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Abstract
A wireless sensor based on the magnetoelastic, magnetically soft ferromagnetic alloy was constructed
for remote measurement of pressure in flowing fluids. The pressure sensor was a rectangular strip
of ferromagnetic alloy Fe40Ni38Mo4B18 adhered on a solid polycarbonate substrate and protected
by a thin polycarbonate film. Upon excitation of a time-varying magnetic field through an excitation
coil, the magnetically soft sensor magnetized and produced higher-order harmonic fields, which were
detected through a detection coil. Under varying pressures, the sensor's magnetoelastic property
caused a change in its magnetization, altering the amplitudes of the higher-order harmonic fields. A
theoretical model was developed to describe the effect of pressure on the sensor's higher order
harmonic fields. Experimental observations showed the 2nd order harmonic field generated by the
pressure sensor was correlated to the surrounding fluid pressure, consistent with the theoretical
results. Furthermore, it was demonstrated that the sensor exhibited good repeatability and stability
with minimal drift. Sensors with smaller dimensions were shown to have greater sensitivity but lower
pressure range as compared to their larger counterparts. Since the sensor signal was also dependent
on the location of the sensor with respect to the excitation/detection coil, a calibration algorithm was
developed to eliminate signal variations due to the changing sensor location. Because of its wireless
and passive nature, this sensor is useful for continuous and long-term monitoring of pressure at
inaccessible areas. For example, sensors with these capabilities are suitable to be used in biomedical
applications where permanent implantation and long-term monitoring are needed.
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1. Introduction
In the last decade, wireless, passive sensors based on the magnetically soft, magnetoelastic
materials have gained popularity for remote measurement of physical and biological/chemical
parameters [1-3]. These sensors, known as the magnetoelastic sensors, are simple in design,
in most cases nothing more than just a rectangular strip of magnetoelastic ferromagnetic alloy.
Under an AC magnetic field excitation, these sensors physically vibrate due to their magnetic-
soft and magnetoelastic properties, which efficiently convert magnetic field energy to
mechanical vibration and vice versa. The vibration generates a secondary magnetic flux that
can be independently detected, allowing remote sensing operations. Since the vibration
amplitudes and frequencies of these sensors are proportional to the applied mass loading or
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pressure, they have been used for remote measurement of physical parameters such as air flux
[4], flow velocity [5], pressure [6-8], temperature [9], liquid viscosity and density [10], and
thin film elasticity [11]. By incorporating a chemical responsive, mass and/or elasticity
changing coating on these sensors, they have also been used to detect humidity [9] and
chemicals such as carbon dioxide [12], ammonia [13], and pH [14]. Similarly, incorporation
of biological recognition elements such as antibodies to the sensors has allowed detection of
biological agents such as Salmonella typhimurium [15], Escherichia coli [16], Pseudomonas
aeruginosa [17], and penicillin [18]. Depending upon the application, magnetoelastic sensors
can be remotely interrogated via magnetic, acoustic, or optical techniques [3]. The passive and
wireless nature of magnetoelastic sensors, which allows the sensor to be embedded within a
remote region, promotes long-term and continuous monitoring of parameters of interest. In
addition, the low material cost allows these sensors to be used on a disposable basis.

Based on the similar material, we previously reported the development of the magneto-
harmonic shift sensor for pressure monitoring [19-21]. The pressure sensor consisted of an
airtight pressure chamber, where the magnetically soft material was attached to the bottom of
the chamber. A permanent magnetic strip was also attached on the flexible membrane of the
pressure chamber to generate a DC magnetic field. Under the excitation of a low frequency
magnetic AC field, the magnetically soft material generated higher-order harmonic fields
[22-23]. As the pressure changed, the separation distance between the two magnetic elements
varied, changing the DC magnetic field experienced by the magnetically soft material. This
altered the pattern of its higher-order harmonic fields, allowing it to be used for tracking
pressure variations. A stress sensor was also fabricated based on the technology [24]. Instead
of the pressure chamber, the stress sensor was made of a flexible substrate sandwiched by the
two magnetic elements. An increase in stress compressed the substrate and decreased the
separation distance between these two elements, thus changing the higher-order harmonic
fields. Similarly, the same principle was applied for the construction of a liquid flow sensor
[25]. For the magneto-harmonic shift sensors, higher-order harmonic signals were preferred
over the fundamental mode signal due to the absence of the excitation field at the higher-order
frequencies [22,26-27], leading to larger signal-to-noise ratio and thus longer detection range.
Compared to the magnetoelastic sensor, the magneto-harmonic shift sensors can monitor
stresses and pressures of wider range (by changing the membrane or flexible substrate
elasticity), but they are more complicated to design and fabricate.

