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Abstract: Today, ultrasonic transducers are commonly
used in various industries. Most of the ultrasonic transdu-
cers used in industry are of the longitudinal and piezoelec-
tric type. With the development of the application of these
transducers in recent years, the need for small-sized trans-
ducers has arisen. In the present research, the vibration
behavior of the Langevin transducer with four piezoelec-
tric layers is studied using the simple theory and finite
element model. For this purpose, by extracting the gov-
erning equations and the corresponding boundary condi-
tions, the characteristic equation of the system is derived,
and the effect of various parameters on the natural fre-
quency of the system is studied analytically. Through the
finite element simulation analysis of the modal, natural fre-
quencies, frequency response, and vibration mode shapes
of the transducer are obtained. Finally, the optimal values
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are determined to achieve the minimum length for the
transducer. The results show that in the case of using alu-
minum electrode layers, the minimum transducer length
of 87.47mm is achieved with the electrode thickness
equivalent to 6 mm. It is about 6% shorter than the cor-
responding transducer length with a copper electrode.
Aluminum electrodes in the Langevin transducer under
study achieve the optimal size for the transducer.

Keywords: ultrasonic transducers, vibration characteris-
tics, Euler, Bernoulli beam theory, optimum dimensions

1 Introduction

Ultrasonic vibration has been commonly used in various
fields, such as cleaning surfaces, material separation, mea-
suring residual stress, inspecting defects inside parts, and med-
icine (destruction of cancerous tumors, breaking stones created
inside the body, etc.). Moreover, due to its undeniable and
positive effects, it has been applied in many other fields, such
as different production processes, including turning, drilling,
welding, etc. The application of ultrasonic vibration in the pro-
cesses of turning and drilling reduces the chipping forces and
increases the smoothness of the surface (Madinei et al. 2013,
Beirami et al. 2023). In metal forming processes, the use of
ultrasonic vibration reduces the forming forces and increases
the elasticity (Zhao et al. 2023, Yuan et al. 2023, Gu et al. 2024).
Also, using vibrations in friction stir welding improves the
welding quality and reduces the axial force of the tool during
welding (Wang et al. 2023). Considering that the transducer is
one of the main components in producing ultrasonic waves,
whose main task is to convert electrical energy into mechanical
energy, it has attracted the attention of many researchers.
Piezoelectricity and flexoelectricity are two mechan-
isms by which materials convert mechanical energy into
electrical energy (Beni 2022a, b, Dehkordi et al. 2023). Piezo-
electricity works best in specific crystals where stress
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creates an electrical response, while flexoelectricity uses
strain gradients (uneven deformation) to achieve the same
effect and works in all materials (Samani and Beni 2018, Jahan-
ghiry et al. 2016, Maleki and Mohammadi 2017, Minaei et al.
2021, Ghobadi et al. 2021). Piezoelectricity is a mature technology
with many applications in sensors and actuators, while flexoe-
lectricity is a newer field with potential for miniaturized devices
and energy harvesting (Fallah and Arab Maleki 2021, Li et al.
2022a, 2024). The standard model of an ultrasonic transducer
consists of several piezoelectric ceramic discs and two resonant
rods (amplifiers). Piezoelectric materials in transducers have
the property to act as sensors (Balali Dehkordi and Tadi Beni
2024, Tadi Beni 2016, Beni and Beni 2022). A piezoelectric mate-
rial undergoes a length change due to an electric discharge or
voltage change that is transmitted through the generator to the
electrodes and from the electrodes to the piezoelectric plates
(Piao and Kim 2017, Zhang et al. 2016). The length change causes
longitudinal vibrations in the members. One of the most widely
used types of transducers is Langevin transducers, which con-
sist of four piezoelectric ceramic discs sandwiched between two
cylindrical masses. Vjuginova (2019) pioneered the modeling
and formulation of sandwich ultrasonic transducers, marking
a seminal contribution in the field. Subsequently, researchers
have introduced a plethora of design and modeling methodol-
ogies, including the equivalent electrical circuit, one-dimen-
sional and three-dimensional analytical methods, matrix
networks, and numerical techniques (Liu et al. 2024, Ma et al.
2024, Pérez-Sanchez et al. 2020). Li et al. (2022b) analyzed and
designed piezoelectric transducers with a central mass in which
the piezoceramics on both sides of the central mass have the
same polarity and presented an electrical circuit model for
the design of this type of transducer. Adachi et al. (2018) inves-
tigated the use of a Stumpy transducer to increase the mechan-
ical quality factor of high-power transducers with high
resonance frequency. Wellendorf et al. (2024) investigated the
vibration behavior of Langevin transducers using a three-
dimensional finite element model. The results of their study
showed that due to the coupling of radial and longitudinal
vibration modes, it is better to use transducers with a larger
diameter. Sun et al. (2010) studied longitudinal vibration char-
acteristics of cylindrical piezoelectric transducers with different
electrode arrangements using the finite element method and
experimental tests. Lu et al. (2017) proposed a new structure for
Langevin ultrasonic transducers. Wu et al. (2018) presented new
Langevin transducers based on the use of polymer materials.
The results of their study showed that the transducers based on
polymer materials have good performance. Zheng et al. (2023)
introduced a double-armed cone-shaped flexoelectric trans-
ducer. Theoretical analysis was conducted on the vibration
frequency of the tuning fork structure and the derivation of
the bandwidth formula. Subsequently, simulation studies were
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carried out to investigate the electrode width and thickness of
the cone structure. These simulations aimed to analyze various
aspects of the transducer’s performance, including output
response, resonant frequency, bandwidth, and output impe-
dance. Wang et al. (2019) presented new piezoelectric transducers
and investigated their performance. They also investigated the
static and dynamic efficiency of the transducers. In their study,
after the construction of the transducer, the optimal working
points of its performance, including the optimal values of axial
and peripheral magnetic fields and torsional preload (to increase
the range of torsional oscillation), were obtained. Karafi and
Kamali (2021) investigated the frequency response of Langevin
transducers using the electromechanical continuous medium
model. They studied the effect of transverse vibrations, dielectric
losses, and damping on the performance of these transducers.

