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ARTICLE INFO ABSTRACT
Keywords: The Langevin transducer is a widely used power ultrasonic device across both medical and
Langevin transducer industrial applications, from orthopaedic surgery to drilling and welding. It is a sandwich-

Spectral element method
Timoshenko beam
Piezoelectricity

type device which typically consists of piezoelectric ceramic rings between two metallic end-
masses. The transducer is commonly operated at a particular resonant mode to deliver ultrasonic
vibrations to a target structure of interest, and is generally modelled using approaches including
the transfer matrix method and electromechanical equivalent circuit methods. Here, we propose
a variational framework to study the dynamics of the Langevin transducer based on the
Timoshenko-Ehrenfest beam theory and Hamilton’s principle. The variational equation derived
from this model is then discretized by the standard finite element method with spectral
elements. To verify the proposed one-dimensional electromechanical model, the computed
resonance frequencies, or natural frequencies, of the one-dimensional model are compared to
those of a three-dimensional finite element model with respect to varying geometry parameters
characterizing the transducer. The results of the reduced one-dimensional and full three-
dimensional models are then compared to those measured through an experimental investigation
consisting of laser Doppler vibrometry. This is undertaken for the first ten eigenfrequencies,
including longitudinal and bending modes, where normalized amplitudes and vibration mode
shapes are reported. The close correlation between modelling and experiment demonstrates that
the proposed one-dimensional electromechanical model can deliver results consistent with the
full three-dimensional model and from experiment, thus verifying a rapid and reliable method
for studying the free vibrations and dynamics of the Langevin transducer which accounts for the
axial vibrations of the piezoelectric ceramic stack in all cases.

1. Introduction

Langevin transducers are commonly used in both medical and industrial applications as the fundamental component of a power
ultrasonic system, such as ultrasonic scalpels [1-3], drilling [4-6] and welding [7-9]. The fundamental configuration of Langevin
transducers generally consists of a front mass, a back mass, a composite stack consisting of lead zirconate titanate (PZT) rings
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with electrodes, and a preloading bolt which is used to compress the entire configuration together [10,11]. This straightforward
configuration makes manufacturing convenient, and there is generally reliable output power achievable given the relatively high
degree of control possible on the transducer manufacturing process.

When an electrical input is applied to the PZT stack, the transducer can vibrate freely to achieve specific vibration mode shapes,
such as longitudinal, bending, and torsional modes [12,13], and it is common for the Langevin transducer to be tailored to low
ultrasonic frequencies, with modal behaviours tuned in the 20 kHz to 100 kHz range [14]. The Langevin transducer has been the
subject of detailed study for many years, both experimentally [15-18] and through linear piezoelectricity based simulation [19,20].
It is crucial to simulate dynamic properties such as resonance frequency and mode shape, especially through the electromechanical
coupling model since dynamic properties are highly dependent on electrical input [21,22]. The electromechanical model of the
Langevin transducer can be constructed in terms of the constitutive relations of piezoelectric materials [23-25]. As a guide to the
design process, simulation results should be precise thus ensuring consistency with experimental results and reducing the demands
on time involved in design.

Mathematical methods have been devised to study the dynamics of ultrasonic transducers. For example, the transfer matrix
method [26-28], analytical modelling [29-31], and equivalent circuit method [32-34] are three of the most frequently used ap-
proaches. In these methods, the key idea is to establish the dynamic relationship between the resultant forces and the generalized
degrees of freedom at the boundaries of each component of the transducer. However, up to this point, no electromechanical model
has been proposed to account for the axial motions of the PZT stack in each vibration mode, including those such as bending motions
of the transducer which will still generate such axial motions. When a voltage is applied to the PZT stack to drive the transducer, it
experiences an axial strain caused by the electrical field parallel to the polarization direction [35], irrespective of the vibration mode
shape utilised. Thus, the axial strain of the excited PZT stack, and consequently the axial displacement, should be properly accounted
for in the analytical beam model.

To incorporate the axial motions of the piezoelectric ceramic stack and to develop a numerically effective tool for simulating
the dynamics of the Langevin transducer, a one-dimensional (1D) Timoshenko-Ehrenfest beam model is proposed, as a reduction of
the full three-dimensional (3D) model. It is important to note that this beam consists of several segments made of three different
materials, two of which can be modelled as isotropic elastic materials, and the other as a transversely isotropic piezoelectric material.
These segment structures are generalised as a solid beam with a circular cross-section, a solid beam with an annular cross-section,
and a composite beam with the combination of circular and annular cross-sections.

Regarding the constitutive modelling of piezoelectric materials, the strain-charge relationship is utilised to describe the strain
responses in the presence of the electric field [36]. The variational principle is developed for the 1D model by the reduction of
the 3D constitutive law to the 1D version. This is a significant and novel development, as there has not yet been any variational
framework established for a composite beam made of multiple elastic and piezoelectric materials, and is a primary contribution to
knowledge from this research. The equations of motion for the entire transducer are then derived, based on Hamilton’s principle
[37,38]. The corresponding variational principle is subsequently discretized and solved by using the spectral element method.

