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Abstract

A magnetostrictive sensor is proposed that can selectively measure the specified mode among two kinds of elastic
waves transmitted through a ferromagnetic shaft, and its various characteristics are examined by experiments. The
magnetic circuit of the proposed sensor is configured by using permanent magnets and its mode selection is accom-
plished by only reversing the poles of the permanent magnets. By means of finite element analysis, the validity of the
proposed sensor is verified. Prototype sensors are made and their sensitivity and linearity are investigated as basic char-
acteristics. The results show the proposed sensors are able to measure the target mode waves with good sensitivity and
linearity. By exciting undesirable modes of waves intentionally, it is verified that the sensor can measure the target

modes and reject the undesirable wave modes considerably.
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1. Introduction

Since the mid 1880’s when Joule and Villari dis-
covered magnetostriction and inverse magnetostric-
tion, respectively, there have been numerous engi-
neering applications utilizing these interesting phe-
nomena [1-5]. The invention of piezoelectric materi-
als did not reduce their value much because their
energy transduction mechanisms are completely con-
tactless.

Among their various applications, the excitation
and sensing of ultrasonic waves are the most notable
from the viewpoint of a noncontact characteristic [1, 6,
7]. Especially the ultrasonic waves transmitted along
a shaft contain a great deal of useful information on
the defects or surroundings of the shaft. The subject
has drawn considerable attention and been studied by
many researchers until lately [8-12].

The ultrasonic wave in a shaft can be classified into
three different modes: longitudinal, flexural, and tor-
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sional. These waves have their own unique character-
istics [13]. These facts tell us that it is quite useful to
measure a specific mode exclusively when more than
two kinds of modes are mixed.

Kwun and Teller [14] showed that various kinds of
bias magnetic fields produce and measure different
modes of ultrasonic waves, and Lee and Kim [15]
studied sensors with mode-selective sensing capabil-
ity. However, since different kinds of bias field con-
figurations are necessary for mode selection, their
works were unable to overcome the limitation of
practicality.

The present paper shows that it is possible to switch
one sensing mode to another by reversing the pole
directions of permanent magnets under only one bias
magnetic field configuration. This means that only a
simple electrical switching is necessary for mode
selective sensing if we change the permanent magnets
with electromagnets.

The present paper can be summarized as follows.
First, the principle of wave mode selection will be
briefly reviewed and a new idea is proposed which
makes mode-selection possible in one bias magnetic
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configuration. Before the sensor is made, finite ele-
ment analyses are done in order to verify the validity
of the proposed idea. During the process, one impor-
tant design guideline is presented about the distance
between the permanent magnets. By making a proto-
type sensor, experimental verifications are carried out.
The sensitivity and linearity are investigated as well.
Lastly, the mode selectivity of the proposed sensor is
verified by experiments.

2. Principle and analysis

2.1 Principle of wave mode selection

As is described in the former section, the recent
study shows that it is possible to measure only one
wave mode selectively between longitudinal and
flexural waves transmitted through a ferromagnetic
shaft [15]. Fig. 1 may be useful for explaining the
principle. As shown, the stress distribution by mixed
longitudinal and flexural waves advances to the left
along a ferromagnetic shaft. We formed a bias mag-
netic field which is antisymmetric about the xz plane.
When the stress wave passes through the bias mag-
netic field, a small perturbation in the magnetic field
occurs by the Villari principle. The variation can be
measured in the form of electrical voltages if we use a
simple solenoid-type coil sensor by means of the
Faraday principle. The different wave modes can be
selectively measured with different bias magnetic
fields. For example, under the bias magnetic field
distribution of Fig. 1, the so-called antisymmetric bias
magnetic field, only the flexural waves are measured.
It is matter-of-course that symmetric bias magnetic
fields can measure only longitudinal stress waves. It
can be summarized as the similarity between bias
magnetic fields and stress distributions of waves de-
termines the mode-selection. Lee and Kim [15] show
that the selective sensing is possible but cannot em-

Distribution of Bias
Magnet Fields

Y
e
2 o & A~ )

Distribution of
Stress

Fig. 1. Schematic for explaining the concept of wave mode
selection.

body the sensor under a single sensor configuration. If
it is possible to change over from one sensing mode
to another by a simple operation such as an electronic
switching, the sensor will be very useful in various
engineering applications, for example, nondestructive
online faults monitoring.

