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A ribbon-like magnetoelastic thick-film sensor can be considered the magnetic analog of an acoustic
bell. In response to an externally applied magnetic field impulse the magnetoelastic sensor
magnetically rings, in a bell-like fashion, emitting magnetic flux with a characteristic resonant
frequency that is determined from a fast Fourier transform of the transient response captured using
a pickup coil. The resonant frequency of the sensor changes in response to mass loading and, when
immersed in liquid, interfacial shear forces associated with viscosity. We report on the use of
magnetoelastic sensors to measure the viscosity and density of highly viscous liquids. When
characterizing highly viscous liquids, to avoid over damping of the sensor due to the liquid mass
load the sensor is suspended from a boat-like structure with one end of the sensor immersed a fixed
distance into the liquid. Using this method liquid viscosities ranging from 1.3 to 12 P are measured.
© 2000 American Institute of Physics.@S0034-6748~00!01603-8#

I. INTRODUCTION

Magnetoelastic sensors can be considered the magnetic
equivalent of acoustic bells. A magnetic field impulse is used
to impart elastic energy into the sensor, which in turn acts to
mechanically deform the material in a transitory, time decay-
ing response. Since the sensor material is magnetostrictive,
the mechanical deformations result in the emission of a time
varying magnetic field from the sensor, detectable from a
remotely located pickup coil. Figure 1 is a schematic draw-
ing illustrating the remote query nature of magnetoelastic
sensors. Although all frequencies are contained within the
magnetic field impulse, elastic waves at frequencies other
than the mechanical resonant frequency of the sensor are
quickly dissipated. Hence the magnetoelastic sensor mag-
netically ‘‘rings’’ at its resonant frequency. A fast Fourier
transform~FFT! of the emitted flux, captured using an oscil-
loscope connected to a pickup coil1 enables the resonant fre-
quency of the magnetoelastic sensor to be determined.

Our interest is in the development of inexpensive, re-
mote query sensors for environmental monitoring.2,3 An ad-
vantage of using magnetoelastic sensors is that they are
monitored remotely,4–7 without the need for direct physical
connections such as wires or cables, nor line-of-sight align-
ment as needed with optical detection methods. The mag-
netic flux can be detected external to the test area, using a
pickup coil to enable remote query,in situ measurements.
Earlier work7 has shown the use of magnetoelastic sensors
for environmental monitoring, with the resonant frequency
of the sensor changing in response to pressure, temperature,
mass load, and the viscosity of inviscid liquids, such as wa-
ter. In earlier work the sensor was submerged within the
liquid being characterized. However, when immersed within
highly viscous liquids, such as engine oil, the liquid medium

acted as an effective mass load damping the oscillations of
the sensor such that it was no longer detectable. To over-
come this limitation two methods have been developed for
suspending the sensor such that only a fraction of the sensor
is immersed, uniformly, within the fluid. For characterization
of constant density liquids, a small boat-like fixture is used
that enables the sensor to float upon the surface of the liquid
with only the tip of the sensor immersed. The technique al-
lows rapid, in situ measurement of highly viscous liquids.
We have successfully measured the viscosity of SAE 70
grade motor oil, having a viscosity of 12 P. As the boat can
rise and fall with changing fluid levels without affecting the
measurement, the method could, for example, be used forin
situ measurement of engine oil viscosity to help determine
when the oil should be replaced. This would avoid waste by
discarding the engine oil too early, and engine damage by
replacing the oil too late.

Several different viscosity sensors are commercially
available for measuring liquid viscosity. For example, one
viscometer consists of cylinders enclosed within a fluid-filled
chamber, with the viscosity determined from the amount of
power needed to rotate the cylinder at constant speed.8 An-
other viscometer is based upon a rod, under constant force,
traveling inside a fluid-filled tube with the viscosity deter-
mined from the time of travel.9 Piezoelectric transducer
ceramics,10 ultrasonic plate waves,11 and quartz
resonators12,13 have also been used for viscosity measure-
ments. These methods all require direct electrical connec-
tions to the sensor. This is in contrast to the magnetoelastic
sensor, where the sensor and detection circuitry have no di-
rect physical connections enabling the detection system to be
completely isolated from the liquid environment.