To demonstrate that 1D model is robust and can be applied with high accuracy, the results of the 1D model and that of the full
3D model obtained by the finite element analysis (FEA) software ABAQUS/CAE (Dassault Systémes) are compared across a range of
Langevin transducer configurations with respect to different length-to-diameter (L /D) ratios and PZT stack length ratios. However,
since there are no standard guidelines for designing Langevin transducers, a set of correlation conditions have been established in
this research, in which each structural parameter is varied as a linear function of the approximation of the corresponding practical
value. Further validation is conducted by comparing results from the 3D model against that of a manufactured Langevin transducer
whose dynamic properties are measured using a 3D scanning laser Doppler vibrometer (LDV). The benefits of using 3D LDV are that
it analyses vibration on complex surfaces and ensures the scanned grid points are sufficient in terms of resolution for comparison
with the 1D model [39]. The excellent agreement between the results extracted from the 1D and 3D models, and the experimental
results using the LDV, demonstrate the validity and reliability of the proposed mathematical and computational framework.

This article consists of the following key novel contributions. First, a new variational framework for modelling the entire Langevin
transducer is demonstrated, including accounting for axial vibration behaviour of the piezoelectric stack, based on the Timoshenko-
Ehrenfest beam theory [40,41]. Subsequently, the governing equations and the corresponding boundary conditions are then derived,
and this is detailed in Section 2. Secondly, the discretization of the variational equation using the finite element method and spectral
elements is reported in Section 3, before the results of the reduced 1D and full 3D models are compared by varying the L/D, PZT
stack length ratios, and electric potentials, detailed in Section 4. It is anticipated that this modelling strategy will be used to develop
improved electromechanical models for a wide range of ultrasonic transducer configurations, and to tailor devices for particular
industrial and medical applications.

2. Development of the Timoshenko-Ehrenfest beam model
2.1. Configuration of the Langevin transducer

The Langevin transducer utilised for this study is a cylindrical configuration without a horn-type amplifier, as shown in Fig. 1,
showing the transducer’s front mass, a back mass, a PZT stack with electrodes, and a preloading bolt. The electrodes are orders
of magnitude thinner than the PZT rings and the front and back masses, and contribute an insignificant effect on the transducer

dynamics. Therefore, they are not considered in this study, to reduce the calculation complexity and computation time. In response
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Fig. 1. The cylindrical Langevin transducer of the form used in this study.

Segment 1 ’ Segment 2 Segment 3 Segment 4 ’ Segment 5

| T T L R T S
& Preloading Bolt — — — S 9
Ll——l s g

Fig. 2. Configuration of the Langevin transducer with respect to different segments.

to this assumption, the PZT stack will be considered as a homogeneous hollow cylinder made of piezoelectric materials in the
modelling (see Fig. 1).

Each part of the Langevin transducer can be simplified into a straight beam due to its axial symmetry. It will be demonstrated
later in this article that the transducer can be split into five different beam segments, each of which can be effectively modelled by a
composite beam made of two orthotropic piezoelectric materials with poling directions along the symmetric axis, or the beam axis.

2.2. Problem definition

The transducer with the configuration as shown in Fig. 1 can be modelled using five different beam segments with different
geometries and different materials, yielding a practically representative case. In this section, the geometries and materials of these
segments are described in detail.

Geometry. First, from Fig. 2 the dimensions of each component in one beam segment can be readily identified. For example, the ji
segment, denoted as S;, has the length /; for all j =1,5. The bolt contains the bolt head as a cylinder with the diameter Dy and
the bolt screw as a cylinder with the diameter d. The back mass, the PZT stack, and the front mass are all hollow cylinders with
annulus-type cross sections. They share the same outer diameter D and the same inner diameter d and connect to each other to make
up one full hollow cylinder. Since this hollow cylinder is longer than the bolt screw, the entire transducer must be divided into five
beam segments to enable accurate numerical modelling.

Material. The bolt, including the bolt head and bolt screw, is made of A2 tool steel. The back mass and the front mass are made of
titanium Ti6Al4V. The PZT stack is made of PIC181, following the standard specification of the manufacturer (PI Ceramic GmbH).
The magnitudes of the material constants for these materials will be given in detail in the subsequent section.

2.3. Material laws

To allow a comprehensive overview of the problem, an account of the basic theory of piezoelectric materials relevant to this
research is provided here, which adheres to the IEEE Standard on Piezoelectricity [42]. In this theory, there are four distinguishable
forms of constitutive relationships, comprising Stress-Charge; Stress-Voltage; Strain-Charge; and Strain-Voltage, with regards to input
variables and their corresponding outputs, as detailed in Table 1. In this table, € and o denote the linear strain tensor and the Cauchy
stress tensor, respectively, while the E and D denote the vector electric field and the induced electric displacement vector field,
respectively. The linear strain tensor and the electric field are defined as gradients of the displacement vector field u and the electric
potential field ¢, respectively, according to:

£= %(Vu+uV), E=-V¢. (€))

For comparison with the experimental setup described in Section 4, the constitutive law in Stress-Charge form is employed, given
as follows:
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Table 1
Four forms of constitutive relationships relevant
to this study.