Considering the growing demand for miniaturized high-
power piezoelectric ultrasonic transducers in diverse fields
like medical ultrasound, material processing, and nondestruc-
tive testing, this research presents a novel approach to opti-
mizing their design. This study presents the optimization of
high-power piezoelectric ultrasonic transducers, which is a
very important task in many different industrial applications.
Particularly, the detailed analysis of electrode thickness and
type variations in the frame of optimizing Langevin transdu-
cers is the focus of this research work. In a word, the objective
will be to find the length of the transducer while maintaining a
constant natural frequency. This ensures that the transducer’s
performance remains consistent amidst electrode alterations,
allowing for investigation into the stimulation of piezoelectric
oscillatory displacement on transducer output using the energy
method. Utilizing the simple theory, we derive the vibration
equation for transducers with four piezoelectric layers, preser-
ving their inherent properties. Subsequently, we explore
the influence of diverse parameters on transducer perfor-
mance through analytical solutions. Additionally, our research
involves modeling and analysis of various horn shapes using
finite element analysis, aiming to ascertain resonance fre-
quency, vibration amplitude at the tool end, and mode shape
alongside the horn profile. This endeavor seeks to innovate by
developing a novel horn profile capable of generating heigh-
tened vibration amplitudes at the tool end, surpassing those
achieved by conventional profile shapes.

2 Materials and methods

In this study, the effect of the thickness, type of electrodes,
and material properties on the frequency response of an
ultrasonic transducer is examined by analytical and finite
element models. In this section, an analytical model based
on the Euler-Bernoulli beam theory (Xie et al. 2024, Wang
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et al. 2024) is first presented, followed by a detailed discus-
sion of the finite element simulation.

2.1 Analytical modeling

Due to its wide application in the industry, in this research,
the transducer having four piezoelectric layers with dif-
ferent dimensions and types is investigated. In this section,
the governing vibration equation and boundary conditions
are presented for the transducer with four piezoelectric
layers, ignoring the damping effects. Figure 1 shows the
Langevin transducer with four piezoelectric layers under
extensive longitudinal loading f(x, t) of forces Py and P;, at
both ends. The thickness of the electrodes t, is considered
equal, and so is the thickness of the piezoelectric layers .
The Young’s modulus and density are denoted by E and p.
The subscripts b, e, p, and m denote backing, electrode,
piezoelectric, and matching of the transducer, respectively.