A sensor based on the changes in the higher-order harmonic fields of a single magnetically
soft, magnetoelastic strip was also reported for stress monitoring [22,28]. Similar to the
magneto-harmonic shift sensors, the sensor was detected by sending a low frequency magnetic
field and measuring the higher-order magnetic fields. However, the single-strip harmonic
sensor tracked stress by measuring the change in its higher-order harmonic amplitudes, which
have been shown to be stress/pressure dependent [28]. Compared to the two-element magneto-
harmonic shift sensor, the single-strip harmonic sensor is simple in design (just a rectangular
strip of the material). Therefore, the single-strip sensor design has a significant reduction in
the sensor dimension (≈80%, in terms of the thickness of the sensor), while maintaining the
sensor response towards mechanical loading. The capability of sensor miniaturization is useful
in applications that require the implantation of sensor within a structural without interrupting
the setting of the structure. Miniature sensors are also particularly useful in biomedical
applications where minimal surgery or less invasive techniques is preferred for embedding the
sensor inside a human body.

In addition to the magneto-harmonic sensors, higher-order harmonic signals are also commonly
used in quartz crystal microbalances (QCM), where the mechanical stiffness of a film was also
characterized by the higher frequency components of the vibration spectrum [29]. Higher-order
harmonics were also used for the purpose of obtaining enhanced analytical signals [30] and to
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enhance the sensitivity of QCM [31]. It was reported that when the QCM was vibrated at the
7th order of the fundamental frequency, the sensitivity of the device was improved by eighth
folds [31]. However, difficulties in exciting QCM at frequencies beyond the 7th order were
encountered due to the low piezoelectric coupling [32]. It was also reported by Thompson and
coworkers that at higher-order harmonics, the amplitude of the signal was significantly reduced
and eventually diminished [32].

In this work, we report the application of the single-strip magneto-harmonic sensor for fluid
pressure monitoring. This study included the fabrication of the sensor, as well as investigations
of the sensor sensitivity as a function of sensor dimensions. Experiment results showed the
amplitude of the 2nd-order harmonic field increased with increasing fluid pressure. A
theoretical model was also developed to explain the behavior of the sensor with changing fluid
pressure. Furthermore, a calibration algorithm was developed to remove the effect of changing
the sensor location from the measurements.

2. Theoretical Model
Due to the non-linearity and low hysteresis loss in the magnetization process [22,33], a
magnetically soft material can also produce magnetic fluxes at frequencies higher than the
frequency of the excitation field. These high frequency fields, the higher-order harmonic fields,
also dependent on the strength of a DC biasing field [22,33]. Therefore, to detect the higher-
order harmonic fields, a varying DC biasing field is commonly applied in addition to the AC
excitation field to measure the harmonic field amplitude as a function of the DC biasing field.
For sensor applications, the characteristics of the harmonic-field versus DC-field plot, such as
its shape or magnitude, can be used to track the parameter of interest.

The pressure sensitivity of the magnetically soft, magnetoelastic material can be explained by
the stress dependency of its anisotropy field, Hk. As reported, the anisotropy field of a magnetic
material, which is the field needed to saturate the magnetization, can be related to the tensile
stress along the magnetization direction as [34]:

(1)

where Hk0 is the anisotropy field at zero stress, Ms is the saturation magnetization flux, λs is
the saturation magnetostriction of the material, and σx is the tensile stress along the
magnetization direction, which is also along the length of the sensor.