Form Constitutive relationship
Cp0:Xe=0

Stress-Charge (e, E)—— (0,D)
Sg=0:X o=

Strain-Charge (6, B)—22, oo (e,D)

Coo-t, Ly
Stress-Voltage  (¢,D)——— (o, E)
Soo02,Ly

Strain-Voltage  (6,D)——— (¢,E)

6=Cpy:e—¢€ -E,
(2)
D=e:e+ y.E
The tensors of the constitutive coefficients in this constitutive relation are explained as follows. The fourth-order tensor Cg_ is the
elastic stiffness obtained in the absence of an electric field (E = 0). The second-order tensor y,_, is the electric permittivity tensor
obtained in the absence of mechanical strain (¢ = 0). The third-order tensor e is the piezoelectric coupling coefficient for the Stress-
Charge form. The double dot and single dot denote the double contraction and the dot product between two tensors, respectively.
It is convenient to suppress the subscripts in the tensors of material properties and thus the following can be written: C := Cg_,,
X 2= Xe=0-
On the other hand, the material properties for PIC181 provided from the manufacturer specifications correspond to the constitu-
tive law in the Strain-Charge form:

£=Sgg:0+d -E,
3
D=d:o+y,-E.
In this constitutive formulation, Sg_ is the compliance stiffness in the absence of the electric field (E =0), y,_, is the electric
permittivity in the absence of mechanical stress (6 = 0), and d denotes the piezoelectric coupling coefficients for the Strain-Charge
form. Again, the shorthand S :=Sg_, and y :=y,_y can be used. Comparing (3) with (2), one can readily derive:

C=S"", e=d:S!, y=y-d-s'.d7, 4

where S~! represents the inverse of the fourth-order tensor of S.
Just as for hyperelastic materials, the constitutive law (2) can be derived as partial derivative of an enthalpy density function. It
is given by:

w(e,E)z%e:C:e—E-e:e—%E-x-E. 5)
The constitutive relation (2) can be obtained by identifying:
o= p=_ ©®
3 oE

Here, by considering (2), the enthalpy density function can be rewritten as follows:
y/:%(e:a—E-D). @)
The density function (5) can be used to describe deformations of isotropic materials. Indeed, in this case only the elastic strain
energy density, namely the first term of (5), is considered, so that the stress is given by standard Hooke’s law 6 =C : €.

2.4. Variational framework

As the poling of the PZT material is in the direction of the beam axis, the axial displacement of the beam cross-section must also
be considered. It is important to note that this is different from the classical Timoshenko beam theory, which normally only considers
the bending [43,44]. Let us assume that the beam axis is in the z-direction and the beam cross-section is the xy-plane. The starting
point here is the assumption of the displacement field u = (u;,u,,u3) of the material in the beam as follows:

u(x,y,z,0)=0,
uy(x,y,z,1) = w(z,1), ®
u3(x,y,z,1) = u(z,1) — yp(z, 1),

where uy,u,,u; are the components of the displacement vector u in the three coordinate directions, u is the axial displacement of the
cross-section, ¢ is the angle of rotation of the normal to the cross-section surface, and w is the deflection of the neutral axis in the
z-direction. According to this, the strain field is given by:
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0 0 0
e=%(Vu+uV)= 0 0 Jw, -9 |. ©)
0 %(Lv,Z —Q) u—ye.

Therefore, the non-zero components of the strain field € are €,3, €3, and €33.

2.4.1. Reduction of the 3D constitutive law to 1D

To derive the variational formulation for the beam model of transducer, the 1D reduction of the aforementioned 3D laws is
required. By using the Voigt notation following the IEEE Standard [42], the tensors of material properties in (2) can be represented
as matrices. In particular, the elastic tensor and the piezoelectric coupling tensor are given as matrices C € R%¢, e € R3*° and
X € R3%3,

In general, reduction of the 3D constitutive law (2) to the lower-dimensional law also depends on the electric field, because
the non-zero components of E can influence the form of the reduced law. In this work, the electric potential field is applied along
the beam axis direction so that E; # 0 is the only non-zero component. Following this assumption, the non-zero stress and electric
displacement components can be derived as follows:

033 = Cy3€33 —e33E3, 093 =2kCp3693, D3 =ez3e33+ y33E3, 10

where « is the shear correction coefficient [45,46]. As for the computation, the shear correction coefficient for a circular cross-section
is employed:

6(1+v)
Keircular = m > (1)
and this can also be applied for an annular cross-section:
6(1 +v)(1 + a?)? dy (12)
K. = , a=—
annulus =7 6v)(1 + a2)2 + (20 + 12v)a? d;

where d; and d, are the inner and outer diameters of the annulus, and v is the Poisson’s ratio. The material constants appearing in
(10) are obtained using the relation (4) and the material properties provided by PI Ceramic GmbH. Then, only the relevant material
constants are used. One important point to note here is that for isotropic elastic materials, only 633 = C33€33 and op3 = 2kCy3€,3 are
required.

Therefore, consistent with the 1D law (10), the enthalpy density function reduces to the 1D version:

1 1
wip (&, E) = (033833 +2023£53) = - D3 Es. s3)
2.5. Derivation of the equations of motion

2.5.1. General consideration

In this section, the variational equation for a beam segment made of transversely isotropic piezoelectric materials is derived, from
where the equations of motion for the Langevin transducer can then be derived. In particular, the beam geometry is described by
a cylinder assumed to be ideally bonded with a right circular hollow cylinder, or a cylindrical shell. These two cylinders are made
of two different piezoelectric materials with poling in the z-direction. Although no beam segment in the simulated transducer has
the above-mentioned material and geometrical description, the derivation can still be applicable to all five beam segments for two
reasons:

1. The constitutive model for an isotropic elastic material can be specified as the reduced model for a transversely isotropic
piezoelectric material.

2. A composite beam with the cylinder perfectly bonded with a right circular hollow cylinder, or a cylindrical shell, is a general-
ization of the homogeneous cylinder beam.