In this study, we focused on analyzing structures with dimen-
sions on the order of millimeters. While it is recognized that size
effects can be significant in smaller-scale structures, particularly
in the micro- and nano-scale range, it is important to consider the
appropriateness of nonclassical theories such as couple stress
theory about the scale and context of the study. Given the milli-
meter-scale dimensions of the structures under investigation, the
effects typically observed at the micro- and nano-scale may not be
as pronounced (Pourreza et al. 2021, Alijani 2022, Rezaee and
Maleki 2015). Therefore, classical theories, which are well-estab-
lished and widely accepted for macro-scale applications, were
utilized for modeling the behavior of these structures.

By using Hamilton’s principle and considering the simple
theory (Rao 2019), the equations governing the behavior of
the longitudinal vibrations of the transducer can be derived.
According to the simple theory, when a bar undergoes defor-
mation, its cross sections that were originally flat remain flat
throughout the process. Additionally, except for the displace-
ment component parallel to the bar’s longitudinal axis, other
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Figure 1: Dimensional model of the Langevin piezoelectric transducer.
Source: Created by the authors.
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Langevin ultrasonic transducers

displacement components within the bar are considered neg-
ligible. As the purpose of this research is to investigate the
effect of the electrode characteristics on the natural frequen-
cies of the system, damping has not been considered. For
dynamic systems, Hamilton’s principle is expressed as

6I(T ~ U+ W)t =0, @

4

where T, U, and W, respectively, represent kinetic energy,
strain energy, and work done by external forces.

The strain energy caused by the axial strains of the
system is obtained as follows:
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Similarly, the kinetic energy due to the longitudinal
motion of the system is obtained as
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Considering the external forces acting on the system,
the work done by these forces is obtained as follows:
L
W = Pu(0, £) + Pu(L, £) + [f(x, Dulx, dx. @)
0

By using equations (2)-(4) and equation (1), and by
applying part-by-part integration and performing some
mathematical simplification operations, the governing
equation of motion can be briefly obtained as

o%u o%u
POOAC) 7 ~EAW 7 =fen, O
where
9
pOO) = Y pOONH(X), ®)
j=1
9
E(x) = Y E()NH(), Y
j=1
9
AX) = Y ACONH (), ®
j=1

in which H(x) represents the unit step function and

AHj(X) = H(X = Lis)) - HX - L), j=1, 2., 9. (9)

In the following, the analysis of the free vibrations of the
transducer with four piezoelectric layers is discussed, and the
relevant equations are extracted and presented along with
the corresponding boundary conditions. To check the free
vibrations, the external force is removed from equation (5),
and the governing equation is rewritten as

o’u  d*u p(x)
C(X)¥=W, C(x)=,/%,

where c(x) is the sound velocity in the material.

Using the method of separating variables and
assuming a harmonic response, the solution of the above
equation can be considered as

(10

w(x, £) = Xi(x)e“ AH;(x). an

As a result,
10 10
u(x, t) = Y uix, DAH;(X) = Y Xi(x)e“'AH;(x). (12)
j=1 j=1

Substituting the above relationships in equation (10),
the mode shape in each part of the transducer is
obtained as

w Y
X](X) = aj cos ?(X - L]'_l) + bj sin ?(X - L]'_l). 13)
) ]
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Considering the boundary conditions and obtaining the

coefficients a}k) and b}k), the natural frequency w is
obtained, and finally, the general mode shape is obtained as

10
$00 = Y X1 AH;(x)

j=1
10
w ) (149
= Y |a¥cos ?(X - Li) + bsin ?(x - Liy)
j=1 7 ]
- AH;(x).
Each of the components of the ultrasonic set, including
the transducer (backing, piezoelectric layers, and

matching) and the horn, is actually a free part that is
placed together. Under the effect of harmonic oscillations
of piezoelectric layers and according to the vibration prop-
erties of the continuous elastic body, they begin to vibrate
in a balanced manner. There is no constraint limiting the
movement between these components because the whole
set can perform its oscillating task without being con-
nected to the external environment. Only the effects
caused by the stability of their momentum lead to the
chain vibration of other elements, and the boundary con-
ditions between them will be of the force type. This means
that the boundary conditions of each component, such as
the transducer, are considered to be two free ends. Since
each of the components of the ultrasonic set is designed to
vibrate at its natural frequency with the boundary condi-
tion du/dx = 0, at the beginning and end of each compo-
nent, the maximum vibrations (antinodes) occur, and
nodes are formed between them. Clamping of the set is
also done at the node point of a component, and therefore,
the boundary condition of each component, such as a
transducer, is considered as two free ends.

