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6 Abstract

7 Magnetostrictive transducers are commonly used as actuators, sonar transducers, and in

8 remote non-destructive evaluation. Their use in wireless thermometry is relatively unexplored.

9  Since magnetostriction-based sensors are passive, they could potentially enable long-term near-
10 field thermometry. While the temperature sensitivity of resonance frequency in magnetostrictive
11  transducers has been reported in previous studies, the origin of the temperature sensitivity has
12 however not been elucidated. Here, we identify material properties that determine temperature
13 sensitivity, and identify ways to improve sensitivity as well as the detection technique. Using a
14  combination of analytical and computational methods, we systematically identify the material
15  properties that directly influence the temperature coefficient of resonance frequency (TCF). We
16  first experimentally measure the shift in resonance frequency due to temperature changes in a
17  Metglas strip to be 0.03%K. Using insights from theory, we then experimentally demonstrate a
18  5-fold improvement to the TCF by using Terfenol in place of Metglas as the magnetostrictive
19  sensor material. We further demonstrate an alternate temperature sensing technique that does not
20  require measuring the resonance frequency, consequently reducing instrument complexity. This
21 work provides a general framework to analyze magnetostrictive materials and the sensing scheme

22 for near-field wireless thermometry.

23
24 |. Introduction

25  Wireless temperature sensing has enabled applications such as environmental temperature
26 monitoring [1], [2], data center cooling monitoring [2], [3], core body temperature measurements
27  [4], etc. Such techniques typically involve RFID tags [5], [6], LC circuits [7], [8], SAW resonators
1
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[9], [10], etc., which require extensive fabrication [11], [12], high instrument complexity [5], [13],
and rigorous signal decoding techniques [1], [9]. Here, we explore magnetostrictive transducers as
a potential alternative for near-field wireless thermometry. Magnetostrictive materials respond to
an excitation magnetic flux by deforming mechanically, initiating an elastic wave in the material.
In turn, the elastic wave induces a magnetic flux, which reaches a peak when the excitation
magnetic flux is modulated at the natural mechanical frequency of the transducer. Thus, a coil near
a magnetostrictive material can provide a direct electrical readout of the sensing parameter, which
has enabled several low-cost [14], [15] applications such as anti-theft tags [16], food package
tagging [17], fluid property measurements [18], etc. For instance, magnetostrictive transducers
have been used for fluid property measurements such as pressure [18], [19], velocity [18], [20],
viscosity [21], [22], humidity [18], [23], etc., and in industrial applications such as positioning
actuators [24], sonar transducers [25], torque sensors [26], etc. Typical fluid properties such as
pressure, viscosity, etc. affect the loading and/or damping of a resonating magnetostrictive sensor,
which changes its resonance frequency [27]. On the other hand, temperature changes affect the
intrinsic material properties, especially the Young’s modulus of the magnetostrictive material [27],
which results in a resonance frequency shift. While the temperature sensitivity of resonance
frequency in magnetostrictive transducers has been reported in previous studies [23], [27]-[29],

the origin of the temperature sensitivity has however not been elucidated.

There has been a growing interest in understanding the temperature dependence of the
Young’s modulus in magnetostrictive materials [29]-[33]. Previous work [29] used a simplified
constitutive model to propose that the temperature-dependent anisotropy field could be the cause
for the temperature dependence of Young’s modulus. However, the anisotropy field’s temperature
dependence has neither been quantified nor been used to demonstrate any improvement to the
temperature sensitivity. Recent studies [30]-[33] have provided more detailed non-linear
constitutive models that utilize fundamental material properties in modeling the Young’s modulus
as a function of temperature and bias fields. Such studies [30]-[33] report on thermo-magneto-
mechanical modeling of magnetostrictive materials, but lack direct experimental validation.
Therefore, there is a need for systematic identification of new materials and/or new detection

techniques that improve the sensitivity of magnetostrictive sensors to temperature changes.

In this work, we modify previously reported non-linear constitutive equations [30], and use

them to both analytically and computationally model a magnetostriction-based temperature sensor.
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We perform a sensitivity analysis, and experimentally demonstrate a 5-fold improvement to the
temperature coefficient of resonance frequency (TCF). Such a wireless temperature measurement
can be integrated into existing magnetostriction based actuators or transducers, which are currently
used in applications such as high-pressure pipelines [34], drilling rigs [35], food packaging [17],
[36], anti-theft tags [16], etc. The paper is organized as follows. In Section 1, we report the thermo-
magneto-mechanical constitutive equations and lumped circuit model that can model the TCF and
capture the influence of different material properties. In Section 111, we describe our experimental
setup, which we use to measure the TCF of Metglas. Using the experimental results, in Section
IV, we perform a sensitivity analysis to identify the material properties that determine temperature
sensitivity. We use finite element simulations to study the influence of sensor dimensions. In
Section V, we demonstrate an improvement to the TCF using Terfenol. We also discuss an
alternative sensing technique that does not require measuring the resonance frequency to measure
temperature changes. Overall, our work provides ways to improve the sensitivity and explores
alternate measurement techniques for temperature sensing through new or repurposed existing

magnetostrictive sensors.