The geometrical and material setup for five beam segments are shown in Fig. 3. For the above reasons, the variational equation for
a homogeneous beam of isotropic elastic material or a composite beam of elastic and piezoelectric materials has been incorporated
in the subsequent derivation.

2.5.2. Total stored and kinetic energies
First, the formulation for one beam segment can be detailed. Let the coordinates of the two ends of the beam segment be z =a
on the left and z = b on the right (a < b). Then, the total stored energy of the beam is given by:

b
W= // %(0'33633 + 2093693 — D3 E3)dAdz
a A
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Slelelele

(a) (c) (e)

Fig. 3. Geometrical and material definitions for the five beam segments representing the entire Langevin transducer, where the colours on the cross-sections designate
the following: (1) dark blue for steel; (2) light blue for titanium; and (3) red for PIC181, showing (a) Segment 1: Cylinder made of isotropic elastic material, (b)
Segment 2: Cylinder wrapped by a hollow cylinder made of two different isotropic elastic materials, (c) Segment 3: Cylinder made of isotropic material wrapped by
hollow cylinder made of transversely isotropic piezoelectric material, (d) Segment 4: Cylinder wrapped by a hollow cylinder made of two different isotropic elastic
materials, and (e) Segment 5: Hollow cylinder composed of isotropic material.

b
1
= // E(C33e§3 —2e33F3633 + 4KC23£§3 - )(33E§)dAdz, (14)
a A

where A denotes the cross-sectional area of the beam segment. The total stored energy W is a functional of the functions u, w, ¢
and ¢, or alternatively expressed as W = W [u, w, ¢, ¢], by recalling that:

en=w,—9)[2, ex=u,—yp, E;=-¢,. (15)
Substituting (15) into (14), it can be shown that:

b
1
W=//[§C33(u?z+y2(p’2z)+e33uqz¢’z
a A

(16)
1 1
+ EKCB(W?Z 2w +¢%) - 5133¢?Z dAdz,
where the following identity has been taken into account:
/ ydA=0. a7

A

Note that equation (17) is valid because the neutral axis is across the centre of the circular cross-section. If the cross-section is not
a disk, the property (17) is not always true because a composite beam which is being studied is made of two out of three different
materials (see, e.g., [47]). The kinetic energy for the beam segment is given by:

b b
3
T= / / p Y uldAdz= / / p|w? + (@, - yp )?|dAdz
a A i=1 a A

b
=//p(wi +u§+y2¢§)dAdz
a A

where p is the material density distribution in the beam segment and again (17) has been used.
Since a beam segment made of one cylinder and one hollow cylinder is considered, each of which is modelled by different
materials, the integral over the cross-section must be split according to the following:

/(o)dA: /(o)dA+/(<>)dA, (19)
A

A A2

(18)

where A( stands for the circular cross-section and A for the annulus cross-section. Let r; and r, denote the radius of the inner
cross-section and the outer cross-section, respectively. Then, the areas of the circular and the annulus cross-sections are given by:

AV =72, AD =22 1), (20)
Similarly, the moment of inertia for the two different cross-sections can be computed as:
I = / YdA=zr], I= / YA =@y —r}). (21)
AWM A®
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In the following derivation, the superscripts (¢)) and (¢)® are used to designate the material constants for two piezoelectric

materials, for example, C;;), C(z) and so on. With this denotation, (16) can be rewritten as:

b
2
- L e 2 Laim, 2 ()
W—Z/ [EA(’)C33 L¢,Z+5C33 1(’)(p’z+A(/)e33uvqu>,Z
=17 (22)

L)) 2_ 10,0
+§A/K Cyw,— @) — 2 )(%q}

Similarly, the kinetic energy then becomes:

2
=Z/ [ADpD G2 + 12) + 19D g2 dz. 23)
P

The geometrical constants and the material constants appearing in the above stored energy and kinetic energy can be combined, to
shorten the formulation and thus benefit the subsequent derivation. In particular, the following ‘composite’ constants are introduced:

2 2
WLl () )
ACy =Y AVCY), AxCy =) AVKVCY),
j=1 j=1
(2) 2 2
— ) ,0) _ ) _ )., )
Aeyy= D AV 1C3;3 =Y 10CY, Ayyy =) AV LY, (24)
j=1 j= i=
2 2)
Ap=Y ADpD, 1p=3 1050,
j=1 Jj=1
It is important to note that the composite constants introduced above should not be confused with the multiplication of two constants
as if the beam is made of homogeneous material.

To derive the stored energy and the kinetic energy for the entire transducer, the stored and kinetic energy functionals must be
added for all five segments. To this end, the superscript ()!*] shall be used to denote the quantities for the beam segment s, including
the composite constants defined above and the energy functional. For example, W and T denote the stored energy and the
kinetic energy for the beam segment s, respectively, and AC3[‘;J is the composite constant for the segment s. Also, it is assumed that
the beam segment s spans from the coordinate z = z_ to z =z, ;. Therefore, the integral limits a and b in (26) for the beam segment
s will be replaced by z; and z,,,, respectively. The total potential, defined as the difference between the kinetic energy and the
stored energy, is given as:

NS
=Y @ -wh), (25)

s=1

with N, = 5 being the number of the beam segments. In this expression, the stored energy W*! and the kinetic energy T'!, s =1, N,
are given by:

s+1
WM:/ [IAC[” 2 +;1Cm(p + A

n 2AKC[S](LU o) - [S]qﬁz]dz (26)

Zs+1
1
Tl = / 3 [Ap[s](ui + wi) + 11 ¢3]dz.

