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This paper was prepared to assert that coil springs could be useful as displacement sensors as well as mechan-
ical parts. We have investigated the displacement dependence on the inductance of a coil spring and resonance
frequency of a simple LC circuit in which a coil spring took a part as an inductor. The changing ratio of induc-
tance to displacement was 6.6 %/mm. Inductance and/or inductance change of a coil spring was explained with
FEM simulation. The changing ratio of the output voltage, which was obtained with the LC circuit, to displace-

ment was estimated to be 6.23 %/mm.
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1. Introduction

Coil springs have been used for a long time as mech-
anical parts in order to maintain proper elasticity and
damping of various mechanical systems [1]. Well-design-
ed coil springs are characterized by excellent mechanical
properties including elasticity and damping properties and
their capacity for mechanical energy storage [2]. On the
other hand, inductance sensors as magnetic sensors have
many applications and have been developed for a long
time [3-14]. An inductance sensor has usually ferromag-
netic core to form an inductor. When magnetic field is
applied to the ferromagnetic core, the permeability is
changed. Since the inductance is proportional to the
permeability, the inductance is finally changed by an
applied magnetic field. In the case of solenoid inductor,
the inductance is also changed by its shape and size. It
means that the inductance could be changed by elonga-
tion of the inductor. If made of insulated metal wire, the
structure of the coil spring is identical with that of the
basic inductor (air core solenoid inductor). Therefore, the
mechanical spring could act as an inductor at the same
time. Basically, the elongation of a coil spring is propor-
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tional to the displacement of the endpoint and/or the load
attached to it. Because of the elongation also affects the
inductance of the solenoid inductor of which shape is
identical with a coil spring, the inductance changes by the
displacement and/or the load. In other words, a coil spring
is a variable inductance whose inductance changes due to
displacement or load.

In this study, we have investigated experimentally the
displacement dependences on inductance of the coil
spring and of output voltage of an AC voltage divider
circuit where the coil spring took a part as an inductor.

2. Experiment and Calculation

Figure 1 shows a photograph of the coil spring used in
this study. The length and radius of the coil spring are 9.5
mm and 2.25 mm, respectively. This has solenoid shape
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Fig. 1. Photograph of the coil spring.
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Fig. 2. (Color online) Photograph of experimental setup.

composed of 15.5 turns of a steel wire with the diameter
of 0.5 mm. There are two hooks at both ends.

Figure 2 shows a photograph of experimental setup.
One hook of the coil spring was attached to the end of a
load cell (a kind of force sensor), while the other hook
was attached to the surface of a microstage. The
elongation of the coil spring was controlled by operating
the microstage. When the length of coil spring is changed,
the load force can be detected by the load cell. The
inductance values dependent on the displacement and/or
load force were checked by an LCR meter (Hioki 3522-
50 LCR HiTester).

Exact calculation of inductance of coil spring is quite
complicated due to several reasons; it can be done with
space integration of magnetic flux [15]. Total inductance
is the sum of the internal inductance, which should be
calculated with certain conductivity and permeability
dependent on frequency, and the external inductance [16].
Current distribution is affected by magnetic field gene-
rated by adjacent turns. This is known as the proximity
effect. By the proximity effect, the effective area of each
turn of wire is reduced, and hence the external inductance
is also reduced [17].

Technically, the approximation formula, as shown in eq.
1, is often used to calculate the inductance of a solenoid
[18, 19].

2 2
L2

Where, a and / are the radius and the axial length of
coil, respectively. N and g4 are the number of turns and
vacuum permeability, respectively. The function f is
known as the Nagaoka function [20]. In the case of 0 <
2a/l < 1, the function f can be expressed as
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In eq. (1), the function f] is approximately 1 in the case
of long solenoid. Therefore, eq. (1) can be denoted as

,uONZ na’ 4 2a
L==—— (1—57[—1—) 3)
If all other parameters don’t change, it is easy to under-
stand that inductance would be inversely proportional to
the length /.

A series of FEM simulations was also performed to
calculate the inductance values dependent on elongation
of the coil spring by using a commercial FEM package,
COMSOL Multiphysics [21]. The governing equagion ior
the FEM simulation was Ampere’s law (VxH=J).
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The inductance of the coil spring was calculated by 2

Here, [ and W,, are the current and the magnetic energy
stored in the space around the coil spring.

3. Experimental and Simulation Results

Figure 3 shows FEM simulated magnetic field distri-
butions around the coil spring in the case of coil pitch 0.6
mm (a) and 1.1 mm (b). As shown in Fig. 1, the magnetic
field intensity decreases with elongation of the coil
spring. Hence, the magnetic energy also decreases with
elongation resulting in a reduced inductance. This ten-
dency can be also predicted from eq. (3). The elongation
dependence on inductance can be used to detect dis-
placement of the object attached to the end of coil spring.
Within elastic limit, the load force is directly proportional
to the displacement of spring. It means that it is also
possible to construct a force sensor with a coil spring and
the inductance variation.

