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A B S T R A C T

Rotary ultrasonic machining (RUM) is widely used in the processing of brittle and hard materials. The appli-
cation of giant magnetostrictive ultrasonic transducers (GMUT) with effective vibration performance is an in-
creasingly popular field of research within RUM. A generalized amplitude prediction model for GMUT is ob-
tained in this paper by first providing an equivalent kinetics model of the GMUT. Considering the influence on
interaction force between Terfenol-D and the external mechanical mechanism, the prestress mechanism of
Terfenol-D and the joint face of the horn are determined as equivalent to two spring-damping systems in series,
and a general GMUT vibration equation is established. The equivalent stiffness of the prestress mechanism is
then identified, and the mechanical quality factor of the vibration system is calculated by impedance analysis.
The influence of the joint face of the horn and the prestress mechanism on the amplitude is then studied by
nonlinear least square fitting. Based on a magnetostriction and magnetization model, an odd power amplitude
prediction model with mechanical quality factor, excitation current amplitude, and excitation frequency is
proposed. The experimental results demonstrate that the proposed model can effectively predict the output
amplitude of the GMUT with different mechanical quality factors for different excitation signals, providing a
method for system design and optimization of the GMUT.

1. Introduction

Rotary ultrasonic machining (RUM) is widely used in the machining
of brittle and hard materials and composite laminates, most notably in
milling [1] and drilling [2,21]. Piezoelectric transducers have tradi-
tionally been utilized to create the ultrasonic vibrations in RUM,
however, giant magnetostrictive materials [3,4] are now being con-
sidered for this role. Giant magnetostrictive ultrasonic transducers
(GMUT) have undergone extensive recent development, and possess
numerous advantages over the piezoelectric materials, including a large
magnetostrictive coefficient, high power capacity, fast response speed,
and the ability to produce a large ultrasonic vibration amplitude output
[5,6]. As such, the application of GMUT combined with giant magne-
tostrictive materials (such as Terfenol-D) as vibrators in RUM has be-
come a popular field of research.

Numerous scholars have studied the amplitude output character-
istics of the GMUT, presenting a number of theoretical models, in-
cluding the domain theory model and equivalent circuit model. Dapino

et al. [7] found that the measured strain of the GMUT was related to the
moment rotation of the material in the applied field and the elastic
properties of the material. W Huang et al. [8] established the magne-
toelastic dynamic strain model of the GMUT based on the Jiles Atherton
model and kinetics theory. Wakiwaka H et al. [9] established a me-
chanical vibration model by electrical impedance analysis. Based on the
equivalent circuit, Cai W et al. [10–12] presented a bilateral capaci-
tance compensation method and a vibration amplitude model for the
giant magnetostrictive ultrasonic processing system, and discussed the
effect of the temperature on the performance of the GMUT.

Due to the complex multi-physical field coupling characteristics of
giant magnetostrictive materials, the universal amplitude prediction
model and amplitude stability of the GMUT remain key issues to be
explored. The vibration performance of the GMUT is closely related to
its prestress states, including the prestress states of Terfenol-D and the
joint face of the horn. Therefore, it is important to take factors such as
the prestress mechanisms of the Terfenol-D and the joint face of the
horn into account when establishing a universal amplitude prediction
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model. This provides the foundation for optimizing and improving the
GMUT in structural design, considering the amplitude prediction and
amplitude stability.

Based on the magnetostrictive effect and the magnetization model,
the influence of the prestress mechanisms of Terfenol-D and the joint
face of the horn on the output amplitude of the GMUT are investigated
and are equivalent to two spring-damping systems in series. The vi-
bration equation of the GMUT based on structural kinetics theory is
then established and parameters of the GMUT are identified based on
impedance analysis. Following this, the mechanical quality factors of
the GMUT under different prestress conditions are obtained and the
effects of the equivalent stiffness of the prestress mechanism and the
joint face of the horn on the prediction of ultrasonic amplitude are
studied by nonlinear least square fitting. By analyzing the influence of
the prestress of Terfenol-D and the prestress of the joint face of the horn
on the ultrasonic amplitude model, the amplitude characteristics of
GMUT are investigated. Additionally, an odd power amplitude predic-
tion model (in which the ultrasonic amplitude is related to the odd
power terms of the excitation signal) of the GMUT is proposed, con-
sidering the effects of the mechanical structure and the excitation
signal. This provides reference for further study of the GMUT amplitude
model. With different prestress states, the results indicate the possibility
of predicting the amplitude output and analyzing the stability of the
GMUT under different excitation signals.