Zs

2.5.3. Establishing the variational equation
Taking the variation of wlsl with respect to u, w, ¢ and ¢, the following equation can be obtained:

Zs+1

swlsl = / [(ACKu, + Aellgp you , + AxCll(w , — p)ow,

z, 27)
+ICl g 60, — AcCllw , - @)sp

+(Aellu, — Ayl )6 ]dz
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where u, 5w, 6¢, 8¢ are the test functions corresponding to u, w, @, ¢, respectively. Note that the variation §W 5! expressed above
is the Gateaux derivative of the functional Ws! at (u, w, @, ¢) in the direction (6u, 5w, 8¢, 5¢).
The variation of the kinetic energy (18) is given by:

Zs+1
STH = / [Ap" u 6u, + w, 6w ,) + I 60, ]dz (28)
z

s

The motion of the transducer is governed by Hamilton’s principle:

NN, N,
5/ [Z(W[s]—T[s])] =/Z(5W“l—5T“1)=o, (29)
o s=1 o s=1

where ¢, and ¢, are the initial time and the end time of the motion and considered as given. Substituting (27) and (28) into (29), it
is possible to obtain the variational equation governing the motion of the transducer. Solving the variational equation by the finite
element method will be the topic of the next section.

2.5.4. Governing equations and boundary conditions

Differential governing equations. Essentially, the variational equation described by (29) can be solved by the finite element method.
However, for the purpose of completeness, the differential equations governing the motion of the transducer are also derived. By
applying integration by parts to (27) with respect to the variable z, it can be shown that:

1 1

Is] = [s] [s] Fol
/ swlsl = / [cACku .+ aells )ou L

To To
T Zgp
- / / (ACHu ., + Aelllg . )oudzdr
o Zg

sl
+/ [AKC[S](LU — @)ow Zmdt
23 2~ @ B

'S

4]
1 Zg41
- / / ACllw ., — ¢ )owdzdr
{ s
0[1 z (30)
ZS
+ / [ICS[;](p,zﬁ(p] a
Z&'
10 ’
1 Zgtl
- chl AcCEw . — ¢)|6pdzd
13 @2z T AKCL (W, — @) | dzdt
o Zg

Zs+1
+ / [(Aegg]u,z—Ax3[;1¢,z)6¢]z di

To
1 Zg4l

+ / / (A7 .. — Aeklu_ )o¢dzdt,
to  Zg

where the denotation [ f (z)]ij“ = f(z,41) — f(z) has been used. As for the contribution of kinetic energy from Hamilton’s principle
(29), integration by parts can be employed with respect to ¢ to obtain:

! 1] Zgy
/ 5TVdr = / / [— AP 6u+ w ,5w) — I g, 591dzdt, (31)
To L

where the condition that éu, w and 6¢ vanish at both # =7, and t = #; has been applied.
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Substituting (30) and (31) into (29), it can be demonstrated that:

N, . U
2{ / [(Aca[g] — Ay, )5] ‘“ ‘
fo

s=1

1 Zs4l

+ / / [Apmu’,,—Aca[g] .= Al . |budzdr

Z\'
+ / [AKCg](w’Z—<p)5w Z‘“dz
o ;

1] Zst1
+/ / [Ap[s]w’,, —AKCM(W - @) |6wdzdt
1 s
. (32)
!
/ 1cile.0 ]
fo
1 Zgtl
+ / / [Ip[s](pyt, —1C8g., - AcCBw, - (p)] S dzdt
o Zg
!
ZS
/ [(Ae[s] _A)([S]d)z)(sd)] +Idl
o o
I Zgtl
+ / / (Aellu_, — a0 s dzdt} =0
o Zg
As éu, 6w, 6¢ and 6¢ can vary arbitrarily on each interval (z, z., ), s =1, ..., N, the following system of equations can be obtained:
Aﬂ[s]u,n - AC[S] Aem‘f’ 2z =0,
Ap[s]w t_AKC ](wzz_(pz)_ (33)

Ip[s](p’t,—IC (pZZ—AKCM(w —@)=0,
Ae [653] ,ZZ_A/Y[S](IS,ZZ:O

for all z € (z,,2,,1) and s = 1N, - This system must be accompanied by the boundary conditions derived from the boundary terms
appearing in (32).

Reduction of differential equations. Through deriving this system, it has been argued that the variables 6u, 6w, 6¢ and 6¢ can vary
arbitrarily in the sub-domain (z, z,, ;). However, it is important to note that the validity of this argument depends on the considered
beam segments. The explanation for this is as follows.

1. As for the beam segments [1],[2],[4],[5], these beam segments are not made of piezoelectric material but only isotropic elastic
materials, and so the electric field potential ¢ can be neglected in the modelling. Thus, for these beam segments, only the
mechanical displacement fields, namely u, w @, are the unknown fields in the system. Moreover, as these beam segments are
modelled using the isotropic materials, Ae =0and A )([S] =0 for s =1,2,4,5 can be readily set. The longitudinal displacement
u in these beam segments persists and depends on the apphed electric field on the boundaries of the beam segment [3] because
the displacement u in this beam segment [3] will transfer to the others via the resultant forces.

2. As for the beam segment [3], the electric field potential ¢ is required for the modelling and thus the unknown variables involve
not only the mechanical displacement fields mentioned above but also ¢.