I1. Modelling

We model magnetostrictive transducers to gain insights that can be used to improve the sensitivity
and detection technique for thermometry applications. First, we develop constitutive equations to
predict the resonance frequency shift with temperature. Then, we develop a lumped circuit model
to predict the induced voltage at a pickup coil. We describe our experimental setup in detail in
Section I11. Briefly, the magnetostrictive sensor strip is placed inside two concentric coils — one
for bias and the other for sensing. The resonance frequency of a magnetostrictive sensor can be

approximated to that of a free-standing thin-film, and is given by [37],

1 [ s M
f;‘es_i p(l—v)

where, L is the length of the sensor, p is the density, v is the Poisson’s ratio, and E is the Young’s
modulus. The sensitivity to temperatures can be defined through the temperature coefficient of

resonance frequency (TCF) which is Af /(AT. f,), where Af is the change in resonance frequency
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from f, due to a change in temperature AT from T,. In Section Il a, we introduce constitutive
equations that can be used to model the TCF for a magnetostrictive material. In Section Il b, we
develop a lumped circuit model that can provide insight into the detection technique, especially on

the influence of sensor dimensions.

I1. a. Thermo-magneto-mechanical model (static analysis)

In this Section, we discuss thermo-magneto-mechanical constitutive equations that can capture the
experimentally observed variation in the resonance frequency of magnetostrictive sensors due to
changes in bias fields and temperatures. The Young’s modulus of magnetostrictive materials are
typically a function of the applied magnetic field (H), the film stress (o), temperature (T), and the
magnetostrictive strain (4). The relationship between the induced strain (€), magnetization (M),
and the applied magnetic field (H) has been analytically modeled in 1D in previous work [30]. We
use a modified version of this analytical model, which we describe in the supplementary section.
We show in the supplementary section that this analytical model can predict the experimentally
measured magnetostrictive strain (A1) due to an applied magnetic field (H) for a variety of
magnetostrictive materials such as Terfenol, Metglas 2605, 2801, etc. (Supplementary Figure S3).
We extend this model as shown in Eqns. (2)-(3) to predict the Young’s modulus of the
magnetostrictive material under an applied dc magnetic field (H) and for small temperature

changes AT from room temperature.

1 1 (1 M2\ A h2 (20) +(2 . h(Za))ASMaM @
E ~ E, (1+yAT) Mz) o, > \q, NG Mz e
3yMA, (1 — BAT — 2 tanh (22
oM XM (1 - BAT = ztanh (7))
oo A _ oar s 20y ¢
T 6o (1 BAT 4Uln(cosh(gg)))
( My ) — cosech? (w—eﬁ)
3XHess I7H
where,
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M is the magnetization of the magnetostrictive material,

Mj is the saturation magnetization at room temperature,

MT is the saturation magnetization at a temperature T,

Ag is the saturation magnetostrictive strain at room temperature,

H,f¢ is the effective applied magnetic field,

x is the magnetic susceptibility of the magnetostrictive material,
o is the compressive film stress,

o 1S the stress at which magnetostrictive strain A=A [38],

AT is the change in temperature from a room temperature of 25°C,

1da

B is the temperature coefficient of the magnetostrictive strain (4), which is given by g = — PP

y is the temperature coefficient of the Young’s modulus at magnetic saturation (Ej),
Uo 1S the vacuum permeability.

We implemented the static thermo-magneto-mechanical model for magnetostrictive

materials through analytical and finite element simulations, separately. Analytically, we use the

DC coil

(’\ ‘ b ’r/ *—Magnetic
v | | insulator BC
nxA=0 | I nxA=0
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Figure 1: Computational domain of the finite element simulations. We model 1/8" of system utilizing
the symmetry. MS — magnetostrictive sensor. The dimensions and relative positions of the coils and
sensor correspond to our experimental setup which we discuss in Section IlI.
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Supplementary Eqgns. (S2)-(S4) to estimate the induced magnetization (M) using the applied
magnetic field (H). Since the effective applied magnetic field (H.sf) is also coupled to the

magnetization (M), we iterate the Supplementary Eqgns. (S2)-(S4) to obtain the magnetization M
for a given applied field H. We then use Eqns. (1)-(7) to predict the Young’s modulus (E) and the
resonance frequency (f,..s) of the magnetostrictive sensor for different bias fields (H) and

temperatures.