The present work proposes the device shown in Fig.
2 as a sensor with simple mode changing capability. It
is found in Fig. 2 that the sensor is composed of per-
manent magnets for bias magnetic fields, yokes for
magnetic flux paths, a solenoid-type coil sensor for
converting magnetic flux variations into voltage
variations. The only difference between (a) and (b) of
Fig. 2 is the polarity directions of the permanent
magnets. (a) is the case that its bias magnetic field has
symmetry with respect to the xz plane. On the other
hand, (b) is the case of antisymmetry. The former will
be referred to as longitudinal sensing mode and the
latter as flexural sensing mode from now on. As a
result, the sensor configuration (a) measures only
longitudinal waves and (b) does flexural ones. Com-
pared with the previous sensor by Lee and Kim [15],
it is not only the basic difference but also its merit that
the simple exchange of the permanent magnets with
electromagnets will give this sensor an electrically
controlled selectivity.

It is worth noting that one problem should be
checked about the bias magnetic field design of the
flexural mode, which is not the case with the longitu-
dinal mode. Fig. 3 shows the problem. As is shown in
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Fig. 2. Sensor configurations for measuring (a) longitudinal
waves and (b) flexural waves.
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Fig. 3. Possible problem of magnetic flux leakages.

Fig. 2(a), there is no magnetic flux path across the
cross section of the shaft for the longitudinal sensing
mode, since the same polarities face each other. But
this is not the case with the flexural sensing mode. It
is illustrated in Fig. 3 that there are two main mag-
netic paths for the flexural sensing mode. One is the
same path as the longitudinal sensing mode and the
other paths pass across the cross section of the shaft.
The latter is not desirable in that it does not work for
sensor operations. Moreover, since the magnetic flux
is divided into two paths the sensitivity of the sensor
gets worse. For the sake of examining this flux leak-
age phenomenon systematically, it will be helpful to
get its analytic model which includes the geometrical
information on the magnets, the yokes, and the shaft.
But its complexity makes it not practical. Instead, we
utilize the finite element model to analyze this mag-
netic flux leakage.

2.2 Finite element analysis

The finite element model is established and ana-
lyzed with a view to examining the undesirable mag-
netic flux leakage problem in the flexural sensing
mode. As a finite element software, ANSYS EMAG
is used. The material properties and the information
on the finite element model are given in Table. 1. Fig.
4(a) is the finite element model for the flexural sens-
ing mode where the air parts are all omitted intention-
ally and (b) is one of its analysis results. As shown in
Fig. 4(b), the majority of the magnetic flux emerging
from the permanent magnets flows across the cross
section of the shaft. The result suggests there will be a
flux leakage problem as expected. The most impor-
tant thing to be checked among the results is whether
the pattern of the B, is symmetric or antisymmetric
with respect to the xz plane or not. If the pattern of the
B._ is symmetric, the configuration can be used for
the longitudinal wave sensing and if antisymmetric,
the configuration can also be used for the flexural

Table 1. Information on the elements and material properties
used by the current model.

Item Value
Element Type Solid97
Number of Elements 65396
Relative Permeability of Permanent Magnets 1.04
Coercive Force of Permanent Magnet 9% 10” (A/m)
Relative Permeability of a Yoke and Shaft 500

w1

Permanent

Target Shaft Location of Cross

Section ‘A’

(2)

(b)

Fig. 4. (a) Finite element model of the proposed sensor and
(b) results of magnetic flux density.
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Fig. 5. Distribution of magnetic flux density B, along the
cross section for two different sensing modes.

wave sensing because the sensor can respond only
when there is similarity between the bias magnetic
fields and the stress distributions. In order to confirm
the correct pattern, the data are extracted for how the
magnetic flux density B, in the axial direction var-
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Fig. 6. Illustrative area definition and flux paths for investi-
gating the magnetic flux leakages.
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Fig. 7. Variations of the magnetic flux according to the dis-
tance between the bias magnets.

ies according to the y locations at the cross section
illustrated as A of Fig. 4(a). The results are shown in
Fig. 5. The graph shows that exactly symmetric and
antisymmetric bias magnetic fields are formed across
the cross section as expected.

Secondly, the problem of undesirable magnetic flux
leakages is investigated. In order to quantify the ex-
tent of how much magnetic flux is leaked out, we
define the half cross section at the center of two sets
of the bias magnets as shown in Fig. 6. It can be said
that the flux leakages are described by the total
amount of magnetic flux ®_ in the axial direction
passing through this half cross section as the distance
between the bias magnets varies. It is expected that
the magnetic flux B, passing through the half cross
section will decrease according to the distance in all
cases of longitudinal and flexural sensing mode.
However, we can also expect that the reduction may
be more conspicuous for the flexural case since the
additional magnetic path expressed as A in Fig. 6 will
lead to considerable amount of magnetic fluxes.