Eq. (1) describes the change in anisotropy field due to the tensile stress along the sensor's
length. However, in practice, the stress along the sensor's length caused by the liquid pressure
is insignificant compared to the compression stress at the transverse direction (at the dominant
surface of the sensor). Therefore, the transverse stress on the sensor surface is related to the
tensile stress along the sensor length using the Poisson's ratio υ as:

(2)

Note that a scaling factor of two is added in Eq. (2) to compensate for the fact that only one
side of the sensor is facing the pressure from the liquid.

As shown in Eq. (1), increasing stress (σx) decreases the anisotropy field of a magnetic material,
assuming the anisotropy energy and the saturation magnetization stay constant. The change in
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anisotropic field has a direct impact on the amplitude of the n-th order magnetic harmonic field
An, which can be described by the equation [22]:

(3)

where L is a variable that accounts for sensor-coil coupling, Bs is the saturation induction flux
(for ferromagnetic materials, Bs ≈ Ms), ω is the radian frequency of the fundamental order,
hac is the AC excitation field, and Hdc is the DC biasing field. Under an externally applied
pressure, the sensor material deforms and generates an internal stress. Based on Eq. (1) – (3),
the stress will cause a change in the higher-order magnetic fields, allowing remote detection
of pressure.

3. Experimental
3.1. Sensor Fabrication

Two rectangular strips of pressure-sensitive magnetoelastic material were sheared from a roll
of Metglas 2826MB alloy (Fe40Ni38Mo4B18) into 35 mm × 5 mm × 26 μm (Sensor A) and 35
mm × 8 mm × 26 μm (Sensor B). Sensor A and B were separately adhered on polycarbonate
substrates (50 mm × 10 mm × 3 mm). The other sides of the sensors were covered with
polycarbonate films with thickness of 130 μm. The construction of the sensor is illustrated in
Fig. 1.

3.2. Experimental Setup and Procedures
Fig. 2 illustrates the test setup used to evaluate and characterize the performance of the pressure
sensor. The pressure sensor was embedded within a conduit and was placed in close proximity
with the excitation and detection coils. The fluid flow was controlled by a flow regulator and
the actual pressure was measured with a commercial pressure meter (MediaSensor™, SSI
Technologies, Inc.). The interrogation electronic instruments, which include a spectrum
analyzer, a function generator, a DC power supply, an amplifier, and a personal computer, was
used to communicate and control the excitation and detection coils. The excitation coil,
measuring 25 cm in diameter, consisted of 2 superimposed AC and DC excitation coils, made
of 63 turns of 18-gauge laminated copper wire. The AC excitation coil was connected to an
AC function generator (Fluke 271 10MHz) and an amplifier (Tapco J1400), while the DC
excitation coil was connected to a DC power supply (Kepco MBT 36-10M).

The pressure sensors were remotely excited with a 200 Hz sinusoidal signal produced by the
function generator. The pressure sensors were exposed to fluid pressures from 0 to 62 kPa. At
each increment of pressure, the 2nd higher-order magnetic fields produced by the sensors, at
400 Hz, were remotely captured by the network/spectrum analyzer through the detection coil
while varying the DC biasing fields, producing the harmonic field versus DC biasing field
plots. The 2nd order harmonic fields were monitored instead of other harmonic fields because
they had the larger field amplitude, thus lowest signal-to-noise ratio. The maximum 2nd order
harmonic field amplitude was determined as the highest peak (amplitude) in the harmonic field
versus DC biasing field plots. The maximum 2nd order harmonic fields were correlated to the
reading collected from the commercial pressure meter.
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4. Results and Discussion
4.1. Theoretical Results

Using Eq. (1)-(3), the changes in the maximum 2nd order harmonic fields of the sensor were
calculated as a function of stress. The anisotropy field at zero stress, Hk0, was set as 150 A/m
[22], and the saturation magnetostriction and induction were 12 ppm and 0.88 Tesla,
respectively [35]. Fig. 3 shows the amplitude of the 2nd order harmonic spectrum, plotted
against the ratio of the DC biasing field to the AC excitation field, at varying stresses. To
compare the harmonic fields of the sensor under varying stress, the DC offset of the plots, an
artifact of the theoretical model that used Fourier series expansion to model the BH curve of
the sensor, was removed. In addition, all curves were normalized to the maximum 2nd order
harmonic amplitude at zero stress. As shown in the figure, the maximum amplitudes of the
sensor increased with increasing stress. This was due to the decrease in the anisotropy field at
larger pressure, which led to larger signal amplitudes.