Using the boundary conditions obtained from the rela-
tions and the assumption of harmonic response, the boundary
conditions can be rewritten as the following relations:

X(0) =0, (15)

AiX{(L;) = A1 X{11(Lis)

Xi(Ly) = Xis1(Lis1)

i=1 2, .., 10.

By substituting equation (13) in the above boundary
conditions, the coefficients a; and b; are calculated. Since
all of the coefficients are calculated in terms of aj, for
simplification, it can be assumed to be equal to 1. From
the last relation of the boundary conditions, an equation
is obtained as follows, from which the natural frequency of
the set can be obtained:

w . (- Ly w w(L - Ly)
— sin ——= + byy— cos ———— =

Co Co Co Cio

0 0. A7
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Figure 2: Finite element model of the Langevin transducer. Source:
Created by the authors.

2.2 Finite element simulation

Finite element method (FEM) plays a crucial role in the
design and analysis of complex systems (Esmaeili et al.
2023, 2021, Esmaeili and Andalibi 2019, Ghaderi et al.
2015), such as ultrasonic transducers, by providing detailed
insights into their physical behavior under various condi-
tions (Baghal et al. 2021, Pouraminian et al. 2024, Khosravi
and Amjadian 2024, Khosravi et al. 2021). In the transdu-
cer’s structure, the ceramic ring is pivotal for converting
electrical energy into mechanical energy. Consequently, it
is crucial to precisely calculate the values needed for the
FEM model (Khosravi et al. 2025). The parameters of
ceramic materials are calculated based on their linear elec-
trical behavior. Linear electrical behavior and Hooke’s law
of ceramic materials are as follows:

D =¢E, (18)

S =sT, (19

where D and ¢ are the electric charge density displacement
and permittivity, and E stands for the electric field
strength. S denotes strain, s is compliance under short-cir-
cuit conditions, and T is the stress tensor.

The finite element model of the transducer was cre-
ated in ABAQUS software, as illustrated in Figure 2. The

Table 2: Material properties of the PZT4 piezoelectric material

Langevin ultrasonic transducers == 5

Table 1: Mechanical specifications of different parts of the transducer

Electrode Matching Piezoelectric Backing
Young’s Cu: 130 210 67.4 72
modulus (GPa) Al: 70
Density (kg/m3) Cu: 8,960 7,850 7,600 2,700
Al: 2,700
Length (mm) Cu: 0.3-2 45 5 43
Al: 2-10

model employs C3D20 elements for conventional material
parts and C3D20RE elements for the ceramic material. The
parameters for the PZT8 ceramic material were calculated
based on the theoretical framework described above, and
the results are presented in Tables 1 and 2. The resonant
frequency of the system is evaluated under free-standing
conditions. This condition assessment provides a compre-
hensive understanding of the system’s dynamic behavior.
The analysis of the resonant frequency under free condi-
tions allows for the determination of the system’s natural
frequency, unaffected by external interactions. The mode
shape analysis further elucidates the deformation patterns
and vibrational characteristics of the system, offering cri-
tical insights into its performance and stability. This com-
prehensive approach ensures a thorough understanding of
the transducer’s behavior in various operational scenarios.
The boundary conditions were defined as in the study of
Patel et al. (2021). The mesh used in this work is a hybrid
with explicit solvers. In total, this mesh has 206,841 nodes.
By this setup, a very accurate and fine examination of the
system’s behavior is achievable, where all of the material
and structural dynamics will be well represented inside
the finite element model. The PZT4 transducer material
and its properties were modeled as presented in Tables 1
and 2, respectively. These tables are part of an extensive
reference when defining material characteristics and opera-
tional parameters required to perform an accurate mod-
eling and analysis of the performance of the transducer.
Dynamic analysis, using finite element analysis, will extract
the deformation of the transducer when a voltage is applied
to the piezoelectric layers. This process allows for analyzing
how the application of voltage influences the structural
response of the transducer, providing information on its
mechanical behavior under operation conditions.