Figure 4 shows the displacement dependence on induc-
tance of the coil spring. This graph represents a com-
parison between measured inductance and calculated
ones. In this figure, three data are displayed together;
measured data, FEM simulated data and calculated data
by eq. (3). The measured values and the FEM simulated
values are in very good agreement, but the calculated
values by eq. (3) is slightly different from the others. As
mentioned above, equation 3 is an approximate formula,
and an integration of magnetic field is required to obtain
an exact inductance value. However, because the three
data show the same trend in Fig. 4, it is possible to
explain the inductance variation analytically even with eq.
(3). In this experiment, inductance of lead wire was 1.13
pH at 100 kHz with 10 mA. Considering the inductance
of lead wire, the spring inductance changes from 235 nH
to 375 nH with the displacement of 9 mm. The changing
ratio of inductance to displacement AL/(Al-L,) was
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Fig. 3. (Color online) Magnetic field distribution around the coil spring: (a) Coil pitch 0.6 mm and (b) Coil pitch 1.1 mm.
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estimated to be 6.6 %/mm. This value will surely depend
on the size and shape of the coil spring used. In the near
future, we will quantitatively analyze the change rate of
the inductance with respect to the shape and size of the
spring.

From the results shown in Fig. 4, we were sure that the
coil spring could be used as a displacement sensor.
However, it is indispensable for use as a sensor to obtain
a voltage output.

To make a coil spring to be a part of an electronic
circuit, we have to know the circuit parameters, such as
resistance as well as inductance. In this study, since it is
hard to measure directly AC resistance at certain fre-
quency, we tried to calculate the resistance of the coil
spring. If we can assume the resistivity is constant in the
measurement frequency region, AC resistance could be
calculated by eq. (4)

/

Ric=py- )
eff
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Where p is the resistivity of the conductor in Q-m, and /
and S, are, respectively, the length of the conductor in m
and the effective cross sectional area used in m”. The p
was estimated to be 7.2 x 10”7 Qm with reference to the
literature. The / was estimated as 0.224 m. The S, could
be defined by the skin effect which is for finding the
nominal depth of current for a conductor. The skin depth
could be calculated with eq. (5).

5= |—L— (5)
Ty pf

Where fis the operation frequency in Hz. And g and g4
are respectively vacuum permeability (4n x 107" H/m)
and the relative permeability of the conductor which was
assumed as 100. Now, we can calculate the S,z with the
skin depth ¢ as,

Se=m" = a(r—9)’ (6)

From eq. (4)~(6), The AC resistance was estimated to
be 3.15 Q at the frequency of 1.5 MHz. Since we had the
circuit parameters R and L, we could design a simple AC
voltage divider circuit as shown in Fig. 5. L spring and
R spring are the inductance and resistance of the coil
spring. If we ignore R spring, upside loop of L _spring
and C! has the resonance frequency as

fi- -

2nL spring x Cl

Since the L_spring is changed according to displacement,
the f; also changes. For the circuit simulation which was
done with a commercial tool Multisim [23], R2 and L2
were set to 3.15 W and 1.35 mH, respectively. C/ and C2
were set to 10 nF.

Figure 6 shows simulated output voltage (arbitrary
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Fig. 5. AC voltage divider circuit to obtain the output voltage
dependent on inductance.
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Fig. 6. (Color online) Simulated frequency dependence of out-
put.

value) in the frequency range of 1~2 MHz. From Fig. 6, it
is easy to predict that we can large output voltage change
dependent on inductance and displacement at the fre-
quency of 1.2 MHz and 1.5 MHz. Surely, the optimum
operation frequency can be designed by adjusting the
parallel capacitors C/ and C2. The larger capacitance the
lower operation frequency.

Figure 7 shows the displacement dependence of output
voltage measured with the circuit as shown Fig. 5 at the
frequency of 1.5 MHz. There are two data sets with the
same tendency, but slightly different values. We found out
the output voltage could be changed by the condition of
lead wire even if the frequency was not changed, because
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Fig. 7. Measured output voltage according to displacement.
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the inductance of the lead wire could be changed by its
bending and twisting state. However, we don’t consider
this is a major problem that makes the sensor application
difficult. In practice, the lead wire will be fixed to the
circuit so that the inductance does not change. In the first
measurement in Fig. 7, the output voltage was changed
from 218 mV to 170 mV with the displacement of 4.5
mm. The changing ratio of output voltage to displacement
AVI(Al'Vy) was estimated to be 6.23 %/mm. And, the
voltage change was 10.7 mV when displaced 1 mm.
Generally, a voltage resolution of 1 pV is not so hard to
be achieved using a suitable signal conditioning circuit
such as a synchronous detection circuit. If we assume the
voltage resolution is 1 pV, the displacement resolution
would be under 100 nm. Here, we should mention the
effect of the lead wire on the sensitivity. The inductance
of the lead wire was ~1130 nH, even if changed slightly
by its condition. This value was 4 times greater than the
inductance of coil spring ~300 nH. Moreover the induc-
tance of lead wire acts like a bias, so the sensitivity is
lowered. To enhance the sensitivity, we will investigate
how to minimize the inductance of lead wires or how to
prevent the influence of lead wire inductance on the
sensitivity.

4. Conclusions

We investigated the displacement dependences on
inductance of the coil spring and of output voltage of an
AC voltage divider circuit where the coil spring took a
part as an inductor for the purpose of a displacement
sensor application of a mechanical spring. The changing
ratios of inductance and output voltage to displacement
were estimated to be 6.6 %/mm and 6.23 %/mm, respec-
tively. As a conclusion, we determined that there is
sufficient possibility to apply a mechanical coil spring as
a displacement sensor. For practical sensor applications,
we found a few problems to be studied at next stage; we
should eliminate the influence of lead wire on the
sensitivity. This matter is one of important points to
design an electronic circuit for the sensor. And we need to
analyze quantitatively the change rate of the inductance
with respect to the shape and size of coil spring.
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