2. Theoretical model

2.1. Kinetics model of GMUT

A structural diagram of GMUT is provided in Fig. 1. The ultrasonic
oscillator includes a Terfenol-D rod, permanent magnet, magnetic
conduction loop, and coil, which generates ultrasonic vibration by the
action of excitation signal. The ultrasonic oscillator comes into contact
with the vibration unit of the prestress mechanism, transmitting driving
force which provides Terfenol-D with prestress. The vibration unit is
restrained by the structural stiffness of the prestress mechanism and is
connected to the horn by thread. The amplitude of the vibration unit is
transmitted and amplified by the horn, and the end of the horn is
matched with the cutter. Using this mechanism, the RUM is realized
when GMUT rotates.

The properties of the vibration structure of the GMUT are provided
in Table 1. Based on this model, the ultrasonic amplitude prediction
model of GMUT is established.

In this paper, the interaction between Terfenol-D and external me-
chanical structure is regarded as the interaction of force, and the me-
chanical vibration is transmitted by the interaction force. As shown in
Fig. 2, the prestress mechanism of Terfenol-D is equivalent to the
spring-damping system k c( , )s s , and the joint face of the horn is
equivalent to the spring-damping system k c( , )c c [13]. The equivalent
kinetics model of GMUT is thus established.

To establish the amplitude prediction model accurately, the vibra-
tion unit of the prestress mechanism can be simplified as a particle due

to its small mass. The joint face of the horn and the prestress me-
chanism can be regarded as two single-degree-of-freedom spring-
damping systems in series on account of being mostly small enough for
the k k/s c. A general GMUT amplitude prediction model is then estab-
lished, which is simplified as shown in Fig. 3.

The equivalent stiffness of the vibration system can be obtained by
calculation, as shown in Eq. (1).

=
+

k k k
k kequ

s c

s c (1)

where kequ represents the equivalent stiffness of the mechanical struc-
ture, ks represents the equivalent stiffness of the prestress mechanism,
and kc is the equivalent stiffness of the joint face of the horn.

The vibration unit of the prestress mechanism is always in contact
with Terfenol-D during the vibration process. Setting the displacement
of the output end of Terfenol-D to zero, the displacement x t( )0 of the
vibration unit of the prestress mechanism can be obtained, and is ex-
pressed as below:

=x t L ε t( ) ( )T0 (2)

where LT represents the effective length of Terfenol-D and ε t( ) re-
presents the total strain of Terfenol-D over time.

Due to the small quality of the prestress mechanism vibration unit,
this paper regards the amplitude prediction model as a particle, which
means ≈m 00 . Therefore, Eq. (3) is established by Newton's second law
and Hooke's law for m0.

= −k x t k x t x t( ) ( ( ) ( ))s c0 0 (3)

The equation is then simplified as below:

⎧
⎨
⎩

= =

= +
x t M x t M L ε t

M

( ) ( ) ( )T
k k

k

0 0 0

0
s c

c (4)

where x t( ) indicates the input displacement of the horn and M0 is the
vibration transfer factor. Thus, =M 10 when k k/s c is small enough.

For the horn mh, the equation can be established by kinetics as
shown in Eq. (5).

+ + =m x t c x t k x t F( )¨ ( )̇ ( )h equ equ
' (5)Fig. 1. Structure of GMUT.

Table 1
Vibration structure of the GMUT.

Property Unit

Terfenol-D Material / Tb0.3Dy0.7Fe1.92
Diameter mm 13
Length mm 16

Prestress mechanism’s vibration unit

Horn

Material
Mass
Material
Mass
Length

/
kg
/
kg
mm

Aluminum
0.02
45#
0.2
124

Fig. 2. The equivalent kinetics model of GMUT.
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where mh denotes the equivalent mass of the horn, cequ is the equivalent
damping of the mechanical structure, kequ denotes the equivalent stiff-
ness of the mechanical structure, and F ' is the interaction force acting
on the horn.