Permittivity Stiffness matrix (MPa)

Stress matrix (C/m?) Relative permittivity

8.854 x 104 F/m 1 =G =13.9, ¢y =7.78, (31 =(C3= 7.43, caq = 3.06,

C55 = Cep = 2.56

e31 = -5.2, e33 = 15.9,
e5 =127

€1 = 1,472, €5, = 1,509, €33 = 1,280
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3 Results and discussion

In this section, the effects of changing the material as well
as changing the thickness of the electrodes used in the
transducer are investigated. In extracting the results, the
properties of the parts, including backing, matching, and
piezoelectric layers, are constant, and by changing the
lengths of backing and matching, the natural frequency
of the set is considered to be constant at 20 kHz.

It should be noted that the following results are
extracted according to the values in Table 1. In order to
examine the effect of different constraints on the natural
frequencies of the transducer, the influence of the thick-
ness of the electrode and piezoelectric layers on the first
natural frequencies is shown in Figures 3 and 4. According
to Figure 3, it can be seen that, in general, with the increase
in the thickness of the electrode layers, the natural
frequency decreases. By increasing the thickness of the
piezoelectric layers from 10 to 50 mm, the first natural
frequency is reduced for the cases of copper and alu-
minum electrodes by about 27 and 24%, respectively.
Therefore, it can be concluded that the amount of fre-
quency reduction for the copper electrode is greater than
that of the aluminum electrode. In addition, the results
demonstrate that due to the high elastic modulus of copper,
under the same conditions, the frequency of the transducer
with copper electrode layers is higher than the corre-
sponding case of aluminum. Similar results can also be
observed, as shown in Figure 4, for the effect of the thick-
ness of the piezoelectric layer on the natural frequency
values of the transducer. It can be seen that the use
of copper electrodes increases the natural frequency
values compared to the corresponding use of the alu-
minum electrodes, and this effect is more evident as the
length of the piezoelectric layers increases. For instance,

=0=0= Cu Electrode
-o—eo- Al Electrode _|

Frequency (kHz)
o
T

0 10 20 30 40 50

Elcctrode layer thickness (mm)

12

Figure 3: Influence of the electrode thickness on the first natural fre-
quency of the transducer. Source: Created by the authors.
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Figure 4: Influence of the piezoelectric thickness layer on the first natural
frequency of the transducer. Source: Created by the authors.

for piezoelectric layers with a thickness of 50 mm, the nat-
ural frequency of the transducer with the copper electrode
is about 8.4% higher compared to the corresponding case
of using the aluminum electrode. The differences in nat-
ural frequency trends between copper and aluminum elec-
trodes can also be explained by their distinct material
properties. The higher elastic modulus of copper results
in greater stiffness, increasing the natural frequency but
limiting size reduction. In contrast, aluminum’s lower stiff-
ness enables more effective optimization at the expense of
a slightly lower natural frequency. Future studies could
benefit from investigating these mechanisms in more
detail, particularly by incorporating advanced modeling
techniques to capture complex interactions between mate-
rial properties and transducer performance.

Figure 5 shows the effect of backing length on the
values of the first natural frequency. It can be seen that
with the increase of the backing length, the natural fre-
quency decreases, and the reduction rate of the natural

50 T T T T

=0=0= Cu Electrode
40 -o—eo- Al Electrode |

Frequency (kHz)
(98]
(=)

[\
(=)

10 | | |
0 20 40 60 80
Baching length (mm)

100

Figure 5: Effect of the backing length on the first natural frequency of
the transducer. Source: Created by the authors.
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Table 3: Suitable values of backing and matching lengths for different thicknesses of copper electrodes