In the original work7 using magnetoelastic sensors to
measure viscosity, the frequency spectrum of the sensor was
obtained by sweeping the frequency of the query field anda!Electronic mail: grimes@engr.uky.edu
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monitoring the response of the sensor. While this method is
highly accurate, with a 0.25 Hz resolution being practical,
the measurement requires several minutes. The new
magnetoelastic-sensor query method uses a magnetic field
impulse to excite the sensor. The transient response of the
sensor is captured using an oscilloscope connected to the
pickup coil; an illustrative measurement of this response is
shown in Fig. 2. The FFT14 of the transient, time domain
response is performed to determine the frequency spectrum
of the sensor. A peak in the frequency spectrum indicates the
resonant frequency of the sensor; Fig. 3 is the FFT of the
data in Fig. 2. The time domain measurements enable the
sensor to be characterized in approximately 0.5 s~16 ms for
data capture, the balance for data processing!, enabling the
characterization of quickly changing environments.

II. THEORETICAL MODEL

A theoretical model that describes the frequency re-
sponse of the sensor to liquid viscosity and density can be
derived from the equations of motion for a vibrating thin
elastic plate,15 shown schematically in Fig. 4. With the
length of the sensor~plate! oriented along they axis, and

width of the sensor along thez axis, in response to a
y-directed time varying magnetic field the equation of mo-
tion for a sensor in air is7,15

rs

]2uy

]t2 5
E

12s2

]2uy

]y2 , ~1!

wherers is the density of the sensor material,E is Young’s
modulus of elasticity,s is the Poisson ratio, andu is the
displacement vector of the sensor. While the sensor will ex-
hibit vibrations at almost any frequency, if the frequency of
the ac field is equal to the mechanical resonance frequency of
the magnetoelastic sensor the conversion of the magnetic
energy into elastic energy is maximal and the sensor under-
goes a magnetoelastic resonance. Hence we seek a standing
wave solution to Eq.~1! in the form

u5e2 ivnt cos
npy

L
, ~2!

wherevn denotes the set of the longitudinal resonant radian
frequencies of the sensor including higher order harmonics,n
denotes integers,t denotes time, andL is the length of the
sensor. Our concern is with the fundamental resonant fre-

FIG. 1. Schematic drawing illustrating the remote query nature of magne-
toelastic sensors.

FIG. 2. Typical time-domain response of sensor to magnetic field impulse
captured using oscilloscope.

FIG. 3. Output of FFT conversion of time domain response seen in Fig. 2.

FIG. 4. Sensor geometry used to establish theoretical model of sensor fre-
quency shift due to liquid density and viscosity.
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quency,n51, due to its relatively larger amplitude. Solving
Eq. ~1! after substitution of Eq.~2! we have for the first
harmonic frequency15

f 5A E

rs~12s2!

p

L
. ~3!

As can be seen from Eq.~3!, the characteristic resonant fre-
quency is dependent on the length, density, Young’s modu-
lus, and the Poisson ratio of the sensor.

The resonant frequency of the sensor is also dependent
upon details of the interfacial mechanics between the ambi-
ent medium and the sensor surface. Upon immersion in a
liquid, the resonant frequency of the sensor will be shifted
lower due to the dissipative character of the shear forces
associated with viscosity. To obtain an expression that cor-
rectly relates liquid viscosity to the resonant frequency of the
sensor, as shown in Fig. 4 we consider the motion of an
incompressible fluid bounded by the oscillating sensor and a
parallel-oriented fixed surface distanceh from the sensor in
the x direction. The sensor vibrates at velocitys, generating
an x-directed elastic wave that propagates into the fluid to-
wards the steady plate. The fluid velocityv must satisfy the
boundary conditionsvy5s at x50 (vx andvz are zero!, and
vy50 atx5h. From the Navier–Stokes equation the follow-
ing expression is found for the fluid velocity as a function of
distance from the vibrating sensor:16

n5s
sink~h2x!

sinkx
, ~4!

wherek5(11 i )/d, i 5A21, andd5A2h/r lv is the veloc-
ity amplitude damping constant used to quantify the penetra-
tion depth of the wave generated by the oscillating surface.v
is the radian frequency,h is the liquid viscosity, andr l is the
density of the liquid.

The equation of motion for the sensor immersed in liq-
uid is obtained by using the hydrodynamic form of Newton’s
law16 to describe the frictional force on the surface of the
sensor due to the liquid viscosity. Inserting this force expres-
sion into Eq.~1! we have

]2u

]t2 5
E

rs

1

12s2

]2u

]y22
2hk

rsd

]u

]t
cotkh, ~5!

whered is the thickness of the sensor. The factor of two in
the second term on the right-hand side of Eq.~5! is due to the
sensor having two faces. The dispersion equation relating the
radian resonant frequency of the sensorv to liquid properties
is obtained from the solution of Eq.~5!.

v25
E

rs~12s2!
S p

L
D 2

2
2hv

drsd

sinh~2h/d!2sin~2h/d!

cosh~2h/d!2cos~2h/d!