4.2. Experimental Observations
The relationship between the higher-order harmonic amplitude and the fluid pressure was
evaluated by incorporating the pressure sensor into the flowing system with a flow rate of 157
cm3/s and pressure varying from 0 to 62 kPa. The 2nd order harmonic fields produced by the
pressure sensor were remotely captured and plotted in Fig. 4. As shown in the figure, the
maximum 2nd order harmonic amplitude exhibited by the sensors increased with respect to the
increasing fluid pressure. This outcome was consistent with the theoretical model.

Fig. 5 plots the changes in the 2nd order harmonic amplitude when sensors of different sizes
were exposed to 20 cycles of varying pressures. The figure demonstrates that Sensor B, with
smaller size, exhibited greater pressure sensitivity. This was because the smaller sensor has a
smaller surface area. Therefore, although the force loading from the liquid pressure was the
same for both sensors, the smaller sensor actually received more stress as stress was defined
as force over surface area. Depending on the application and type of usage, the sensitivity and
detection range of the sensor can be controlled by varying the size of the magnetoelastic
material.

The repeatability exhibited by Sensor A and B was demonstrated by applying several cycles
of pressure variations to the sensors. As shown in Fig. 6, both the sensors exhibited good
repeatability and stability with minimal drift occurred after the first cycle of loading. Fig. 7
shows the 2nd order harmonic field generated by Sensor A decreased as the distance between
the center of the excitation coil and the center of the sensor increased. The relative decrease in
magnetic field due to the separation distance between the sensor and the coil was modeled with
an equation derived from the Biot-Savart law [36]:

(4)

where Bmax is the magnetic field generated when the sensor was 3 cm from the coil (the sensor
signal was maximal at this location), re and rd are the radii of the excitation and detection coils,
respectively, xm is the distance where Bmax was recorded (3 cm), and x is distance from the
sensor to the excitation coil. The theoretical change in the normalized 2nd order harmonic
amplitude, B(x)/Bmax, was calculated with Eq. (4) and plotted in Fig. 7. As shown in the figure,
the change in the 2nd order harmonic amplitude was accurately described with Eq. (4).
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Due to the position-sensitive nature of this sensor technology, all measurements must be
calibrated prior to obtaining useful measurements. It was observed that in addition to the change
in signal amplitude, the sensor location also affect the DC biasing field where the sensor
exhibited maximum signal (hm). As illustrated in Fig. 8, hm of Sensor A showed an almost
linear decrease as the sensor was further away from the detection/excitation coil. Since hm was
independent from the pressure but sensitive to location, its variation was used to determine the
location of the sensor to calibrate for the pressure measurements.

Fig. 9 shows the change in the 2nd order harmonic amplitude, Am, and hm of Sensor A. The
data of Am was curve-fitted with a 3rd order polynomial curve and the data of hm was curve-
fitted with a 2nd order polynomial curve. A calibration routine was developed based on these
two curves. First, the calibration routine calculated the location of the sensor by entering the
measured hm into the 2nd order polynomial curve and solving for the 2nd order polynomial
equation. Upon determining the calculated location, the routine calculated the expected 2nd

order harmonic amplitude of the sensor using the 3rd order polynomial curve. The accuracy of
the calibration routine was determined by normalizing the expected 2nd order harmonic
amplitude to the actual 2nd order harmonic amplitude measurement (see the Measured/
Calculated curve in Fig. 9). As shown in Fig. 9, the calibration routine was very accurate when
the distance of the sensor was 6 cm away from the coils (<1% error). However, as the distance
increased, the accuracy decreased due to the increase in the measurement noise compared to
the actual sensor signal.