No. Frequency (kHz) Overall transducer length (mm) Thickness (mm) Matching length (mm) Backing length (mm)
1 20.020 94.57 0.3 57.42 15.95
2 20.019 94.71 0.5 56.88 15.83
3 20.046 94.15 0.7 55.81 15.54
4 20.038 94.00 0.9 55.08 15.32
5 20.109 93.93 1.1 54.36 15.17
6 20.020 93.88 13 53.74 14.94
7 20.014 93.68 1.5 52.92 14.76
8 20.000 93.67 1.7 52.28 14.59
9 19.987 93.39 1.9 51.48 14.31
10 20.001 93.07 2.0 50.83 14.24

frequency is less at high values of the backing length. In
addition, the results show that for the backing length
greater than 30 mm, the first natural frequency of the
transducer is almost the same for both types of copper
and aluminum electrodes. The observed reduction in nat-
ural frequency with increasing electrode thickness can be
attributed to the added mass and reduced stiffness of the
transducer system. This mass—stiffness interaction plays a
critical role in determining the system’s vibrational char-
acteristics. Additionally, the superior performance of alu-
minum electrodes in minimizing transducer size is closely
related to their lower elastic modulus, which allows for
better vibration damping and material flexibility, leading
to more compact designs.

Considering the fixed operating frequency of 20 kHz,
appropriate values of backing and matching lengths are
presented in Tables 3 and 4, considering the different thick-
nesses of copper and aluminum electrodes. According to
the results, it can be seen that, in general, by increasing the
thickness of the electrode layers, the lengths of the backing
and matching parts decrease. Increasing the electrode thick-
ness from 0.3 to 2.0 mm, the thickness of the backing and

matching parts decreases by about 13 and 10%, respectively.
In addition, the results display that for this increase in elec-
trode thickness, the overall transducer length decreases by
about 1.7%. The results shown in Table 3 demonstrate that
the transducer length first increases by increasing the elec-
trode thickness (from 0.3 to 0.5 mm). Then, by increasing the
thickness from 0.5 to 0.7mm, the transducer length
decreases, and the minimum length is obtained for the
copper electrode thickness equal to 2.0 mm.

However, such a result is not true for the aluminum
electrode, and although the lengths of the backing and
matching parts decrease with the increase of the electrode
thickness, the overall transducer length does not follow this
trend. The results obtained for the effect of the aluminum
electrode thickness in Table 4 show that the transducer length
first increases by increasing the electrode thickness (from 2 to
6 mm). Then, by increasing the thickness from 7 to 12 mm, the
transducer length decreases. Based on the results presented
in Table 4, it can be seen that the minimum transducer length
is achieved for the thickness of the aluminum electrode layer
equal to 6 mm, and its value is equal to 8747 mm. These
results show that the use of aluminum electrodes in the

Table 4: Suitable values of backing and matching lengths for different thicknesses of aluminum electrodes

No. Frequency (kHz) Overall transducer length (mm) Thickness (mm) Matching length (mm) Backing length (mm)
1 20.043 92.49 2.0 50.4 14.09
2 19.999 91.37 3.0 46.44 12.93
3 20.017 90.36 4.0 42.48 11.88
4 20.025 89.54 5.0 38.79 10.75
5 20.065 87.47 6.0 34.02 9.45
6 20.046 89.29 7.0 31.54 8.75
7 19.987 88.96 8.0 29.66 8.30
8 19.984 88.45 9.0 25.45 7.0
9 20.085 88.06 10.0 21.96 6.1
10 20.007 93.26 12.0 20.06 5.2
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Table 5: First three frequencies of the classical Langevin transducers

Frequency Sun FEM (Sun Present Error (%)
et al. et al. 2010) work
(2010)
First 55.66 55.65 53.68 3.52
Second 205.65 205.61 201.37 2.06
Third 269.71 269.81 257.89 4.42

Langevin transducer under investigation achieves the most
optimal size for the transducer.

To validate the results presented in this research, the
results of Sun et al. (2010) are used. Sun et al. (2010) inves-
tigated the vibration characteristics of the classical Lan-
gevin transducers using the numerical method and ATILA
finite element software. Considering the geometry of Sun
et al. (2010), the first three natural frequencies of the
system are compared in Table 5. As can be seen, the max-
imum error is less than 5%. The cause of this error can be
explained by different theories used as well as different
methods of solving equations.