Using the finite element model, the total magnetic
fluxes passing through the half section defined in Fig.
6 are calculated and shown in Fig. 7. The results meet
our expectations in that the amounts of the magnetic
flux are decreased as the bias magnets get away from
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Fig. 8. (a) Experimental setup and (b) the appearance of the
sensor prototype.

each other, but the decrease is more rapid in the case
of the flexural sensing mode than the longitudinal one.
We can conclude that if we want to measure two
kinds of wave modes in this configuration it requires
that the distance between the bias magnets should be
confined within a relatively short range. Otherwise, it
is impossible to measure the flexural waves, or its
sensitivity will not meet our requirements.

3. Experiments and characteristics

3.1 Prototyping and experiments

In order to show that the present idea of the wave
mode selection is valid, prototypes are made and
tested by various experiments. Fig. 8 (a) shows the
experimental setup used in the test and (b) is one
sample of the sensor prototypes. The simple sensor
structure of Fig. 8(b) means this sensor will be cost-
effective. The circle A of Fig. 8(a) indicates the loca-
tion of the sensor mounting and B is the ball-drop
device prepared for generating flexural or longitudi-
nal waves independently or simultaneously. In this
excitation device, the ball drops from the specified
height and impacts against one end of a target shaft.
This impact will make ultrasonic waves in the shaft.
The permanent magnets adopted for the bias magnetic
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Fig. 9. Measured signals by (a) longitudinal sensing mode
and (b) by flexural one.

field are Nd-Fe-B series, and the yoke for magnetic
flux paths are made of S45C general steel. The num-
ber of turns of the coil sensor for measuring the mag-
netic flux variations is 200.

Fig. 9 (a) and (b) show the measured signals from
the experiments under the longitudinal sensing mode
and flexural one respectively. The non-dispersive
property of longitudinal waves is well identified in
Fig. 9(a). The 180 degree phase reversion ascribed to
free boundary conditions of the shaft ends is also
found. Fig. 9(b) is the results for the flexural sensing
mode, which shows well the dispersive characteristics
of flexural waves. From these results, it can be con-
cluded that the sensor works well as expected from
the finite element model.

3.2 Sensitivity

The proposed sensor has to meet some basic re-
quirements as a meaningful sensor in order to be used
in various engineering applications practically. As the
most representative characteristic, the sensitivity of
the prototypes is examined experimentally. If there
are no extra constraints, the sensitivity should be as
high as possible in general. Many factors will affect
the sensitivity of the present sensor such as yoke di-
mensions, performance of permanent magnets, the
number of turns of the solenoid coil, the gap between
the shaft and the magnets, and so on. Among these
factors the strength of the bias magnetic fields is ex-
pected to be the most influential. With a view to ex-
amining the sensitivity variation, the output voltages

Coil for Bias

Coil for Wave Magnetic Fields

Sensing

Target Shaft

Fig. 10. Sensor configuration in order to examining the sensi-
tivity of the proposed sensor.
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Fig. 11. Variation of the sensor output voltages according to
the electric current fed into the bias electromagnet.

are measured according to the variation of the bias
magnetic field strength. For all the experiments, the
ball drop height remains fixed for consistency. Since
permanent magnets are not appropriate for these ex-
periments, electromagnets to vary the bias magnet
field must be constructed. The solenoid-type electro-
magnet shown in Fig. 10 is constructed. Since an
electromagnet will produce constant bias magnetic
fields in the z direction at the cross section of the
sensing coil, it will be representative of the symmetric
bias magnetic fields. Although the experiments using
a solenoid-type electromagnet are carried out only for
the longitudinal mode, the same arguments will be
valid for the flexural case since the basic principle is
the same for the two sensing modes.

The output voltage variations are plotted in Fig. 11
according to the electric current fed into the electro-
magnet. Three design guides can be asserted from this
result. First, the area A should be avoided because the
sensitivity is very low and exceedingly nonlinear.
Second, the area B is also not appropriate as a design
candidate because of nonlinearity in spite of its high
sensitivity. Lastly the area C is the most suitable for
magnetic circuit designs in that the sensitivity of that
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area is relatively high and fairly linear.

