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Inductive proximity sensors are noncontact sensing devices used to detect the approach of a target by an increase in coil resistance due
to eddy current loss. Extending the operating distance of these sensors is demanded. In this paper, we propose the use of a magnetoplated
wire (MPW) as a sensing coil. The MPW is a copper wire, whose circumference is plated with a magnetic thin film. We analyze the
impedance of a proximity sensor using a copper wire (COW) and MPW coils by a finite element method. The use of the MPW results
in a decrease in AC resistance due to the proximity effect, an increase in inductance, and the generation of a higher flux than when the
COW is used. Therefore, it is possible to increase the quality factor of the MPW coil. As a result, the operating distances of the MPW
and COW coils are 5.0 and 3.8 mm, respectively. The operating distance of the MPW coil is 1.3-fold that of the COW coil.

Index Terms—Coil, copper wire, finite element method, inductive proximity sensor, magnetoplated wire, operating distance, output
voltage, quality factor.

I. INTRODUCTION

I
NDUCTIVE proximity sensors (proximity sensors) are

noncontact sensing devices used to detect the approach of

a target by changes in coil impedance and quality factor due

to eddy current loss [1]. The conventional proximity sensor has

a short operating distance. Accordingly, the target collides with

this sensor, causing damage to the sensor. Therefore, extending

the operating distance of this sensor is demanded.

The quality factor of the proximity sensor was analyzed

by a finite element method (FEM) [1], [2]. However, designs of

the coil and the improvement in for extending the operating

distance have not yet been accomplished.

Therefore, we propose the use of a magnetoplated wire

(MPW) as the sensing coil to extend the operating distance.

The MPW is a copper wire (COW) whose circumference is

plated with a magnetic thin film. The MPW coil decreases the

AC resistance due to the proximity effect and increases the

inductance [3]–[5].

In this study, we examine a proximity sensor using COW and

MPW coils both experimentally and analytically by FEM to ex-

tend the operating distance. The following points concerning the

proximity sensor with the MPW are discussed.

1) Requirement for extension of operating distance

2) Extension of operating distance using MPW

II. REQUIREMENT FOR EXTENSION OF OPERATING DISTANCE

Fig. 1 shows the detection principle of an inductive proximity

sensor. The impedance and of the proximity sensor vary with

the distance between the sensing part (coil and ferrite core)

and the target (cold rolling carbon steel sheet). In this proximity
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Fig. 1. Detection principle of inductive proximity sensor (coil: � � ���

turns, ferrite core: Tomita Electric Co., Ltd. 2H6-PC-7� 2.1, target: cold rolling
carbon steel sheet, 1� 20� 20 mm ).

sensor, the change in is converted into an output voltage in

the oscillating circuit. The electric circuit outputs the proximity

sensor output of the ON/OFF operation depending on the

change in output voltage . The distance from the surface of

the sensing part to the outside of the body of the target when

the proximity sensor output is turned on and off is called the

operating distance .

The relationship between the of the proximity sensor

and the output voltage is

(1)

where is the distance (m), is the angular frequency ( ,

rad/ ), is the exciting frequency (Hz), is the inductance

(H), is the resistance is the DC resistance

is the resistance due to the skin effect, is the resistance

due to the proximity effect, is the resistance due to

the core loss, is the resistance due to the target eddy
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Fig. 2. Structures of COW and MPW (unit: �m). (a) COW. (b) MPW.

current loss, is the exciting voltage (V), is the parallel

capacitance (F), and is the series capacitance (F).

Under the condition, is proportional to the of

the coil. Therefore, it is essential to improve the of the coil

to extend the operating distance [4]. The following equation is

obtained by differentiating (1) with respect to the distance ,

(2)

Equation (2) shows that the stable ON/OFF operation in the

electronic circuit is attained by an increase in . As a

result, the operating distance is extended.

Fig. 2 shows the structures of the COW and MPW. The MPW

is a copper wire plated with magnetic thin films (Fe and Ni) [3].

The thicknesses of the Fe and Ni thin films are 1.3 and 0.05 m,

respectively, as shown in Fig. 2(b). The Ni film is plated for ease

of soldering.

Fig. 3 shows the - loop of the MPW. We measured the

- loop of the MPW of 10 mm length with a vibrating sample

magnetometer (Riken Denshi BVH-55). The magnetic field af-

fected the MPW longitudinally. In this study, the MPW was af-

fected by the magnetic field of A/m. We assumed the fol-

lowing matter.

i) The Fe thin film is isotropic.

ii) The diamagnetic field is disregarded because the demag-

netizing factor of the MPW with 80 m diameter and

10 mm length is or less.

The relative permeability of the MPW, , was 80, as shown

in Fig. 3.

III. COMPARISON BETWEEN COW AND MPW COILS IN

TERMS OF QUALITY FACTOR

Table I shows a list of conditions for FEM analysis. We ana-

lyzed models of the sensing parts using the JMAG-Studio (x64)

Ver. 9.0 FEM software (the axisymmetric version of transient

Fig. 3. �-� loop of MPW (measured with Riken Denshi BVH-55).

TABLE I
ANALYSIS CONDITIONS OF FEM

magnetic) [6]. In the FEM analysis model, the structure of the

coil ( turns) was reproduced to analyze . Further-

more, the sizes of the meshes of the Fe thin films considered

affected the skin depth of 15 m ( MHz) for Fe used

to analyze the eddy current that acted on a Fe thin film, and

mesh size was considered to be 0.4 m. The Ni thin film was

not considered in the FEM because of its thin thickness. The

total number of elements was 2 000000. The relative perme-

ability of 80 the MPW measured with the vibrating sample

magnetometer was input. The resistivity and relative perme-

ability of the cold rolling carbon steel sheet were measured

using the samples, whereas the and of the ferrite core used

were obtained from a list of values in a catalogue.