Boundary conditions. The derivation of the boundary conditions for the transducer consisting of different beam segments is slightly
more sophisticated than the derivation for one homogeneous beam. Indeed, the reason is that the resultant forces at the interfaces
between the connecting beam segments must be in equilibrium. The boundary conditions at the two ends of the total beam, namely
z=0and z=2zy | = L can be easily identified by setting the appropriate boundary terms in (32) to zero. However, at the interfaces
between two connecting beam segments s and s+ 1, the boundary conditions are identified by equating the boundary terms evaluated
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at the right end of beam segment s to the boundary terms evaluated at the left-end of the section s + 1. To this end, the following set
of boundary conditions can be derived:

[(AC“] — 4élllg )5u] =0 [(Acgfs]u,z— il )6u] =0
[AKC“] —qa)&w] [Akcgévs](qu—go)éw]
z=0 z=L (34)
[zc“](p 5(p] =0, [IC;ISVS](pYZE(p] =0,
= z=L
N, N
[Aelfu. —arlorop] =0 el u. - a0 69| =
> z=0 z=L
and
A, —aclo)|  +[Acki. - adly ]Z -
[AKCM(M) qo)] [AKC[‘] (p)]
(35)
[1 c3[;]¢ z] [1 o ]
“lz=zF

[alu. - ale)] . +[caeldu —Ax[”qsz)}z:f =0,

s+1
for s =2,...,N; — 1, where the notation [f(z)],_,+ = lim f(z) means the limit of f(z) from the left and from the right of q,
z—at

respectively.
3. Finite element analysis for the Langevin transducer

In this section, we discuss not only the discretization of the variational equation (29) by the finite element method but also
the numerical procedure for computing the natural frequencies of the Langevin transducer. The first step is to establish the finite
element model for (29), with §W*! and §T! given by (27) and (31). The standard conforming finite element method is adopted,
only focusing on constructing the stiffness and mass matrices at the element level (see [48]). Further to this, the spectral element
method is used for the discretization [49]. For further background in spectral methods, readers are referred to [50].

3.1. Finite element setup

Let us assume the problem domain Q = (0, L) for the transducer beam is discretized into N, non-overlapping finite elements Q(®,

NC
ie, Q= J Q®, Q"M N QW =g for m# n. As for the shape functions on the finite elements, Lagrange polynomials of order p — 1 are

e=1

used. Let H; = H (&) for j = E denote the shape functions on the reference domain R = [—1, 1] supported by the Chebyshev points

&; =—cos ( ) (see Fig. 4). The isoparametric mapping from the reference domain R to the element Q(© is defined by:
P
29@) =Y 2 H, @), 36)
j=1
where z;e) are the coordinates of the nodes in the element Q. If the {z;,e) }5=1 are defined following the same distribution pattern of

{¢ }le, then the reference-to-physical mapping (36) becomes a linear mapping. The mapping (36) changes from element to element

and its inverse mapping from Q(© to R will be denoted &© = &()(z). The shape functions defined on the physical coordinate z are
then given by:

N{(z) = Hy(92)). 37)

Next, the trial functions u, w, , ¢ and their corresponding test functions du, 5w, ¢, 8¢ defined on the element Q© are interpo-
lated according to:

)4
9@ =Y N@f, (38)
Jj=1

where f stands for the trial functions as well as test functions and f;e) are the corresponding degrees of freedom associated with
the element Q(©. In this work, we use the shape functions of the same polynomial order p for all the finite elements. Let us denote
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Fig. 4. Chebyshev points and Lagrange polynomials supported by these points as shape functions. The Chebyshev supporting nodes are defined by &; = cos(jz/p) with
n being the number of nodes for one element (circles filled by magenta). In this figure, p =9 and thus the shape functions are polynomials of order p — 1 = 8.

by boldface notation f© the column vector of degrees of freedom f;e) in the element Q©, i.e., f© = [f l(e) - f IEE)]T. This notation

) ) . . . T
applies across the trial function functions u, w, @, ¢ and the test functions éu, sw, 6@, 6¢, e.g., u® = [u(le) uf,f) -
3.2. Element stiffness and mass matrices

To derive the stiffness matrices at the element level, the variation in (27) is used, that is the variational equation before application
of the integration by parts. Indeed, by substituting the interpolations of type (38) into (27), the following can be obtained:

WM = 5u® - [Ku® + K ] + 5w - [KSw® + K )]

(39)
), [Kk© @ (e) (o) () . [1(@) 1y(e) (e) 1(e)
+69' - [Ki 0 + Kguw] +6¢ - [K 2 u + K¢,
The element stiffness matrices in the above equation are given by:
(e) _ [s] () © _ 4, [s1 g2e) (e _ [s] 2 (e)
Kyy =AC K'Y, Ku¢_Ae33K", Kyw = AC K,
e _ _ [s1gz(e) (@) _ T (e) _ [s] g2(e)
Kye =—AxC K'Y, Kow =Kyg » Koo =1C5 K<, (40)
(e) _ (T @ _ _ 4,51
K¢U_Ku¢, K¢¢_ Ay K,
where the matrices K© and K© are defined by:
(e d]\]i(e) dN/('E) 7=(e) dNi
K =/ ————dz, K= / —— N.dz. 41)
ij dz dz i dz "~/
Q© [YG)