For finite element modeling, we use a computational domain shown in Figure 1. We model
1/8" of the system utilizing the symmetry in the computational domain. The boundary conditions
are shown in Figure 1. A magnetic conductor (n X H = 0, where n is the normal vector) boundary
condition is applied to the bottom face of the domain, where the magnetic field is expected to be
normal to the face. Magnetic insulator boundary condition (n X A = 0) is applied to the remaining
five faces of the domain where the magnetic field normal to the faces are expected to vanish. 4 is
the magnetic vector potential. We applied symmetry boundary condition (u.n = 0, where u is
the displacement vector) at the magnetostrictive sensor’s two outer surfaces, which were cut to
exploit the symmetry in the system. The dimensions of the coils and the sensor correspond to the
experimental setup we used, which we discuss in Section I1l. We use COMSOL Multiphysics to
solve Maxwell’s equations and mechanical constitutive relations. We incorporated Eqgns. (2)-(3)
and Supplementary Eqns. (S1)-(S4) in the finite element model to capture the temperature and the
magnetic field dependencies of the Young’s modulus (E) of the magnetostrictive sensor. We then
used eigenfrequency analysis to extract the resonance frequency (f;.s) of the magnetostrictive

Sensor.

Il. b. Lumped circuit model (dynamic analysis)

In the previous section, we discussed a static thermo-magneto-mechanical analysis to predict the
material property variation with bias fields and temperatures. In this section, we model the
vibrating magnetostrictive sensor using a lumped circuit model that couples the magnetic and
kinematic circuits. Consider a magnetostrictive rod of area A and length [ wrapped with a current-
carrying coil (Figure 2). An ac current of I is supplied to the coil and the output voltage V is

measured. We consider the kinematic circuit to be a parallel RLC network. Spring constant is
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modeled as an equivalent resistance (R), mass of the rod is modelled as an equivalent inductor
(M), and compliance (C*) is modelled as an equivalent capacitance. Compliance at a constant

magnetic field is defined as C# = s /A, where s is the elastic compliance defined as s? = Z—Z

at a constant field H. We perform our analysis using the mobility representation of
magnetostriction [39], where 8:1 acts as the turns ratio of an electromechanical transformer

relating the mechanical force F to the electric current I, and the velocity v to the voltage in the

a Kinematic
I R, Ls v circuit
() Magnetic ||£ RE chit M ®
circuit )
6:1
b

Figure 2: a) Equivalent circuit diagram of the electromechanical coupling between the ac coil and
the magnetostrictive sensor. b) Schematic of the magnetostrictive material wrapped with a coil
shown along with an equivalent free body diagram.

circuit, V.

The measured output voltage V' in the magnetic circuit can be written as,

ANd (4)

— : S
V—IRe+](1)LI+WU

Where, R, is the electrical resistance of the coil, LS is the inductance of the coil, w is the frequency

of the ac current, N is the number of turns in the coil, v is the net velocity of the magnetostrictive
rod’s end surface, and d is the magnetostrictive constant defined as d = :—; at a given stress. The

net force in the magnetostrictive rod is given by,
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Since the magnetostrictive sensor is not constrained (F = 0), we can combine Eqns. (4) and (5),

to get the measured output voltage V as,

V = IR, + jwl’I + O RjwoMI ©
— e TJORIT S OM + R(1 — w2CH M)

where, 6 = % is the electromechanical coupling factor. We can also represent the output voltage

as V =V, + Vina, Where V¢ is the voltage across the coil when there is no magnetostrictive strip
inside (corresponding to the first two terms in Eqn. (6)), and V;,,4 is the induced voltage due to the

vibrating magnetostrictive strip (corresponding to the last term in Eqgn. (6)).

I11. Experimental setup

Figure 3 shows the schematic of the experimental setup to measure the magnetostrictive sensor
response at different bath temperatures. We use Metglas 2605 TCA magnetostrictive strips (38
mm x 4 mm x 30 um) taken from commercially available Sensormatic anti-theft tags. The Metglas
strip is placed inside a sensing coil (¢17 mm x 25 mm) by vertically suspending the strip using a
thread attached to the center. Keithley 6221 supplies the ac current to the sensing coil at a set
frequency, whereas the Lock-in amplifier measures the ac voltage across the coil at the same
frequency. In this configuration, the sensing coil is used to provide the actuation ac magnetic field,
and also to simultaneously measure the induced emf due to the sensor. The sensing coil is placed
inside a bias coil (40 mm x 70 mm), which provides the dc magnetic field. The coils and the
sensor are placed inside a water beaker, which is attached with a flexible silicone heater to provide
circumferential heating. The heater is controlled by a PID controller fitted with a thermocouple to
control the temperature within the bath. Axial temperature variations across the heated water bath
are typically less than 1 K at steady-state. We use a fluxgate magnetometer (TI DRV425EVM) to