Fig. 4 shows the impedance vs. frequency characteristics of

the COW and MPW sensing parts. We found that the increase in

for the frequency depended on for the following reasons,

as shown in Fig. 4(a).

First, , where is constant

and does not depend on the frequency. Second, the skin depth

is 74.7 m for the COW ( kHz). Because the skin depth

of the COW is larger than its radius of 40 m, the resistance

due to the skin effect is considered to be . Third,

the resistance due to the core loss is considered to be zero

because the core loss resistance is determined to be 0.05
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Fig. 4. Impedance versus frequency characteristics of COW and MPW sensing
parts (measured with impedance analyzer HP 4192A). (a) Resistance. (b) Induc-
tance. (c) Quality factor.

in a ferrite core from the FEM analysis result ( kHz).

Therefore, the increase in for the frequency depends on the

resistance due to the proximity effect.

The resistances of the COW and MPW at the frequency of

780 kHz were 16.5 and 10.2 , respectively; thus, the resistance

of the MPW decreased by 38 % compared with that of the COW.

Flux was hardly observed in the conducting wire owing to the

effect of the Fe thin film for the MPW compared with the COW,

and the MPW is hard to produce the eddy current in the copper

moiety. Therefore, the proximity effect was restrained in the

MPW, and decreased [4], [5]. As a result, the resistance

of the MPW decreased more markedly than that of the COW.

The calculation errors of the resistances of the COW and

MPW at the frequency of 500 kHz were 5% and 14%, respec-

Fig. 5. Quality factor vs. distance characteristics of COW and MPW
(COW: � � ��� kHz, MPW: � � ��� kHz, measured with impedance
analyzer HP 4192A).

tively; thus, the calculation error of the MPW was larger than

that of the COW. The calculation error of the MPW was caused

by the stress affecting the Fe thin film during coil reeling and

the decrease in .

In addition, in the MPW, was increased by the Fe thin

film, as shown in Fig. 4(b). Furthermore, owing to the decrease

in and the increase in in the MPW, the of the MPW

(81.6: kHz) was 1.5-fold that of the COW (54.5:

kHz), as shown in Fig. 4(c). The maxima of oc-

curred. where were constant and dose not depend

on the frequency and were proportional to the frequency.

When frequency was high, suddenly increases due to prox-

imity effect, as shown in Fig. 4(a). Therefore, the maxima of

appeared, as shown in Fig. 4(c).

IV. EXTENSION OF OPERATING DISTANCE

Fig. 5 shows the vs. distance characteristics of the COW

and MPW. The measured and FEM values were analyzed at

the frequencies (COW: 500 kHz, MPW: 780 kHz) at which the

of each coil was maximized, as shown in Fig. 4(c). The ob-

tained values were approximated using polynomials of six de-

grees. The data points and the approximated curves were corre-

sponding because the coefficients between the data points and

the approximated curves were more than 0.999. Owing to the

decrease in and the increase in in the MPW, the of the

MPW was larger than that of the COW. The change in for the

MPW was 79.4, which is 1.5-fold that

of for the COW.

Fig. 6 shows the comparison of the resistance between the

COW and MPW (at mm). It is a resistance ingredient

to occur to the COW, MPW and the target in operating distance

mm of COW. due to the target eddy current loss

was derived using

(3)

The resistances of the COW and MPW at mm were

11.4 and 13.2 , respectively. The resistances of the COW

and MPW were 1.6 and 3.4 , respectively, and the of

the MPW was 2.1-fold that of the COW. The resistance due

to the target eddy current loss is proportional to square of the
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Fig. 6. Comparison of resistance � between COW and MPW (at
� � ��� mm).

Fig. 7. Sensitivity versus distance characteristics (COW: � � ��� kHz,
MPW: � � ��� kHz, measured with impedance analyzer HP 4192A).

exciting frequency and flux to reach the target. Therefore

the of the MPW was larger than that of the COW.

Fig. 7 shows the sensitivity vs. distance characteristics of the

COW and MPW obtained by differentiating the approximated

curves shown in Fig. 5. A conventional proximity sensor using

the COW operates by ON/OFF switching when

mm . The operating distance was 5.0 mm for the MPW,

which is 1.3-fold the value of mm for the COW, as

shown in Fig. 7.

The extension of the operating distance was confirmed by

improving , as shown in the (1) and (2). Owing to the decrease

in and the increase in in the MPW, the operating distance

of the MPW was longer than that of the COW.

V. CONCLUSION

In this paper, we propose the use of an MPW as the sensing

coil of a proximity sensor to extend the operating distance. The

following is a summary of our findings.

A. Requirement for Extension of Operating Distance

We showed that it was essential to improve the of the coil

to extend the operating distance. In other words, it is necessary

to extend the operating distance by reducing the resistance and

increasing the inductance of a proximity sensor. The values

of the MPW ( kHz) and COW ( kHz) were

54.5 and 81.6, respectively. The of the MPW was 1.5-fold

that of the COW.

B. Extension of Operating Distance Using MPW

The operating distance was 5.0 mm for the MPW, which is

1.3-fold the value of mm for the COW. Owing to the

decrease in and the increase in in the MPW, the operating

distance of the MPW was longer than that of the COW.
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