To calculate F ', Terfenol-D must be analyzed. As noted in the lit-
erature [14,15], the strain composition of Terfenol-D is described as
below:

= +ε t ε t ε t( ) ( ) ( )m λ (6)

where ε t( )m indicates elastic strain and ε t( )λ represents magnetostrictive
strain. Young's modulus establishes the relationship between stress and
strain as follows:

= ∂
∂

E σ
εT (7)

where ET is Young’s modulus of Terfenol-D. Therefore, the stress of
Terfenol-D has the following relations:

= − = − −σ σ σ E ε t E ε t σ( ) ( )d T T λ0 0 (8)

where σ is the total stress, and σd and σ0 are the dynamic stress and
prestress, respectively. Eq. (9) can thus be obtained as:

= = −F σS E S ε t E S ε t( ) ( )T T T T T λ (9)

F 'can then be calculated due to the interaction force.

= − = −F F E S ε t E S ε t( ) ( )T T λ T T
' (10)

Substituting Eqs. (4) and (10) into Eq. (5), the kinetics model of
Terfenol-D is obtained as:

+ + + =M L m
E S

ε t
M L c

E S
ε t k L E S

E S
ε t ε t( )¨ ( )̇ ( ) ( )λ

0 T h

T T

0 T equ

T T

s T T T

T T (11)

2.2. Amplitude prediction model based on magnetization and
magnetostriction

The properties of giant magnetostrictive materials have been stu-
died over many years. The effective magnetic field model of the
Terfenol-D rod under action of an external exciting magnetic field is
provided in reference [16].

= +H t H t αM t( ) ( ) ( )ef ex (12)

where H t( )ex represents the magnetic field generated by an additional
excitation signal and M t( ) is the magnetization of Terfenol-D. The in-
terpretation of parameter α is given in reference [7].

= +α α λ σ
μ M
9

20
s 0

0 s
2 (13)

where α0 characterizes the field induced by the interaction of magnetic
moments, λ σ μ M9 /(2 )s s0 0

2 represents the field due to prestress, λs and Ms
respectively denote saturated magnetostriction and magnetization, μ0 is
vacuum permeability, and σ0 denotes prestress. Thus, α is affected by
prestress acting on Terfenol-D.

The effectiveness of biased magnetic field has been verified [17] to
eliminate the frequency doubling effect of Terfenol-D in the high fre-
quency magnetic field. Therefore, H t( )ex can be expressed as Eq. (14):

= +H t H NϕI t( ) ( )ex b (14)

where Hb represents the bias magnetic field, N is the turns per unit
length of the excitation coil, ϕ represents the physical characteristics of
the excitation coil which should be determined empirically, and I t( ) is
the excitation signal.

Without considering the hysteresis effect, the magnetization sa-
tisfies the following relation as noted in literature [7]:
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a
H t

a
( )
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( )
3

( )
s
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s
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3

3

(15)

where parameter a consists of Boltzmann’s constant kB, the domain
densityN and the Boltzmann thermal energy k TB should be identified
due to the unknown N . To facilitate linearizing, high-order terms in
the Taylor expansion are neglected, providing:

O
⎛

⎝
⎜

⎞

⎠
⎟ ≈

H t
a

( )
0ef

3

3
(16)

Substituting Eqs. (12) and (16) into Eq. (15), formula (17) is ob-
tained as follows:

= +M t M
a

H t αM t( )
3

( ( ) ( ))s
ex (17)

Which can be written as:

=
−

=
−

+
−

M t M
a αM

H t M H
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3
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To simplify Eq. (18), it is modified as:

e e

e

e
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s
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As noted in the literature [7,18], the relation between magnetos-
triction and magnetization is described by an empirical magnetostric-
tion model, as shown in Eq. (20):

∑= = ⋯
=

∞

ε t γ M t i( ) ( ), 0, 1, 2, 3λ
i

i
i

0

2

(20)

where ε t( )λ represents the magnetostriction of Terfenol-D, and γi can be
obtained by experiments. Eq. (19) is then substituted into (20):

e e∑= + = ⋯
=

∞

ε t γ I t i( ) ( ( )) , 0, 1, 2, 3λ
i

i
i

0
1 2

2

(21)

Eq. (21) shows that the magnetostriction strain of Terfenol-D ε t( )λ

can be expressed as a function of the external excitation signal I t( ) for a
given GMUT. Note that the parameters e1 and e2 are related to the
prestress. In most situations the external excitation signal is a sinusoidal
alternating current as shown in Eq. (22):