measure the magnetic field.
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Figure 3: Schematic of the measurement setup used to measure the voltage response of
magnetostrictive sensors at different bath temperatures.
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Figure 4: Voltage response of the ac coil housing the Metglas sensor in air at room
temperature. The resonance frequency and the voltage amplitude at resonance are a
function of the dc magnetic field (bias). An ac sensing current of 100 pA was used for
actuation.
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Figure 4 shows a typical voltage response of the magnetostrictive sensor in air at room
temperature (25°C). We discuss the characteristics of the voltage response curve in detail in
Section IV. Briefly, the voltage response during a frequency sweep shows a peak, followed by a
trough near the resonance frequency. The resonance frequency and the voltage amplitude at
resonance are a function of the dc magnetic field (bias) as shown in Figure 4. The resonance
frequency and Q factor decrease with the bias field for fields <0.18 A, but they increase at higher
bias magnetic fields (Supplementary Figure S2). On the other hand, the voltage amplitude initially
increases with the bias field but decreases at higher bias magnetic fields (Figure 4). When the
entire setup is placed in a water bath as shown in Figure 3, the Q factor of the sensor reduces,
especially at very low and very high bias field (Supplementary Figures S1, S2). We changed the
temperature of the water bath to observe the resonance frequency shifts with temperature as shown
in Figure 5. We denote the resonance frequency at T,=30°C as f,. The shift in resonance frequency
(Af) due to temperature change is bias-dependent. At low bias fields, the resonance frequency
decreases with temperature, whereas at high bias fields it increases with temperature. At
intermediate and very high bias fields, the resonance frequency does not change significantly with
temperature. We note that throughout this work, we extract the resonance frequency using the

trough in the voltage response (Figure 4) for consistency, and that the analysis does not change

1.0 T T T T
s |
0.92 mT
4
- i +08ImT |
> ;
° 0.98 mT
:-.._ 00 | = ,f d 0.78 mI ]
< ¢ .067mT °
L =
05 Bias: 0.56 mT -
30 40 50 60

Temperature (°C)

Figure 5: Shift in resonance frequency (Af/f,) in Metglas 2605 due to a temperature change in the
water bath. f,, corresponds to the resonance frequency at temperature T,=30°C. The y-error bars
correspond to 1o fitting error in estimating the resonance frequency. The x-error bars correspond to
the 1o in temperatures measured in the heated water bath during measurement.
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significantly if the peak is used instead. From the data in Figure 5 we find that the maximum TCF

for the Metglas strip we used is ~0.03 %K™ at 30°C.

V. Results

We use our experimental results to first validate our models in Section 1V.a. We use the static
model to analyze the influence of different material properties on the TCF, in Section 1V.b. Our
dynamic model is then used to analyze the influence of the dimensions of the sensor in Section
IV.c.

IV. a. Validation

Here, we validate our static and dynamic models with the experimental results. We plot the results
of the thermo-magneto-mechanical (static) models in Figure 6. The experimental data points are
shown as dots. The lines in Figure 6 are representative of the results from both the analytical
calculations and finite element simulations. The results from the finite element simulations do not
differ from that of the analytical model. We fit our model to our experimental data using

B (mT)
6(8.00 025 050 075 1.00 1.25

f . (kHz)

X//
= 30°C H
e 40°C | 4
A 50°C 1
v 60°C

56 -

0 260 460 660 860 10100
Magnetic field, H (A/m)

Figure 6: Resonance frequency of the Metglas 2605 strip at different temperatures and dc bias fields. The
dots represent experimental data points. The solid lines are representative of the fitting from both the
analytical model and finite element simulations separately. The fitting parameters are provided in the

supplementary section.
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v, B, x, 0,05 Eg, Mg, Ag as fitting parameters, where the initial values for some of the material
properties (v, B, x, Es, Mg, Ag) were taken from literature [40]-[48]. We provide the fitting
parameters in the supplementary information. Small modifications within an order of magnitude
to the literature values [40]-[48] resulted in a good fit to the experimental data as shown in Figure
6. At low bias magnetic fields, the resonance frequency is a strong function of the temperature.
However, there is a cross-over in the temperature dependence of the resonance frequency at a bias
field of ~0.75 mT. At the cross-over point (~0.75 mT), the resonance frequency is essentially
temperature independent, as also evident from Figure 5. Similarly, there is a second cross-over at
~1.1 mT, where the resonance frequency is again temperature independent. In Section IV.b., we
explain the significance and the reason behind these cross-over points. Overall, the thermo-
magneto-mechanical model could qualitatively capture the experimentally observed resonance

frequency variation with temperatures and bias fields.

We implemented the lumped circuit (dynamic) model analytically and used finite element
simulations. First, we fit the analytical lumped circuit model (Egn. (6)) to our experimental data

as shown in Figure 7 using the terms in Eqgn. (6) as fitting parameters. From Figure 7, we find that

" -
=
E
~ 10 + T
<
oo .
1] Analytical,
O 8} Simulation DC coil 1
>
'
AC coil
L
MS

6
52 54 56 58 60 62
Frequency (kHz)

Figure 7: Voltage response of the ac coil housing the Metglas sensor in water at room
temperature (25°C) at a dc bias field of 0.6 mT. Experimental data points are shown as black dots.
The red solid line is representative of the results from both the analytical model and finite element

simulations. The fitting parameters are provided in the supplementary section. Inset shows a
schematic of the computational domain.

the analytical lumped circuit model could capture the voltage response of the magnetostrictive
sensor during a frequency sweep. We then use the analytically estimated fit parameters R, and L’

for the 1}, term in the finite element model. For the finite element model, we model the output

12
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voltage as V =V, + OV;,4, Where V,o = IR, + jwL5I uses the analytically estimated fit
parameters R, and L°; induced voltage V;,,; due to the magnetostrictive sensor is obtained from
the Maxwell solver as V = § E.dl across the coil, and @ is the fitting parameter. We use a
frequency domain solver to estimate the induced voltage for a range of frequencies. The Young’s
modulus of the material was estimated for the applied dc field using the static thermo-magneto-
mechanical model described in Section Il. a. The red line in Figure 7 is representative of the fitting
from both the analytical lumped circuit model and that of the finite element simulation. We provide
details on the fitting parameters in the supplementary section. Overall, both the lumped circuit
model and the finite element simulations can capture the coupling between the magnetic and

kinematic circuits.