3.3 Linearity

All sensors should have linear relation between
their inputs and outputs. It is worth noting that the
linearity is different from the linearity of the sensitiv-
ity in 3.2. Especially, if the present sensor is used in
the nondestructive evaluation, the linearity should be
guaranteed for quantitative evaluations. The experi-
ments shown in Fig. 12 are carried out in order to
verify the linearity. Namely, the outputs are recorded
as the height of the ball drops is controlled. If the ball
drops with an angle o (see Fig. 12), the velocity
immediately before the collision of the ball is given
by the following expression:

V =42g(l-cosex) (m/sec) (1)

where g is the gravitational acceleration. The im-
pact of the ball with velocity ¥ will produce longi-
tudinal waves. Using the 1* order approximation, the
stress level o of the longitudinal waves is expressed
as [16]:

GzépcV (N/m?) 2)

Here, o is the density of a shaft and ¢ is the ve-
locity of dilation waves progressing along the shaft.
The values of this case are 7850kg/m’ and 5060m/sec,
respectively since the shaft is made of steel. Substitut-
ing Eq. (1) into Eq. (2) the following equation for will
be obtained.

Projectile
Sensor under )

Longitudinal Mode

Fig. 12. Experimental configuration for examining the linear-
ity of the proposed sensor.

a:%pc\/g(l—cosa) (N/m?) 3)

If the relation between the stress o and the output
voltage v, is linear, socalled, v, =Ko, then Eq.
(3) can be rewritten as

=K%pc\/g<1—cosa> )

From Eq. (3) and Eq. (4) if the output voltage ob-
tained from the experiments matches Eq. (3) except
linear scaling K, we can conclude that the relation
between the stress level and the output voltage is lin-
ear. In Fig. 13 the experimental data and theoretical
ones are compared with each other. The stress level
for a=20" corresponds to 30MPa and «=90" to
124MPa from Eq. (3). From these results, it can be
concluded that the sensor exhibits linear responses for
the stress range between 30 MPa and 124 MPa.

3.4 Rejection capability against undesirable waves

The essential point of the present paper is mode-
selectivity. If we configure the sensor with the longi-
tudinal sensing mode, then the flexural waves are not
measured and vice versa. In order to confirm the se-
lectivity and examine to what degree undesirable
waves are rejected, the experiments depicted in Fig.
14 are carried out. First, the sensor is set to longitudi-
nal sensing mode and perfectly flexural waves are
generated by the ball drop as shown in Fig. 14. If the
present sensor has good mode selectivity, no signals
will be measured under this longitudinal sensing

I\_.Iormalizgd Stress

—— : Theory
e : Experiment

50 a0 70 an a0

40
Ball Drop Angle (Degree)

20 30

Fig. 13. Comparison between theory and experimental results
to verify the linearity.
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Table 2. Mode rejection ratios against the undesirable modes.

Longitudinal Flexural
Sensing Mode | Sensing Mode
Longitudinal Wave Signal 1 0.077
Flexural Waves Signal 0.018 1
Projectile
Sensor under
Longitudinal Mode

Fig. 14. Experimental configuration for examining the rejec-
tion capability against undesirable modes.
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Fig. 15. Mode rejection results; (a) the longitudinal sensing
mode can reject flexural waves and (b) flexural sensing mode
can reject longitudinal waves.

mode. On the contrary, if the sensor is configured as
the flexural sensing mode and the experimental setup
of Fig. 12 is used , we will also get no signals from
the sensor. In all the experiments, the angle of ball
drops is fixed to 80° for consistency. The results are
represented in Fig. 15. Fig. 15(a) is for the case of
longitudinal sensing mode and flexural mode excita-
tion. The dotted circle indicates the evidence of flex-
ural waves but their magnitude is considerably at-
tenuated as expected. The result of the longitudinal
sensing mode is displayed as well for comparison.
The case of flexural sensing mode and longitudinal
mode excitation is also given in Fig. 15(b). Similarly,
longitudinal waves are measured (see the dotted cir-
cles) but their amplitude is negligible. The maximum
amplitudes of each wave modes are extracted and
normalized with respect to the data from the appro-
priate setting. Here, the term of ‘appropriate setting’
means that the longitudinal sensing mode is used for
longitudinal waves and the same for the flexural case.
Table 2 represents the results. We can find that unde-
sirable wave modes are rejected by the sensor in the
ratio of at least 1/10 or at most 1/50.

4. Conclusions and future work

A sensor has been proposed for wave mode selec-
tion in a ferromagnetic shaft. The new sensor con-
figuration is presented in which longitudinal waves
and flexural ones can be selectively measured by the
simple polarity reversions of bias magnets. In order to
verify the proposed idea before prototyping, finite
element analysis is carried out. From the finite ele-
ment analysis the ideas are confirmed to be valid and
some design guides are asserted. The sensor proto-
types are made for experimental verification. The
basic sensor characteristics such as sensitivity and
linearity are examined experimentally. The ultimate
goal of the present paper is verified by the rejection
capability of the sensor against the undesirable wave.
It is our future research goal to control the selectivity
electrically by substituting the permanent magnets
with electromagnets.
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