5~v01Dv!2, ~6!

wherev0 is the frequency of the sensor in air, and the shift
in frequency due to the effects of liquid is downward,Dv
5vn2v0,0. The first term on the right-hand side of Eq.~6!
represents the response of the sensor vibrating without

damping forces, the second term on the right-hand side re-
flects the influence of the shear forces acting on both faces of
the sensor.

For highly viscous fluids, (2h/d!1), Eq.~6! reduces to

D f 52
1

3
f 0

r lh

rsd
. ~7!

As the attenuation depthd is large compared withh, the
liquid layer oscillates synchronously with the sensor as if a
solidified liquid layer of massr lh per unit area was loaded
on the sensor. In this limit fluid densityr l can be measured,
but not viscosity.

For inviscid fluids (2h/d@1), e.g., water, Eq.~6! re-
duces to

D f 52
Ap f 0

2prsd
~hr l !

1/2. ~8!

For this regime the frequency shift is proportional to the
square root of the liquid viscosity and density product.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 5 is a schematic block diagram of the sensor in-
terrogation electronics. A pair of Helmholtz coils that sur-
round the test area powered by a dc power supply, or a
magnetically hard thick film placed adjacent to the sensor,
are used to generate a dc magnetic bias field. The dc field is
used to partially cancel the magnetic anisotropy of the sensor
material, thereby enhancing the magnetoelastic oscillations
of the sensor.17,18 A function generator produces the pulse
used to excite vibrations in the sensor, which is then ampli-
fied and sent through a single coil or coil pair; the interroga-
tion field does not need to be uniform. The waveform used to
excite the sensor in this work consisted of an 8 ms positive 2
Oe pulse, followed by an 8 ms negative 2 Oe pulse; the dc
biasing field used was 5 Oe. A 10 cm310 cm 40-turn pickup
coil is used to monitor the sensors, which can be located up
to 30 cm away from the pickup coil and still detected. The
pickup coil is fed into a low noise preamplifier that includes
a 1–100 kHz band pass filter. The output of the preamplifier
is sent to a digital oscilloscope. As the resonant frequency of
the sensors used in this work were below 60 kHz a 250 kSa/s
sampling rate was used, a rate sufficient to satisfy the Ny-

FIG. 5. Block diagram of magnetoelastic sensor query and detection elec-
tronics.
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quist criteria.19 A 32 768 point FFT is performed on the cap-
tured signal. The resolution of the time domain measure-
ment, the sampling frequency divided by the number of
samples in the FFT data file, is 7.6. A computer automates
the entire process of triggering the pulse and recording the
FFT peak from the oscilloscope.

In the earlier work,7 highly viscous liquids could not be
characterized due to the large effective mass load on the
immersed sensor, which acted to extinguish the oscillations
of the sensor. For a 30mm thick Metglas20 2826 MB alloy
sensor, composition Fe40Ni38Mo4B18, a mass load of ap-
proximately 20mg/mm2 is sufficient to extinguish the re-
sponse of the sensor per our electronics. However, by dip-
ping the sensor into the liquid a small fraction of its total
length over damping of the sensor is avoided; we find a
linear relationship between the distance which the sensor is
immersed in the liquid and shift in the sensor resonant fre-
quency.

The first method used for immersing a sensor a con-
trolled distance into the liquid is illustrated in Fig. 6. To
avoid over damping the sensor, a 38312.530.030 mm3 rib-
bon of Metglas alloy 2826 MB, was woven between waxed
strings suspended across a U-shaped bracket, with a screw
adjustment used to raise or lower the sensor. This method
was used to explore the relationship between the resonant
frequency shift of the sensor versus depth in the oil, and to
determine the maximum depth that the sensor can be lowered
before its vibrations become over damped~nondetectable us-
ing our equipment!. Starting with the sensor just above the
surface of the liquid, the sensor was dipped into the oil by
159mm increments, corresponding to 1/8th screw turn, from
0 to 4 mm. The sensor was immersed into six different
weight motor oils, SAE 10, 20, 30, 40, 50, and 70, with the
resonant frequency of the sensor recorded as a function of
immersion distance.

As seen in Fig. 7, a highly linear relationship between
the depth of sensor immersion and resonant frequency shift
are seen. For the two highest viscosity oils, SAE 50 and 70,
the sensor became over damped at, respectively, 3.0 and 2.7
mm, immersions. As seen in Fig. 8, for fixed immersion
depth the resonant frequency of the sensor linearly tracks the
square root of the density and viscosity product
(units5kg m22 s21/2). Viscosity measurements were cali-

brated using a standard falling-ball type viscometer, with all
measurements taken at 19 °C, measured values ranged from
1.3 Poise for the SAE 10 grade oil, to 12 Poise for SAE 70.
The density was essentially constant for the six oils, ranging
from 0.89 to 0.92 g/cm3.