Note that in the notation 6W - the superscripts [s] are used for the beam segment s, and (e) for the integration over the element
Q) 1t is clear that the element stiffness matrices can be computed via two common matrices K and K©.
As for the mass matrices, the variational formulation (31) is used. For one element, it is straightforward to derive:

Il n
/5T[s],(e)dt — _/ [5u(e) . M.(f.iugf) +5w® Misszff) + 5¢(e) _Mg()p(p;f)]dz, 42)
To To

where:

M) =M$, = AT, MO = 10N©, 3 = / NNz,

Q)

(43)

3.3. Computation of natural frequencies

The global system of discretized governing equations can be obtained by the standard assembly procedure [48]. To this end, the
following system for the éu, 6w, and 6¢ terms can be generated:

373



Y. Liu, L.T.K. Nguyen, X. Li et al. Applied Mathematical Modelling 131 (2024) 363-380

My, 0 0] fu] [Ku 0 0 K ;‘V
0o M, ©0 7 wil+[ 0 K, Ky, 0 (p =0 (44
0 0 M, 7] 0 K,, K, 0 p
with the equation for 6¢ as follows:
Kguu+Kppp=0 (45)

One should recall the remark concerning the reduction of governing equations in Section 2.5.4. Indeed, the argument therein
applies also to the discretized system of equations. Accordingly, the degrees of freedom in ¢ only persists with the beam segment
[3], while the degrees of freedom in u, w and ¢ are for the entire transducer beam. This is an important remark in the numerical
implementation.

Let us group the degrees of freedom for u, w and ¢ into a master column vector d and group the corresponding stiffness matrices
as follows:

Myad ;s + Kgad + Kyyp =0,

(46)
Kgou+Kyp =0,
with:
u M, ©0 0 Kw 0 0
d={w(, Mg=| 0 My, 0 |. Kg=| 0 K, qua 47
1] 0 0 Mgy, 0 K, K,
The unknown ¢ can be eliminated from the system by using the second equation (46),. Indeed, resolving this equation gives:
¢ =-K, Kg,u. (48)

Here, the appropriate boundary conditions on the beam segment [3] must be applied to eliminate the singular mode in Kyg4. In
this consideration, ¢ = V| and ¢ =V, are applied on the left and the right boundaries of the beam segment [3] so that the applied
potential voltage is effectively A¢ :=V, — V. Substituting (48) into the first equation of (46), the following can be obtained:

Mgqd,; +Kgqd + Ky K3 Kgyu =0. (49
This equation can be rewritten as:
Mgqd,,, + Kgqd =0, (50)
with ﬁdd being modified from K4 to take into account of the last term Kuqud_,(ll,K:pu“ as follows:
~ Ko — KK Kgy 0 0
Kaa = 0 Kyw qua (51)
0 Kow Kop

The natural frequencies and the natural displacement modes including both the bending and longitudinal modes are computed
by solving the standard eigenvalue problem:

[Kgq — @*Mgg]d = 0. (52)

The natural frequencies ; and the corresponding natural displacement modes d; are the square root of the eigenvalues and the

eigenvectors, respectively, of the above eigenvalue problem:

[Kaa — @}Maa]d; =0, j=12.3,... 53)

The results w; and d; will be compared with the eigenfrequencies and eigenmodes computed by using the 3D model and the

experimental results in the next section.
4. Results and discussion
4.1. Problem definition

As mentioned in section 2.4.1, the relevant material constants for the 1D constitutive law can be derived using the piezoelectric
material constants provided by the manufacturer of the PZT (PIC181, PI Ceramic GmbH). The material properties for the simulations
are given in Table 2.

It should be noted that Cy3 and C,; shown in (2) for the PIC181 material are not the Young’s modulus and shear mogulus, but

instead are computed by (4). On the other hand, as for the isotropic elastic material, E can be assigned to C3; and G = TR to Cys

as above.
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Table 2
Material properties of A2 Tool Steel, Ti6Al4V, and PIC181, where
Voigt notation has been used where relevant.

Material properties A2 Tool Steel ~ Ti6Al4V ~ PIC181

p (kg/m?®) 7860 4430 7800

E (GPa) 203 109 -

v 0.285 0.313 0.34

Csy; (GPa) - 121.7

C,; (GPa) - - 26.3

e33 (C/m?) - - 18.7

X33 - - 1.06x 1078
Table 3

Structural dimensions.

Parameters Dimension

[, (mm) 0.5D

1, (mm) 0.5(L—-1, —15)
I3 (mm) 0.05L ~0.25L
1, (mm) I,

15 (mm) 0.51,

d (mm) 0.5D

Dy (mm) 075D

5
The dimensions of different beam segments are given in the Table 3. The total length of the transducer is L = . /; = 100mm. The

i=1
electrical potentials ¢ =V, and ¢ =V, with (V, > V) were applied on the two ends of the PZT stack, so the potential difference is
A¢ =V, — V). To demonstrate the robustness of the proposed computational framework as compared to the full 3D model, multiple
simulations are performed corresponding to different geometrical settings by varying two ratios D/L and /3/L and also the electric

potential difference A¢.
4.2. Comparison with three-dimensional model
The comparisons between the solutions of the 1D and 3D models are established by varying the following:

+ L/D in the set D, = {5,10,25/2,20,25},
+ I3/L in the set D, ;; = {1/20,1/10,3/20,1/5,1/4},
- A¢ in the set D, = {0,50, 100} V".

