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Magnetoelastic sensors in combination with nanometer-scale honeycombed
thin film ceramic TiO 2 for remote query measurement of humidity
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Ribbonlike magnetoelastic sensors can be considered the magnetic analog of an acoustic bell; in
response to an externally applied magnetic field impulse the sensors emit magnetic flux with a
characteristic resonant frequency. The magnetic flux can be detected external to the test area using
a pick-up coil, enabling query remote monitoring of the sensor. The characteristic resonant
frequency of a magnetoelastic sensor changes in response to mass loads@L. D. Landau and E. M.
Lifshitz, Theory of Elasticity, 3rd ed.~Pergamon, New York, 1986!, p. 100#. Therefore, remote
query chemical sensors can be fabricated by combining the magnetoelastic sensors with a mass
changing, chemically responsive layer. In this work magnetoelastic sensors are coated with
humidity-sensitive thin films of ceramic, nanodimensionally porous TiO2 to make remote query
humidity sensors. ©2000 American Institute of Physics.@S0021-8979~00!32708-6#
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INTRODUCTION

Figure 1 shows the basic operational principle of a m
netoelastic sensor; the sensor material is a ferromagn
amorphous metallic glass thick-film exhibiting large valu
of magnetostriction.1 In response to a time varying magnet
field, magnetic energy is converted to elastic energy wh
acts to mechanically deform the sensor. As the senso
magnetostrictive, magnetic flux is emitted from the sen
with the mechanical deflections. The frequency spectrum
the sensor can be obtained by sweeping an ac magneti
terrogation field over a predetermined frequency range, w
the response measured using a pickup coil. If the freque
of the ac field is equal to the mechanical resonance freque
of the sensor the conversion of the magnetic energy
elastic energy is maximal and the sensor undergoes a m
netoelastic resonance. Thick-film ferromagnetic magne
elastic ribbons, such as the Metglas™ alloys,2 have been
used as position sensors,3 strain sensors,4 and antitheft
markers.5

For a thin, ribbon-shaped sensor of lengthL vibrating in
its basal plane the resonant frequency is given by6

f n5A E

r~12s2!

np

L
n51,2,3,...,

whereE is Young’s modulus of elasticity,s is the Poisson

a!Electronic mail: grimes@engr.uky.edu
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ratio, r is the density of the sensor material, andn denotes
integers. We concern ourselves with the fundamental re
nant frequency,n51, due to its relatively larger amplitude

A dc magnetic field, superimposed with the ac magne
field, is used to effectively offset the magnetic anisotropy
the sensor material enhancing the magnetoela
properties.4,7. This dc biasing field can be supplied either b
a field coil, or by adjacent placement of a magnetically ha
thick film. Figure 2 demonstrates the frequency-depend
response of a 30 mm34 mm330mm Fe40Ni40P14B6 Metglas
sensor, measured at room temperature. A constant 5.5 O
field was applied over the test region by a Helmholtz co
the frequency of the 50 mOe sinusoidal ac field is swept o
the predetermined frequency range, and the response o

FIG. 1. Schematic drawing demonstrating remote query nature of magn
elastic sensors.
1 © 2000 American Institute of Physics
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sensor monitored by use of a pickup coil. Since it is t
frequency response of the sensor that is monitored, ra
than the amplitude, the relative orientation of the sensor w
respect to the detecting coil is unimportant. The sensor
terial was obtained from Allied Signal Corporation,2 alloy
2826MB, and used without further processing; similar s
sors were used for all measurements described herein.

ChangesDm to the massm of the sensor correspond t
an increase of its density by a factor 11Dm/m which, in
turn, changes the resonant frequency by a factor of
1Dm/m)20.5. If the mass increase is small compared to
mass of the sensor, the shift in the resonant frequenc
given by D f 52 f (Dm/m). Thus small increases in mas
can be detected by monitoring the downward shifts in
resonance frequency of the sensor.

In this work, we report on application of the sensin
principle to fabrication of remote query humidity senso
Thick film magnetoelastic sensors, approximately 25 m
34 mm330mm, are combined with solgel deposited TiO2

ceramic layers approximately 2mm thick. The TiO2 layers
reversibly absorb–desorb water moisture, in turn revers
gaining or losing mass.

EXPERIMENTAL RESULTS

The humidity sensors were fabricated by coating al
2826MB sensors with solgel deposited, porous, 2.0mm thick

FIG. 3. SEM image of the TiO2 layer, the fabrication details of which ar
described in Ref. 11, deposited on 2826MB alloy sensor. Magnification i3
25 000.

FIG. 2. Frequency spectrum of a 30 mm34 mm330mm Fe40Ni40P14B6 al-
loy 2826 MB ~Ref. 2! sensor, measured at room temperature.
Downloaded 24 Apr 2007 to 128.104.198.190. Redistribution subject to A
e
er
h
a-

-

1
e
is

e

.

ly

y

layers of TiO2. Two different sol–gel recipes were used, th
of Refs. 8–10 and 11, with each resulting TiO2 layer re-
sponding rapidly to changes in relative humidity. Intere
ingly enough, the approach followed in Ref. 11 for fabric
tion of the TiO2 layer resulted in a nanoscale poro
honeycomb structure as shown in Fig. 3. Presumably
honeycomb structure, with a pore size of approximately
nm, boosts the ceramic layers ability to trap moisture. T
sensors were tested in a 50 cm diam cylindrical humid
chamber~1 m length!, about which a ten-turn pick coil wa
wound. Figure 4 shows the resonant frequency of a mag
toelastic humidity sensor in response to alternating high
low relative humidity levels, 60% and 2%, respectively; t
mass change of the sensor between the two extremes is
proximately 1.7 mg, or 3.7%. The dashed line in Fig. 4 c
responds to the humidity cycle the sensor was exposed t
is interesting to note that there is an immediate jump in
resonant frequency of the sensor with the humidity chang

Figure 5 demonstrates the reversibility of the magne
elastic humidity sensor, with the resonant frequency m
sured at increasing and decreasing humidity levels. The
sor was held at a constant humidity level for 10 min prior

FIG. 4. Measured resonant frequency of magnetoelastic humidity se
cycled between 60% and 2% relative humidity levels.

FIG. 5. Measured resonant frequency of magnetoelastic humidity senso
a function of increasing and decreasing relative humidity levels. The se
was exposed to a constant humidity level for 10 min prior to each meas
ment.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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each measurement. There is a slight deviation from linea
presumably due to rate-limited diffusion times of the c
ramic.

CONCLUSIONS

Presented herein is application of magnetoelastic sen
for remote query sensing of humidity without direct physic
connections such as wires, or special alignment requirem
as needed for laser telemetry. In combination with a m
changing humidity responsive TiO2 ceramic layer magneto
elastic sensors can be used for remote query humidity m
toring. The sensors are passive, responding to the query fi
and are quite inexpensive allowing for their use on a disp
able basis. Remote query sensors such as those desc
would be useful for monitoring the humidity levels insid
sealed containers such as food packages. In combina
with different chemically responsive layers the sensing te
nology could be extended to otherin situ or in vivo monitor-
ing applications12,13 such as gastricpH or glucose.14
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