It is worth noting that as the sensor first touched the
surface of the oil, surface tension caused the oil to climb
upwards on the sensor~wicking! resulting in a large change
in the resonant frequency, see Fig. 7. This large change in
the resonant frequency upon initial contact between the sen-
sor and liquid was consistent across the different weight oils.
The shift in the resonant frequency upon initial contact with
the liquid, i.e., the frequency shift due to wicking, might
serve as a useful diagnostic tool for characterizing the sur-
face tension of equal density liquids. For example, detergents
are often added to motor oil to reduce the surface tension
enabling the oil to hold dirt particles in suspension longer.
The objective is to suspend the dirt particles long enough for
the oil to carry the dirt particles to the filter where they are
trapped, instead of depositing them in the engine.

The further the sensor is immersed in the liquid, the
greater the surface area exposed to the liquid, and hence the

FIG. 6. Schematic drawing of method used for controlled immersion of
sensor into liquid.

FIG. 7. Resonant frequency of magnetoelastic sensor versus immersion
depth, measured for different grade oils.

FIG. 8. Resonant frequency of magnetoelastic sensor versus square root of
viscosity and liquid density product, units5kg m22 s21/2, for sensors held at
immersion depths of 0.95 and 2.70 mm.

1444 Rev. Sci. Instrum., Vol. 71, No. 3, March 2000 K. T. Loiselle and C. A. Grimes
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greater the sensitivity of the sensor to liquid viscosity. The
sensitivity of the sensor is dependent upon the distance it is
immersed in the liquid. This effect can be seen in Fig. 8,
where the sensor immersed 2.70 mm has a steeper slope than
the sensor immersed 0.95 mm. For the 2.70 mm immersed
sensor, the 7.6 Hz measurement resolution corresponds to a
measurement error of 6.2 cP; for the 0.95 mm immersed
sensor the measurement resolution is 11.7 cP. Greater reso-
lution can be obtained by increasing the number of data
points used in the FFT operation. However, the limit of the
Hewlett-Packard 54810A Infiniium oscilloscope used in this
work was 32 768 samples.

The second method used for dipping the sensor was de-
signed to achieve a consistent sensor immersion depth, and
hence sensitivity, for use in environments where absolute
fluid levels were changing. Referring to Fig. 9, the same
U-shaped bracket seen in Fig. 6 is mounted onto a circular,
doughnut-shaped boat, with the sensor suspended through
the open center of the boat into the liquid. As long as the
density of the liquid remains constant the sensor will remain
immersed at a constant depth in the liquid although the ab-
solute fluid level may change. Figure 10 shows the resonant
frequency of the boat-mounted sensor, extending 2.5 mm
into the liquid, versus the square root of the viscosity and
density product. The sensor is clearly operating in the second
regime as described by Eq.~8!. Two equal oil mixtures of
SAE 40 with 50, and SAE 50 with 70, were used in addition

to the pure grades to expand the range of viscosity measure-
ments.

As a related measurement issue, as is well known, vis-
cosity is highly temperature dependent.13 Consequently, to
compare isothermal viscosities of different liquids it is nec-
essary to accurately measure temperature. As seen in Eq.~3!,
the resonant frequency of the sensor is dependent upon
Young’s modulus, which is temperature dependent.21 Figure
11 shows the temperature response of two Metglas sensors,
composition Fe40Ni38Mo4B18 and Fe74B15C7Si4. The differ-
ence in resonant frequency between the two sensors of dif-
ferent alloy composition is constant independently of
whether they are in air or liquid, so long as the sensors have
the same degree of surface roughness. Hence, cross-
correlation between the two magnetoelastic sensors enables
isothermal calibration of the viscosity measurement.

As described in Ref. 22 a sensor with a large surface
roughness traps liquid near its surface, so that it responds
only to liquid density as quantified by Eq.~7!. Hence viscos-
ity and liquid density effects can be separated through cross-
correlating the responses of magnetoelastic sensors with
rough and smooth surfaces. As seen in Fig. 11, cross corre-
lation between sensors of different alloy composition but
equal amounts of surface roughness would enable instanta-
neous measurement of temperature and viscosity.

The magnetoelastic thick-film sensors used in this work
were purchased from Allied Signal Corporation,20 alloys
2826MB and 2605SC. Prior to use the ribbons were vacuum
annealed at 200 °C for 1 h to remove residual stresses asso-
ciated with the ribbon fabrication process. After the anneal-
ing step, the sensors are stable up to 150 °C, the upper tem-
perature tested. The 38312.530.030 mm3 sensors have a
unit material cost of approximately $0.005.
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