=I t I sin πft( ) 2a (22)

where Ia represents the amplitude of the excitation current and f is the

Fig. 3. Simplified GMUT amplitude prediction model.
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frequency of the excitation current. Substituting Eq. (22) into (21)
provides:

e e∑= + = ⋯
=

∞

ε t γ I sin πft i( ) ( 2 ) , 0, 1, 2, 3λ
i

i a
i

0
1 2

2

(23)

Using the properties of sinusoidal function, Eq. (23) can be de-
composed into a fundamental frequency signal composed of sin πft2 and
its high-order harmonic signal. According to vibration theory, the high-
order harmonic component in the damping system exhibits in-
stantaneous attenuation characteristics. In a steady-state vibration, the
vibration frequency will be dominated by fundamental frequency
signal. The simplified equation is provided below:

∑= + = ⋯
=

∞

+
+ε t η η I sin πft i( ) 2 , 0, 1, 2, 3λ

i
i a

i
0

0
2 1

2 1

(24)

where η0 and = ⋯+η i, 0, 1, 2, 3i2 1 are constants, composed of e1, e2, and
= ⋯γ i, 0, 1, 2, 3i , and the constant Ia represents the amplitude of the

excitation current. The above equations show that the magnetostrictive
strain is related to the frequency of the excitation current and the odd
power of the amplitude of the excitation current. To obtain the two
order vibration system for Terfenol-D, Eq. (24) is substituted into the
kinetics differential Eq. (11).

∑

+ + +

= + = ⋯
=

∞

+
+
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E S
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2 1 a
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(25)

The steady-state solution of the equation is then calculated as fol-
lows:
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E S
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( ) (1 ℏ ) (2 ℏ)

1 (1 ℏ ) (2 ℏ)

2 ( )

T

i i
i

i i
i

k
k

T T 0 2 1 a2 1

s T T T 2 2 2

0 2 1 a2 1

s
T

2 2 2

0 T equ

0 T h s T T T

r

T T
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where εa and φ indicate the amplitude and phase of the strain, re-
spectively, ς is damping ratio, ℏ represents frequency ratio, and kT is the
stiffness of Terfenol-D. Taking the amplitude amplification factor as M ,
the amplitude prediction model of the horn output is shown below:

= =
∑

+ − +
= ⋯=

∞
+

+

( )
A Mε L

ML η I

ς
i

1 (1 ℏ ) (2 ℏ)
, 0, 1, 2, 3a a T

T i i a
i

k
k

0 2 1
2 1

2 2 2s
T (27)

When the ultrasonic vibrator works in resonant state ( =ℏ 1), the
output amplitude prediction model is expressed as follows:

R

R
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2 1

2 1
1

i i
i

k
k

i
k
k

T 0 2 1 a2 1

s
T

T 2 1
s
T (28)

where A Q I( , )r a indicates the amplitude of the resonance state, the
mechanical quality factor =Q ς1/2 , and ς is damping ratio. Q can also
be defined as:

=
−

Q
f

f f
r

2 1 (29)

where f1 and f2 are the half-power frequencies, respectively.
Substituting Eq. (28) into (27), the odd power amplitude prediction

model at any frequency is shown below:

=
− +

=
− +

A Q I A Q I
Q ς

A Q I
Q

( , , ℏ) ( , )
(1 ℏ ) (2 ℏ)

( , )
[ (1 ℏ )] ℏ

a
r a r a

2 2 2 2 2 2 (30)

Note that the parameter ℏ in Eq. (30) is related to the resonance
frequency, however, because the effect of Young's modulus can change
the resonance frequency [19], the resonance frequency exhibits dif-
ferent resonance frequencies under different excitation currents due to
the EΔ effect.

3. Experiments and discussion

3.1. Illustration of experiment apparatus

The experimental apparatus used in this study is shown in Fig. 4. In
the experiment, an impedance analyzer (PV80A, Bandera, China) was
used to analyze the impedance of GMUT and a high-speed bipolar
power supply (BP4610, NF Corporation, Japan) was employed to gen-
erate the excitation signals. The excitation signals were monitored by
an oscilloscope (MDO3041, Tektronix, USA), and a laser displacement
sensor (LK-H008, Keyence, Japan) was used to measure the amplitude
at the end of the horn. The sampling frequencies of oscilloscope and the
laser displacement sensor were set as 500 kHz and 392 kHz, respec-
tively, and the circuit was compensated by compensation capacitance.
The excitation current was then measured using a current sensor. The
temperature remained constant throughout the experiments and was
monitored by a temperature sensor.