IV. b. Material properties influencing TCF

We use the validated thermo-magneto-mechanical model (Egns. (2)-(3)) to find the material
properties that influence the temperature coefficient of resonance frequency (TCF). The resonance

frequency is a function of the length of the sensor (L) and the Young’s modulus (E), both of which
vary with the temperature. The thermal expansion coefficient (), defined as a = %Z—; is typically

small, in the order of 10° K%, and hence does not contribute significantly to the change in the
resonance frequency when AT~10 K. The temperature dependence of the Young’s modulus is

therefore more dominant in causing a change in the resonance frequency. We define the

temperature coefficient of Young’s modulus as TCE = %g—i. The magnitude of the temperature

coefficient of resonance frequency (TCF) is then directly proportional to TCE. As evident from
Eqns. (2)-(3), E is a function of several material properties such as y, S, x, o, Mg, etc. in addition
to the applied field (H) and temperature (T). To analyze the temperature dependence of E with
respect to these material properties, we look at three regimes: (1) low applied magnetic field, when
M — 0, (2) high applied magnetic field, when M~M;/2, and (3) at saturation magnetic fields,
when M — M.

At low magnetic fields, when M — 0, the temperature coefficient of Young’s modulus

can be approximated as TCE =%g—i= y from Eqn. (2). Even though y is the temperature

13
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coefficient of Young’s modulus at magnetic saturation (Es), y directly influences the temperature
coefficient of Young’s modulus (TCE) and hence TCF even at low magnetic fields (when M —
0).
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08F ®**es,, P “
0'6- 1 1 i 1 " 1 i 1
2 4 6 8 10 .4 -
4 X'Ix e . i
O 10 . . i
~ ‘A B
A
[é’ ‘BA : L
= . “ o,
3 D S S-S btsadin .
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Figure 8: The change in temperature coefficient of Young’s modulus (TCE) is plotted against the
change in various material parameters at high magnetic fields (when M~Ms/2). x corresponds to one
of the material and fitting parameters: y, o, B, v, As, ds. Initial values for x were: y=1, y=10* K, B=

104 K1, 1,=10°, 6,=10 MPa, o=1 MPa. The inset shows the variation in TCE’/TCE for material

parameters other than 3.

At high magnetic fields, when M~Ms /2, the temperature coefficient of Young’s modulus

can be written as,

oM 7
10E g (—) 1 (oM 0
TCE = (——) ~——0o z (—>
E 0T/ m~my 2 oT (6M) 00/ pT=0
do

For a change in a given material property from x (say) to x’, we plot in Figure 8, the change in the
corresponding temperature coefficient of Young’s modulus from TCE to TCE’, when the other
material properties are kept constant. Here, x represents one of the material properties:
x,0,B,v,As. We find from Figure 8 that the temperature coefficient of magnetostriction, S,
dominates the other properties in influencing the temperature coefficient of Young’s modulus. The
inset in Figure 8 shows that the compressive film stress o could reduce the temperature coefficient
of Young’s modulus by up to ~20%. Other material properties or fitting parameters do not

influence the temperature sensitivity significantly (<10%) at high magnetic fields. Therefore, at
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high magnetic fields (when M~M;/2), the temperature coefficient of magnetostriction strain, £,
directly influences the temperature coefficient of resonance frequency (TCF), whereas the film

stress, a, negatively influences the TCF.

At saturation magnetic fields (when M — M), the temperature coefficient of Young’s

modulus is given by TCE = %g—i =y from Eqgn. (2), which is similar to regime 1 (when M —0)
for low applied magnetic fields. We discussed three different regimes, and they can be observed
in Figure 6 from the two cross-over points because y and 8 have opposite signs in Metglas (see
Supplementary Information). The temperature coefficient of resonance frequency (TCF) for bias
fields from O mT to ~0.75 mT is governed by y; TCF for bias fields from ~0.75 mT to ~1.1 mT
is governed primarily by £; and TCF for bias fields > 1.1 mT is governed by y. We discuss in
Section V how we can use these material properties to identify magnetostrictive materials that

could have higher TCF.

