromachining process. Because of the compatibility of the
fabrication process, square micro-planar coil is often used in
MEMS. The magnetic field of square micro-planar coil mainly
concentrated in the center of the coil, and the turn numbers of



the coil are always more than 20. The main fabrication process
is depicted in Fig.1. The prototype of the micro-planar coil is
shown in Fig.2.

(a) Central electrode

(b) Pl isolation layer

(c) Central coil

(d) Pl isolation layer

(e) Protecting plate
Figure 1. Fabrication process

Figure 2.  Final structure of micro-planar coil

I1l.  INDUCTANCE CALCULATION OF MICRO-PLANAR COIL

A.  Model analysis of micro-planar coil

When calculate the inductance of the coil, the spirality of
the coil is always ignored. Studies show the deviation caused
by this simplified approach is very small®. Segmentation
method is a relative simple method to build the mathematical
model of the micro-planar coil when it is in a complex shape.
In a word, the method is to divide the complex circuit of the
coil into several separate segments, so that it is more
convenient to calculate the inductance of each segment. If the
coil consists of several straight circuits, segmentation method
is more advantageous.

Assume that the magnetic permeability of medium is
unrelated to the magnetic intensity, and then magnetic flux is
proportional to the current. Therefore, the inductance is also

97

unrelated to the current, but only depending on the shape of
the coil, and the magnetic permeability between the conductor
and the surrounding medium. Moreover, mutual-inductance is
supposed to relate to the position of the wires. If the coil is
made of non-magnetic material and placed in the air, the
conductor can be considered to have a same magnetic
permeability with the surrounding medium, and it is equal to
the vacuum permeability w,.

The rectangular current-carrying coil can be seen as several
straight wires when the micro-planar coil is placed in the
cartesian coordinate system. It is determined by the following
parameters, turn number N, wire width a, wire thickness # and
wire distance b. The simplified model of the micro-planar coil
is shown in Fig.3.

i

=

h

h

!

Figure 3. Simplified model of micro-planar coil

The mathematical model of self-inductance and mutual-
inductance can be expressed as (1) and (2),

L = %,3 Lk dA Lk MdA 0
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Where, I’ and [” are the length of the wires, D is the
distance between /” and /”, @ is the angle between /" and [”, 1
is the perimeter of wire cross-section.

B.  Self-inductance of the micro-planar coil

As is shown in Fig.3, the current i flows from 4 to B. Set
AB=211, BC:ZIz, then CD:211+t, DE:212+t, t=a+b. |If
AB=BC=2l, then CD=DE=2[+t. The self-inductance value can
be calculated according to (1), (2) and (3).

Under the condition of direct current or alternate current in
low frequency, the self-inductance value of the » turn of the
coil is,
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Under the condition of alternate current in high frequency,
the self-inductance value of the » turn of the coil is,
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Where, g is the geometric mean distance of perimeter of
the rectangular section in (5).

C. Mutual-inductance of the micro-planar coil
When the » turn of the coil is on x-ortho axis, the mutual-

inductance value between the m turn and the » turn of the coil
is,
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Where, n>m, and A=2[+2(m-1)t+(n-m)t, C=F=(n-m)t.

When the » turn of the coil is on x-negative axis, the
mutual-inductance value between the m turn and the » turn of
the coil is,
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Where, n>m, and A=21+(n-m)t, B=2I+(n-m+1)t, C=(n-m)t,

D=(n-m+1)t, E=2I+(n-1)t+(m-It.

In summary, the total inductance of the micro-planar coil
can be expressed as,

G= ZL +4ZZM +4ZZM

k=1 j=k+1 k=1 j=k

®)
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IV. EXPERIMENTAL TEST OF THE MICRO-PLANAR COIL

A.  Experimental test of the inductance model

In order to verify the inductance models, we use Agilent
4294A Precision Impedance Analyzer to test the inductance.
Furthermore, two groups of micro-planar coils with different
wire width, wire distance and wire thickness are fabricated by
using electrochemical and MEMS technology.

There are both five coils in the first group and the second
group. In the first group, set the turn numbers of the coils 20,
21, 22, 23 and 24 respectively, the wire width 40um and the
distance between wires 40um. In the second group, set the turn
numbers of the coils 20, the wire width 40um, 45um, 50um,
55um and 60um respectively, the distance between the wires
40um.

In the experiment, we give alternate current in 1IMHz to the
two groups of coils, and then test the inductance values. Fig.4
reveals the relationship between the test inductance and
theoretical inductance of the first group of coils, where L’ is
the theoretical inductance and L is the test inductance. If the
wire width and the distance between the wires remain
unchanged, the inductance value will increase with the
increasing coil turn numbers. The theoretical result and the test
result are consistent, and the deviation between the test
inductance and theoretical inductance is small, it is between
3% and 8%. This is in accordance with the calculation
condition of the inductance model of the micro-planar coil.
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Figure 4. The relationship between the test inductance and theoretical
inductance of the first group of coils
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Figure 5. The relationship between the test inductance and theoretical
inductance of the second group of coils

Fig.5 reveals the relationship between the test inductance
and theoretical inductance of the second group of coils. If the



coil turn number and the distance between the wires remain
constant, the inductance value will decrease with the
increasing wire width. Moreover, the curve of the inductance
keeps a relatively stable trend, and the deviation between the
test inductance and theoretical inductance is between 5% and
12%. These issues above are all worthy of further research.

B.  Experimental test of the impedance model

When alternating current circulates in the micro-planar coil,
alternating magnetic field will generate around the coil. The
eddy current effect can also be reflected by the signal of
impedance [". So the impedance is another expression of the
inductance.
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Figure 6. The relationship between impedance and frequency of the first
group of coils
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Figure 7. The relationship between impedance and frequency of the second
group of coils

In order to verify the impedance model, we use Solartron
Electro-chemical impedance system. The two groups of coils
which are tested in the previous experiment are also used in
this experiment. Give an excitation voltage of 10mV to the
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coils, and the frequency incentives from 1MHz to 0.1Hz. Then
we can get the relationship between the impedance value and
the frequency.

Fig.6 and Fig.7 are the relationship between impedance
and frequency. The curves of the impedance in Fig.6 and Fig.7
are similar. The impedance starts to be stable when the
frequency is about 5x10* MHz. When the excitation frequency
is between 5x10* MHz and 0.1Hz, the impedance is extremely
stable.

V. CONCLUSION

According to the above theoretical analysis and
experimental validation of the mathematical model of the
micro-planar coil, the inductance and impedance can well
describe the near-field eddy current effect of the micro-planar
coil. But the inductance model has a more strong
computability, and the theoretical result is consistent with the
experimental results. The deviation of the inductance between
the test results and theoretical results is between 3% and 12%.
So the deviation is in an acceptable range, while it can be
detected by Agilent 4294A Precision Impedance Analyzer.

This paper can be a foundation of micro-planar coil for
eddy current nondestructive testing. It provides an approach
and mathematical foundation to the micro-planar coil for
applying in the oil detection depending on the stability and
sensitivity of the micro-planar coil.
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