Fig. 4. Experiment apparatus.
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3.2. Parameter identification

To verify the odd power amplitude prediction model of GMUT, the
parameters of the model must be identified. The equivalent stiffness of
the prestress mechanism ks was calculated by measuring the axial dis-
placement of the vibration unit of the prestress mechanism under dif-
ferent forces using a dynamometer and a laser displacement sensor. The
results are illustrated in Fig. 5.

According to Fig. 5, the equivalent stiffness of prestress mechanism
is calculated as = ×k N m2.322 10 /s

7 . Using Eq. (1), the relationship
between the mechanical equivalent stiffness kequ and the equivalent
stiffness kc of the joint face is then obtained as illustrated in Fig. 6.

As shown in Fig. 6, with the increase of the equivalent stiffness of
the joint face kc, the mechanical equivalent stiffness kequ increases
gradually and approaches the equivalent stiffness of the prestress me-
chanism ks infinitely. Therefore, with the increase of the torque on the
joint face of the horn, the mechanical equivalent stiffness approaches
the equivalent stiffness of the prestress mechanism. Fig. 7 illustrates
that the resonant frequency and the mechanical quality factor are po-
sitively correlated with the torque, indicating that the mechanical
quality factor and resonance frequency rise with the increase of torque.
This phenomenon can be explained by formula (31) and (32) [9].

=
+

f
π

k k
m

1
2r

equ T

h (31)

= −c m π f f2 ( )equ h 2 1 (32)

The mechanical equivalent stiffness and the resonance frequency
both increase with the increase of torque. However, as Young's modulus
of Terfenol-D material is usually dozens of GPa [20], the mechanical
equivalent stiffness kequ is smaller than the material stiffness kT of
Terfenol-D. Additionally, because kequ tends to quickly become the
equivalent stiffness of prestress mechanism ks, the resonant frequency
increases little and tends to a certain constant. With the increase of
torque, the mechanical equivalent damping gradually decreases with a
trend to a certain constant, making the mechanical quality factor gra-
dually increase and also tend to a certain constant. It should be noted
that changing the torque does not cause a change to the stiffness of
Terfenol-D.

When the prestress of Terfenol-D increases, as shown in Fig. 8, the
mechanical quality factor increases notably and the resonant frequency
increases and tends to a certain value. This is because with the increase
of prestress, Terfenol-D is compressed and the material stiffness in-
creases and tends to be stable, however, the mechanical equivalent
damping decreases continuously, which makes the mechanical quality
factor enlarge sharply.

3.3. Verification of the amplitude prediction model

To verify the amplitude prediction model of GMUT, several pre-
diction experiments were carried out. Firstly, GMUT’s amplitude pre-
diction with different mechanical quality factors is realized by changing
the torque, because a change of torque will not alter the stiffness of

Fig. 5. Fitted and experimental force–displacement response curves of the
prestress mechanism’s vibration unit.

Fig. 6. Relationship between the mechanical equivalent stiffness and the
equivalent stiffness of the joint face.

Fig. 7. Mechanical quality factor and resonant frequency-torque curves for the
GMUT.

Fig. 8. Mechanical quality factor and resonant frequency-stress curves for the
GMUT.
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Terfenol-D material and the prestress on the material. Thus, GMUT’s
amplitude prediction with different mechanical quality factors can be
realized by altering the torque. Secondly, variable prestress of Terfenol-
D will cause amplitude prediction coefficient R +i2 1 to change in the
amplitude prediction model, therefore, the ultrasonic amplitude of
GMUT subjected to different prestress must be predicted using non-
linear least square fitting according to the selected number i. The ad-
vantages and disadvantages can then be compared.

In the variable torque-amplitude measurement experiment, the
mechanical quality factors of four groups for applied torque =T Nm2 ,
Nm5 , Nm15 and Nm30 were marked as Q1, Q2, Q3 and Q4. Then, taking
=i 1, the fitting curve for measured results for =T Nm2 were obtained,

and the prediction coefficients of the amplitude prediction model are
R = 0.02551 and R = −0.00613 , respectively. Marking the fitting curve
as =AT Nm2 , the amplitude prediction curves of other groups can be
predicted according to the prediction curves using the mechanical
quality factor ratio, as shown in Fig. 9(a). However, in the variable
prestress-amplitude test, as shown in Fig. 9(b), the mechanical quality
factors for =σ MPa8 , MPa17 , MPa26 , and MPa35 were marked asQ1,Q2,
Q3, and Q4, respectively. The amplitude prediction curves obtained are
not able to predict the amplitude of other groups because the prediction
coefficients R +i2 1 in the amplitude prediction model are affected by
prestress and other factors.