IV. c. Length-scale dependence of induced voltage

In this Section, we study the influence of the dimensions of the magnetostrictive sensor on the
induced voltage in the coil. This could be useful in determining the minimum size of the sensor
that can be used, and the number of sensors required. We use the validated finite element model
that captured electromechanical coupling (in Figure 7). Using the same configuration of coils that
we used in our experimental setup and the finite element simulations, we change the dimensions
of the magnetostrictive sensor and observe the change in the peak induced voltage (denoted by
VP ) using simulations. We used the same Rayleigh damping coefficients for all the simulations.
In Figure 9, we plot the ratio of V£ ; over V,,, which is representative of the signal-to-background
ratio, for different lengths [ and widths w,. of the sensor. The no-strip voltage, 1}, is the baseline
voltage that is present even without a magnetostrictive sensor. From Figure 9, we find that the
signal-to-background ratio (V£ , /V,s) reaches zero when the length of the magnetostrictive sensor
P

is ~10 mm. Similarly, the signal (V;

ind

) drops roughly by half when the width w,. of the sensor is
reduced by half. Therefore, for the current configuration of measurement (Figure 3, Figure 1), we

expect the signal-to-background ratio to vary linearly with the length and width of the sensor,
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Figure 9: Signal-to-background ratio at the ac coil for different Metglas sensor dimensions are plotted
along the left y-axis. The data points shown in dots are from simulations. The dashed lines are straight
line fits to the simulated data. The solid red line connects the corresponding data points. The coil
dimensions correspond to that of the experimental setup described in Section IlI.

The signal-to-background ratio (V% ;/V;,s) drops to zero (in Figure 9) primarily because the
background (V) increases at high frequencies. The background signal is given by V,; = IR, +
jwL5I, where, jwL3, the self-inductance component, is directly proportional to the frequency of
operation, w. When the sensor length [ is reduced, the resonance frequency increases as shown in
Figure 9, which in turn increases the background signal (V;,), obscuring the signal-to-background
ratio. The background signal (V;,5) increases 4-fold from 9.5 mV to 38 mV (Figure 10), when the
sensor length is decreased from 38 mm to 14 mm. On the other hand, the peak induced voltage
(vE,) decreases ~2-fold from 2.8 mV to 1.8 mV. Therefore, when using a small sensor, the

P

reduction in the signal-to-background (V;,,4/Vys) ratio is primarily due to the self-inductance of

the ac coil at high frequencies.
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Figure 10: The peak induced voltage (V{£ ;) at the ac coil is plotted for different Metglas sensor

dimensions on the left y-axis. The voltage at the ac coil with no magnetostrictive strip (V) is shown
on the right y-axis. The data points shown in dots are from simulations. The solid lines connect the
shown data points. The coil dimensions correspond to that of the experimental setup, which is
discussed in Section I11.

V. Discussion

In this work, we first experimentally measured the shift in the resonance frequency of a
magnetostrictive sensor due to temperature changes. We then analytically and computationally
analyzed the material properties responsible for the shift in resonance frequency due to temperature
changes. We also analyzed the influence of the sensor size on the overall measurement. In this
section, we extend our analysis and provide ways to improve the sensitivity to temperature

changes. We also discuss potential applications and limitations.

In Section IV.b., our sensitivity analysis revealed that the temperature coefficient of
resonance frequency (TCF) is directly dependent on (1) y — temperature coefficient of E, at low
(M — 0) and saturation (M — M) bias magnetic fields, and (2) g — temperature coefficient of
magnetostriction strain (4), at high bias magnetic fields (when M~M;/2). From the analytical
fitting in Figure 6, we determined y for the Metglas sensor to be 3.6x10* K. Among other
magnetostrictive materials, Terfenol was previously reported [32] to have a higher y~ 4.2x103

K. We repeated our experiments using Terfenol (Figure 11) and found the temperature coefficient
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of resonance frequency (TCF) to be ~0.14% K, which is almost 5-fold higher than that of the
Metglas sensor (~0.03% K) for a AT~10 K. Even though the coefficient of magnetostriction ()
for Terfenol is comparable to that of Metglas, a higher y potentially resulted in a higher TCF for
Terfenol. Further, our thermo-magneto-mechanical model could capture the resonance frequency
shifts in Terfenol as shown in Supplementary Figure S4. We note that a previous work [29] on
FesoNiaoB2o alloy reported a TCF~0.15% K™, which is comparable to the TCF we report for
Terfenol. The TCF from FesoNis0B2o is higher than the Metglas sensor we report, possibly because
of a higher g, which is also evident from a wider spread in their resonance frequencies at higher
magnetic fields [29]. Even though Terfenol has a higher TCF (~0.14% K1), the susceptibility
x~80 is much lower than that of Metglas (y~50,000). Thus, Terfenol requires higher bias
magnetic fields (~5-10 mT) than that required for Metglas (~0.2-0.6 mT). Future work can focus
on identifying materials with a high susceptibility (x) that also have high y and/or g to have a

higher temperature coefficient of resonance frequency (TCF) at low bias fields (<1 mT).