To examine the impact of mesh size on the vibration
amplitude and resonant frequency of the ultrasonic trans-
ducer, a series of numerical simulations was conducted

U, Magnitude
+2.534e-05

+2.323e-05
+2.112e-05
+1.901e-05
+1.690e-05
+1.478e-05
+1.267e-05
+1.056e-05
+8.448e-06

+6.336e-06
+4.224e-06
+2.112e-06
+0.000e+00

U, Magnitude

+3.707e-05
+3.398e-05
+3.089e-05
+2.780e-05
+2.472e-05
+2.163e-05
+1.854e-05
+1.545e-05
+1.236e-05

+9.268e-06
+6.179e-06
+3.089e-06
+0.000e+00

DE GRUYTER

with model mesh sizes ranging from 0.1 to 1mm.
Specifically, simulations were performed with mesh sizes
of 0.1, 0.2, 0.5, 0.8, and 1mm, respectively. The results
obtained from these simulations for samples No. 5 and
No. 10 in Table 2, particularly focusing on the case where
the mesh size is 0.2mm, are presented in Figure 6. The
present systematic analysis will therefore give a compre-
hensive grasp of variations in mesh size in the dynamic
behavior and performance of the transducer for optimiza-
tion within the numerical model for arriving at true and
dependable forecasts. For these reasons, as compared with
theoretical values concerning the resonance frequency,
choosing a mesh size value of 0.2 mm is very reasonable.
The resonant frequency of the vibrating structure from
modal analysis was 19,180 Hz. This value deviates by a
very small margin of 0.8% from the resonant frequency
as determined by the analytical model, which was calcu-
lated to be 20,001 Hz. The agreement of the numerical and
analytical results verifies that the finite element model is
accurate enough to capture the dynamic behavior of the
system. These results put into evidence the trend of how
electrode material and thickness would impact the trans-
ducer performance due to interactions between mass and
stiffness with geometric constraints. Inertia from addi-
tional material, for instance, can account for a decrease

(b)

Figure 6: Vibration amplitude and first mode shape of the ultrasonic transducer: (a) sample No. 5 and (b) sample No. 10. Source: Created by the

authors.
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Figure 7: Finite element mode shape in four different configurations of
the Langevin transducer for a voltage of 400 V. Source: Created by the
authors.

in natural frequency with increased electrode thickness.
Similarly, the observation of aluminum electrodes yielding
a smaller size of the transducer compared to copper can be
related to the lower density and elastic modulus, allowing
a greater degree of structural optimization. These findings
underscore the importance of material selection in
designing efficient and compact transducers, guided by a
detailed understanding of the physical mechanisms under-
lying their behavior.

The vibration mode shape of the transducer is
achieved using the finite element model at a voltage of
400V. As depicted in Figure 7, the system of sample No.
10 exhibits three nodal points. The booster’s nodal plane
must align with the flange to prevent the transmission of
oscillations to the welding machine structures. Addition-
ally, this figure enables the calculation of the magnification
factor for each component, providing valuable insights
into their vibrational characteristics and distribution.
The results reveal that for samples 2, 5, 8, and 10, the max-
imum range of longitudinal displacement of the transducer
is 22.5, 25.4, 33.2, and 37.5 um, respectively. Consequently,
the maximum range of transducer No. 10 exceeds that of
transducer No. 8 by approximately 10%. This comparison
underscores the varying degrees of longitudinal displace-
ment exhibited by different transducer samples, high-
lighting transducer No. 10 as the most pronounced in terms
of displacement magnitude among the mentioned samples.
Furthermore, it is evident that the shape of the vibration
modes is strongly influenced by the configuration of the
piezoelectric layers of the transducer, in addition to the
maximum displacement. This underscores the importance
of carefully examining the results of finite element simula-
tions for the appropriate design of the transducer. By
considering both the maximum displacement and the
vibration mode shapes, engineers can ensure that the
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Figure 8: Frequency-response curve of front and back end-faces.
Source: Created by the authors.

transducer is effectively designed to meet its intended per-
formance requirements.