To accurately predict the amplitude at different resonance fre-
quencies, the relationship between the resonance frequency and the
excitation current amplitude caused by the EΔ effect is measured. As
shown in Fig. 10, Eq. (33) is obtained.

=
−

I f
f

I
ℏ( , )

20771 30.5a
a (33)

Therefore, for a given GMUT, the impedance analysis is performed
as shown in Fig. 11, and the impedance analysis results are shown in
Table 2. The corresponding amplitude prediction coefficient R +i2 1 is
calculated by selecting different times of i, as shown in Table 3. Curve
fitting of the amplitude and amplitude of the excitation current under
the resonance condition is then carried out.

According to the parameters in Tables 2 and 3, as well as Eq. (28),
and (30), the amplitude prediction models are obtained by =i 0,1,2,3 of
the given GMUT, as shown in Fig. 12, and the obtained fitting curves
have good fitting effect. Therefore, in order to simplify the calculation
and predict the amplitude at different frequencies, =i 0 is selected to
obtain =A I I( ) 10.8251r a a, which can be substituted into the amplitude
prediction model.

=
− +− −( )

A I f I( , ) 10.8251

[482.3(1 )] ( )
a

a

f
I

f
I20771 30.5

2
2

20771 30.5
2

a a (34)

Note that when the current increases to a certain extent, the EΔ
effect will influence the amplitude prediction coefficient, therefore, the
actual current and resonance frequency relationship curve will show a

Fig. 9. Amplitude-current response curves: (a) Amplitude-current response curves under four kinds of torque for horn; (b) Amplitude-current response curves under
four kinds of prestress for Terfenol-D.

Fig. 10. Amplitude-current response curves at the resonant state of the GMUT.

Fig. 11. Impedance circle of the GMUT.
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more complex nonlinear relationship, requiring a higher-order ampli-
tude prediction model. As shown in Fig. 13, the amplitudes obtained at
different excitation frequencies are smaller than those at resonant
states, and when the excitation frequencies are less than a certain fre-
quency range, the slope of the amplitude prediction curve increases
gradually until it is consistent with the slope of the curve at resonant
state as the current increases. As the resonance frequency of GMUT

decreases gradually and approaches the excitation frequency, the slope
of the curve increases gradually, whereas the slope of the curve de-
creases gradually because it is further away from the excitation fre-
quency.

4. Conclusion

In this paper, kinetics analysis of GMUT was carried out, and a
universal quadratic amplitude prediction model based on magnetiza-
tion and magnetostriction was established. By changing the horn joint
face torque and the prestress of Terfenol-D, the mechanical quality
factor of GMUT can be modified and the output amplitude can be more
effectively adjusted. This provides a new method of optimal design and
experimental reference for the study of GMUT. The following conclu-
sions were drawn:

Torque-amplitude experiments illustrated that changing the joint
stiffness of the horn can effectively improve the mechanical quality
factor, and the output amplitude of the resonance state is propor-
tional to the mechanical quality factor. The accuracy and validity of
amplitude prediction can be effectively improved by the appropriate
number of terms of the odd power amplitude prediction model.
Due to the EΔ effect, the material stiffness kT of Terfenol-D will shift
during the vibration process, resulting in amplitude prediction error.
It is known from the amplitude prediction model that decreasing the
equivalent stiffness ks of the prestress mechanism can minimize the
error due to the EΔ effect, and can also increase the vibration am-
plitude to some extent. The minimum value of ks is limited by the
structure of GMUT itself, which can affect the maximum torque that
the horn can achieve and the maximum prestress that Terfenol-D is
subjected to, thus limiting the maximum mechanical quality factor
of GMUT. Additionally, the greater the mechanical quality factor,
the worse the amplitude stability. This presents a relatively optimal
engineering design optimization problem.
Experiments on the amplitude of GMUT with excitation signals of
different frequencies illustrated that the amplitude increases non-
linearly with the increase of current, and the odd power amplitude
prediction model has good applicability and can effectively char-
acterize the vibration performance of GMUT. This further verifies
the validity and accuracy of the proposed kinetics model.
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