AF/ £y (%)

1 " 1 L 1 L 1 " 1

25 35 45 55 65 75

Temperature (°C)

Figure 11: Shift in the resonance frequency (Af/f, ) in a Terfenol transducer (53 mm x 17 mm x 1.2
mm) due to a temperature change in the water bath. f;, corresponds to the resonance frequency at
temperature T(=25°C.
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Throughout this work, we focused on the shift in resonance frequency as a potential
sensing parameter to measure temperatures. However, an alternative temperature sensing
technique can be developed by measuring the voltage across the ac coil at a fixed frequency near
the resonance frequency of the magnetostrictive sensor. We explain it using a Metglas sensor in
the same experimental setup (Figure 3). In Figure 12a, we plot the ratio AV /V,, where V, is the
voltage measured at 30°C and AV corresponds to the difference in the measured ac voltage
amplitude between 60°C and 30°C bath temperatures. The magnitude of AV /V, reaches a
maximum at 55.7 kHz, at a bias field of 0.89 mT. At this frequency (55.7 kHz) and bias field (0.89
mT), we plot the AV /V, in the inset (Figure 12b). We find that the AV /V,, directly increases with

temperature. If we define a temperature coefficient of the measured ac voltage as TCV = %ﬁ
0

the TCV is roughly 0.8% K. The TCV can be maximized by choosing a frequency and a bias
field where the magnitude of AV /Vj is the highest across the temperature range desired (Figure
12). Measuring the TCF can be time consuming and require sophisticated equipment such as
network analyzers, whereas TCV can be easily measured using digital multimeters or lock-in
amplifiers. The TCV can be used for temperature sensing only when the frequency shift (Af) due

to a temperature change (AT) is less than the width of the resonance curve. In other words, the Q-

a 30 T T T T
B (mT)
~AT=30-60°C [—0.56
20 + A ——0.67
——0.78
e ——0.89
= 10r ——0.92
e ——0.95
> e
2 S '
: =
! >
_20 E I < Okt 1 L 1
; 30 40 50 6
_30 . 1 : 1 . 1 T (1C)

54 55 56 57 58 59 60
Frequency (kHz)

Figure 12: a) Shift in the voltage (AV /V,) at the ac coil due to a change in the temperature of the
water bath plotted for different bias fields over a range of frequencies. AV corresponds to the change
in the measured voltage due to a temperature change from 30°C to 60°C. V,, is the measured voltage
at 30°C. A Metglas sensor was used in setup similar to Figure 3. b) Inset plots the voltage shifts for

different temperatures at a frequency of 55.7 kHz and a bias field of 0.89 mT.
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factor of the sensor must be smaller than (TCF.AT)™!. For the Metglas sensor, the Q-factor in
water is ~30, whereas (TCF.AT)™! is ~ 110 for a AT= 30°C, thus allowing us to use TCV for
temperature sensing. Further, the TCV could be a function of the position and orientation of the
sensor with respect to the ac sensing/transmit coil. Therefore, the temperature coefficient of the
voltage (TCV) of the ac coil can be used for temperature sensing, especially in places where the
relative position and orientation of the magnetostrictive sensor remains constant with respect to

the coil.

In this work, we used a concentric coil configuration to serve as proof-of-concept
experiments. Helmholtz coils and/or permanent magnets can also be used instead. For instance,
the bias coil can be replaced by a ferromagnet magnetized to provide the appropriate bias field.
The magnetostrictive sensor strip can be packaged along with the ferromagnet in a manner similar
to the commercially available anti-theft tags [16]. Further, the commercially available anti-theft
tags can also be repurposed to measure temperatures either using the TCF- or TCV-based method.
We discussed in Section IV.c. that the signal-to-background ratio (V, ;/V;s) drops when the sensor
dimensions are reduced. This can be overcome by two possible methods. First, two separate
transmit and receive coils can be placed perpendicular to each other to decouple them and remove
any self-inductance effects [48]. Second, multiple thin-film magnetostrictive sensors can be
packaged together to increase the signal-to-background ratio [49]. A magnetostrictive temperature
sensor package can enable in situ near-field applications. For instance, they can potentially enable
long-term near-field temperature measurements in food packaging [17], [36], culture medium
[50]-[52], implantable biomedical devices [4], [53], etc., and for concurrent temperature and
fouling measurements in industrial pipelines [34], especially in low-temperature heat exchangers
[54]-[56] to ensure profitable heat recovery. Overall, new or existing magnetostrictive sensor
packages can be suitably adapted to measure temperatures remotely, using either the TCF- or TCV-

based technique.

V1. Conclusion

In summary, we modeled and analyzed magnetostrictive materials for use in potential wireless
temperature sensing systems. We first experimentally measured the temperature coefficient of
resonance frequency (TCF) in a Metglas 2605 TCA strip to be ~0.03%K™. We then implemented
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thermo-magneto-mechanical constitutive equations using both analytical and finite element
methods to model the magnetostriction-based sensing system. The analytical and computational
models developed in this work provide a general framework for the sensitivity analysis of
magnetostriction-based temperature sensing, and can be suitably adapted to any configuration of
the sensing scheme. Through our sensitivity analysis, we identified the material properties of
interest and demonstrated a 5-fold improvement to the TCF by using Terfenol. We also explored
an alternate temperature sensing scheme that reduces instrument complexity by using the
temperature coefficient of ac voltage (TCV) at the coil, which could be used if the sensor and coil
locations are fixed relative to each other. In contrast to RFID- or SAW-based sensors,
magnetostrictive transducers offer a simple and passive near-field temperature sensing technique.
From a broader perspective, this work provides ways to use new or repurposed existing