Using the electric-structure coupling model, a harmonic
response simulation is applied to the ultrasonic transducer.
The modal superposition method is employed for this har-
monic response analysis. This analysis is performed to
determine the amplification coefficient of the transducer.
A 300V alternating voltage is applied to the face of the
PZT, and the resulting harmonic response curves are illu-
strated in Figure 8. This figure illustrates the displacement
of the center point on both the front face and the back face.
Under a driving voltage of 400 V, longitudinal displacement
and transducer voltage were measured in a finite element
model, and the results are presented in Figure 9. Notably, a
distinct peak in displacement and sensor voltage emerged at
aresonant frequency of 20 kHz. The observed sensor voltage
closely mirrored the displacement, exhibiting a strong cor-
relation between the two parameters. These findings indi-
cate a robust relationship between the displacement and

40 T T T T 1
g
v ———— Displacement .
= 30F  — Sensor Voltage 1075 2
£ o
3 £
< 20f s
8 5
E Z
5 &
g 10 #
A
0 1
0 5 10 15 20 25

Resonant Frequency (kHz)

Figure 9: Frequency-response of sample No. 10 under a driving voltage
of 400 V. Source: Created by the authors.
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sensor voltage, confirming the sensor’s capability to accu-
rately reflect changes in displacement.

Simplifications made in the analytical model, such as
disregarding wave reflections on the contact surfaces, can
introduce errors in calculating the admittance and vibration
amplitudes. Investigating the impact of voltage variations on
the physical properties of piezoceramics constitutes a focus of
our forthcoming research endeavors. This exploration aims
to provide deeper insights into how changes in voltage influ-
ence the behavior of piezoceramic materials, thus enhancing
the accuracy and reliability of our analytical predictions.

It is important to note that the conclusion regarding
the optimality of aluminum electrodes in minimizing the
size of the Langevin transducer is based solely on a com-
parative analysis between aluminum and copper. The
observed advantage of aluminum stems from its lower
density and elastic modulus, which contribute to reduced
transducer dimensions while maintaining the desired nat-
ural frequency. However, this analysis does not account for
the potential performance of other materials, such as tita-
nium, magnesium alloys, or advanced composites, which
may offer further optimization in size, efficiency, or other
performance metrics. Future studies will extend this work
by incorporating a broader range of materials to validate
the findings presented here or identify alternative mate-
rials that could yield superior results.

4 Conclusion

In this study, the vibration behavior of the Langevin trans-
ducer was examined using the continuous theory of rods.
Through this analysis, the impact of various parameters on
the transducer’s vibration characteristics was investigated.
Additionally, a finite element model was incorporated into
the study to further enhance the analysis. The research
efforts culminated in determining the geometric specifica-
tions necessary to minimize the size of the transducer. The
findings revealed that increasing the thickness of the elec-
trode layers leads to a reduction in the natural frequency
of the transducer. Specifically, as the thickness of the piezo-
electric layers increased from 10 to 50 mm, the natural
frequency decreased by approximately 27% for copper
electrodes and 24% for aluminum electrodes. Notably,
this frequency reduction was more pronounced for copper
electrodes compared to aluminum electrodes. Moreover,
with a thickness of 50 mm for the piezoelectric layers,
the natural frequency of the transducer with copper elec-
trodes was approximately 8.4% higher than that with alu-
minum electrodes. Additionally, increasing the thickness of
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the copper electrode from 0.3 to 2.0 mm resulted in a
decrease of about 13 and 10% in the thickness of the
backing and matching parts, respectively, along with a
1.7% reduction in the overall transducer length. The study
concluded that utilizing aluminum electrodes in the
Langevin transducer yielded the optimal size. Moving
forward, these findings provide valuable insights into opti-
mizing the design of Langevin transducers in future appli-
cations, especially with the incorporation of finite element
modeling to further refine the analysis.

Building on this research, future work could involve
real-world testing (experimental validation) of the
designed transducers to confirm theoretical and simula-
tion results. Additionally, exploring more complex beam
models (like Rayleigh theory) for a more comprehensive
analysis, and developing a multi-objective optimization
framework that considers factors like size, efficiency,
power output, and bandwidth tailored to specific applica-
tions could lead to even more refined miniaturized high-
power Langevin transducers for various fields. This study
demonstrates that aluminum electrodes yield a smaller
transducer size compared to copper, primarily due to
their lower density and elastic modulus. However, this
conclusion is limited to the materials analyzed. Future
work will explore additional materials to validate these
findings and identify other potential options for further
optimization.
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