Fig. 10 plots the 2nd order harmonic field amplitude of the sensor as a function of fluid pressure
when the sensor was placed at two different locations (3 cm and 5 cm from the coils). As shown
in the figure, the raw measurements were dependent on both pressure and location, which
prevented the sensor from providing the actual pressure measurement. The raw measurement
data were calibrated using the above mentioned method, and the results are plotted in Fig. 10.
As shown, the calibration routine has significantly removed the location dependency of the
sensor.

Conclusion
The fabrication and application of a wireless, passive sensor for monitoring pressure in flowing
fluid was demonstrated. Experimental results indicated that the single-strip magneto-harmonic
pressure sensor exhibited linear correlation with respect to the fluid pressure. Also, it was
shown that the sensor exhibited minimal drift and hysteresis. Since the sensor signal was also
sensitive to the location of the sensor with respect to the detection and excitation coils, a
calibration method was developed to eliminate the location effect.

The sensors presented in this paper were tested at pressure range from 0 to 62 kPa. The results
showed that sensor could be used for in vivo monitoring of blood pressure, such as in an
aneurysm sac (0 to 27 kPa) [37]. Other potential applications for sensors with this range include
aortic pressure measurement, with pressure range from 10 – 18 kPa for physiological conditions
and up to 40 kPa for unphysiological conditions [38], or left ventricular pressure measurement,
with 0 - 16 kPa for physiological conditions and up to 40 kPa for unphysiological conditions
[38]. These sensors could also be used for intrauterine pressure measurement (0-10 kPa for
physiological conditions and 0 to 25 kPa for unphysiological conditions) [38].

The implantable sensor, which could allow long-term and continuous monitoring of blood
pressure, is favorable for chronic patients as it will allow point-of-care diagnostics, improve
the detection efficacy, and lower the overall medical cost. As compared to the two-element
magneto-harmonic sensors, the described sensor will be smaller and easier to be miniaturized
due to its simpler design. Future works include the miniaturization of sensor, optimization of
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the excitation and detection coils, as well as construction of a completely portable system and
improving the sensor compatibility to the biological system.
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Fig. 1.
The construction of a pressure sensor based on the magnetoelastic/magnetostrictive material.
The pressure sensor had a sandwich configuration which consisted of a polycarbonate
substrate, a magnetoelastic material, and a polycarbonate protective film.
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Fig. 2.
A diagram illustrates the experimental design for wireless and passive pressure monitoring.
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Fig. 3.
Theoretical results showing the 2nd order harmonic field of the sensor decreased with increasing
stress.
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Fig. 4.
Measured 2nd order harmonic fields of the sensor versus DC biasing field at varying stress.
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Fig. 5.
The normalized 2nd order harmonic amplitudes exhibited by Sensor A (35 mm × 5 mm) and
Sensor B (35 mm × 8 mm) under varying fluid pressures.
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Fig. 6.
The repeatability and stability exhibited by Sensor A (35 mm × 5 mm) and B (35 mm × 8 mm)
under several cycles of loading between 0 to 62 kPa.
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Fig. 7.
The normalized measured and theoretically calculated 2nd order harmonic fields of Sensor A
as a function of the distance between the sensor and excitation coil.
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Fig. 8.
The 2nd order harmonic field of the sensor at zero stress decreased with the sensor was further
from the excitation coil. The numbers in the plot indicates the center-to-center distance between
the sensor and the excitation coil.
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Fig. 9.
The change in Am (maximum 2nd order harmonic field amplitude) and hm (DC biasing field
that corresponded to the maximum 2nd harmonic amplitude) of Sensor A was curve-fitted with
the 3rd order and 2nd order polynomial curves, respectively. The ratio of the measured to
calculate signal amplitude is also plotted.
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Fig. 10.
The maximum 2nd order harmonic field amplitude of Sensor A when it was 3 cm (Raw Data
@ 3 cm) and 5 cm (Raw Data @ 5 cm) from the detection coil. The calibrated data at both
positions are also plotted.
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