magnetostrictive sensor packages to enable remote temperature measurements.
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Figure S1. The voltage response of the Metglas 2605 TCA sensor in water at room temperature. The

resonance frequency and the voltage amplitude at resonance are a function of the dc magnetic field (bias).
An ac sensing current of 100 pA was used for actuation.
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Figure S2. a) The resonance frequency of the magnetostrictive sensor at different dc bias fields at room

temperature. b) Q-factor of the magnetostrictive sensor in air and water at different bias fields. Q-factor

was calculated using the ratio of resonance frequency to the full-width half maximum of the resonance
curve.
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Thermo-magneto-mechanical model:

The following equations represent the 1D constitutive relations between the strain (e), magnetization (M),
and the applied magnetic field (H). We modify previously reported constitutive relations [1] to include the
temperature dependence for Young’s modulus at magnetic saturation (Ej).

(1 — tanh (Uls)) A M?

Jstanh (=) + . 23>0
eo Ty APATME T BT M? I
Es(1 + yAT) M? A - (2 _ tanh (i_rf)) AM? (S1)
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2 o * 2M? O
(S2)
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Where,

€ is the strain in the magnetostrictive material,

M is the magnetization of the magnetostrictive material,

Mj is the saturation magnetization at room temperature,

M1I is the saturation magnetization at a temperature T,

Ag is the saturation magnetostrictive strain at room temperature,
H is the applied magnetic field,

H,zr is the effective applied magnetic field,



x is the magnetic susceptibility of the magnetostrictive material,
o is the compressive film stress,

o is the stress at which magnetostrictive strain A=A¢ (ref),

AT is the change in temperature from a room temperature of 25°C,
T is the reference or room temperature,

T, is the Curie temperature,

. .. . . . . 1dL
a is the thermal coefficient of expansion, which is given by a = T
. . - . S 1dA
B is the temperature coefficient of the magnetostrictive strain (1), which is given by g = — 13
y is the temperature coefficient of the Young’s modulus at magnetic saturation (Ey),
Uo IS the vacuum permeability.
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Figure S3. a) Magnetostrictive strain (1) of Terfenol rods are shown for different bias fields and
compressive stresses. The solid lines correspond to previously published experimental data, whereas the
dashed lines represent our analytical fit. No fitting parameters were used. The material properties and
experimental data we used can be found in Refs. [1]-[3]. b) Magnetostrictive strain (1) of Metglas rods
are shown for different bias fields. Dots represent experimental points from previous reports [4]-[6].
Solid lines represent our analytical fits. The extracted susceptibility () values are shown in the graph.
The corresponding fitted stress (o) values were 18 MPa, 28 MPa, 25 MPa for 2826, 2605SA, 2605CO,
respectively. Other material properties can be found in [5]-[13]. The magnetic susceptibility (x) is
dependent on the annealing conditions [14]-[16], and the obtained susceptibilities from the fit are within
the expected order of magnitude based on previous reports [5]-[13].
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Figure S4. The resonance frequency of Terfenol rod at different temperatures and dc bias fields. The dots
represent our experimental data points. The solid lines are representative of the fitting from both the
analytical model and finite element simulations separately. The extracted fitting parameters were: E;=72
MPa, y=4.2x10° K, =102 K1, 1,=800 ppm, 0=1 MPa, 65=30 MPa, T,= 380°C, Ms=1.2 T, =25, p=
9200 kg/m?®. The material parameters used for fitting are in close agreement within an order of magnitude
of previously reported values [1]-[3]. Any deviation could be attributed to the use of a thin layer (5 um)
of Parylene that we deposited on the Terfenol laminates to prevent corrosion.

Fitting parameters:

For Figure 6 of the manuscript:

Fit parameters:

E,=84 MPa,

y=-3.6x10* K1, f=1.4x10°3 K,

A4=18 ppm,

0=17 MPa, o5=17 MPa,

T¢c=395°C,

M=1T,

x=50000,

p=7900 kg/m?.

The fit material parameters (Es, v, B, As, T¢c, M, x, p) are in good agreement within an order of magnitude
of previously reported values [5]-[13]. The stress values (o, g;) were the only other fit parameters, and they
strongly depend on the sensor strip fabrication process. They are typically measured through a stress (o)
vS. magnetostrictive strain curve (1) [17] and are not known a priori for our magnetostrictive samples.

For Figure 7 of the manuscript:

Electrical circuit fit parameters: R,=1 Q, L5=0.27 mH (these are in good agreement with the measured
values for the ac coil used in the experiment)

Kinematic circuit fit parameters: R=5400 N.ms, M=0.3 N.ms?, ¢""=28 N''m, §=0.09 N.A™%; for finite
element simulations: =26, {=0.018 (damping factor).
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