Thus, 5-5 -3 =75 simulations are performed for both 1D and 3D model problems, where the first five bending modes and the first
five longitudinal mode resonance frequencies for each problem setting are collected. Also, the two ends of the transducer are set to
be free. Assuming that the front mass and the back mass block have equal lengths, and the dimensions of the bolt follow the standard
ISO 4762:2004 for a hexagon socket head cap screw, the structural parameters of the transducer can be deduced. The formulas in
Table 3 express the correlation between all the structural parameters, namely d, D, D and / ;- The relative difference between the
resonance frequency obtained by the 1D model and the corresponding value by the 3D model is then computed.

The natural frequencies of the first five bending modes and the first five longitudinal modes obtained by the proposed 1D model
are compared with the corresponding counterparts obtained by the full 3D model. The relative difference between the frequency of
the 1D and 3D models, denoted as f|, and f3p, is computed according to (fip — f3p)/ f3p- The relative differences shown in Fig. 5
are generally below 5%, except for the relatively high longitudinal mode frequencies in the case of L/D =5. The relative difference
increases as the vibration modes increase, regardless of whether they are bending modes or longitudinal modes. Overall, the relative
differences decrease with increasing ratio L/D and change insignificantly with the change of the ratio /3 /L. The relative differences
are particularly high for the small ratio L/ D =5 but rather acceptably small for the ratio L/ D = 10. Indeed, when L/D is small, the
full 3D model should give a distinctive result from the 1D model.

However, both the L/D ratio and the /3/L ratio of the transducer influence the accuracy of the results of the 1D model. It has
been observed that the relative difference of the modes tends to significantly decrease with an increase in the L/ D ratio, especially
increasing the L /D ratio from 5 to 10. When the transducer is rather slender with L/D > 12.5, the computed natural frequencies
of the 1D model agree with the results of the 3D model very well, which justifies the reliability of the proposed computational
framework. Moreover, the /3/L ratio has a smaller impact on the resonance frequency compared to that of the L/D ratio. Still, it
has an obvious influence on resonance frequencies when the L/D ratio is 5. Furthermore, it is arguable that the applied electric
voltage A¢ has little impact on the relative difference. In fact, it only affects resonance frequencies on a small scale, around 1072,
Nevertheless, if the applied electric voltage is very high, in effect beyond the normal application range, it can still significantly
influence the natural frequency corresponding to the longitudinal mode.
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Fig. 5. Relative differences between the results of 1D and 3D models for the first ten vibration modes with respect to the L/D ratio, /;/L ratio, and electric potential
Ag. In this figure, the letter B in the title stands for ‘bending mode’ and L for the ‘longitudinal mode’. For example, B1 and L1 mean the 1% bending and longitudinal
modes, respectively.

4.3. Comparison with experiment

To verify the 1D model for solving Langevin transducer dynamics, a Langevin transducer was designed and manufactured with
an L/D ratio in the order of 12.5 and a /5 /L ratio of approximately 0.05. The transducer is shown in Fig. 6. It consists of a titanium
front mass, titanium back mass, PZT stack composed of PIC181, and preloading bolt made of A2 tool steel. All material properties
are identical to those listed in Table 2.

The dimensions of the Langevin transducer prototype are listed in Table 4. In order to measure resonance frequencies, mode
shapes, and vibration amplitudes, an optical measurement experiment was conducted using the 3D LDV (MSA100, Polytec) under
an 8V excitation. For this study, experimental measurements for the first ten longitudinal and bending modes were considered and
extracted. Calculations were performed to obtain the resonance frequencies for the 1D and 3D models based on the physical structural
parameters in Table 4. The comparison between the simulation results and the experimental measurements is shown Table 5. The
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1cm

Fig. 6. The Langevin transducer prototype.

Table 4
Dimensions of the Langevin transducer prototype.

Parameters Dimension

Parameters Dimension

1, (mm) 4

[, (mm) 51.5 D (mm) 8
Iy (mm) 92 d (mm) 4
1, (mm) 40.5 Dy (mm) 7
I5 (mm) 19

Table 5

Comparison of resonance frequencies obtained by 1D model, 3D model and LDV measure-
ments. In this table, the letter B in the column mode stands for ‘bending mode’ and L for the
‘longitudinal mode’. For example, B1 and L1 mean the 1*' bending and longitudinal modes,
respectively. The second row shows how the relative differences in percentages are computed.
The frequencies are listed in ascending order of magnitude.

1D Model 1D Model 3D Model

Mode 1D Model 3D Model LDV vs. vs. vs.
3D Model LDV LDV
(Hz) (Hz) (Hz) (%) (%) (%)
Bl 2111.4807 2113.9980 2031 0.1191 3.9626 4.0866
B2 5926.9478 5933.2798 6230 0.1067 4.8644 4.7628
B3 10566.6597 10638.2324 10459  0.6728 1.0294 1.7137
B4 17649.8388 17748.2871 18770  0.5547 5.9678 5.4433
L1 20702.1092  20670.4668 19277  0.1531 7.3928 7.2286
B5 24481.3235  24880.9141 26045 1.6060 6.0037 4.4695
B6 33864.6709  34310.3633 34395 1.2990 1.5419 0.2461
L2 40195.6881 40012.6758 38213  0.4574 5.1885 4.7096
B7 42198.0625  43228.8828 44063  2.3846 4.2324 1.8930
B8 52180.8544  53183.7109 52285 1.8856 0.1992 1.7189

symbols ‘L’ and ‘B’ in the table represent the longitudinal and bending modes, respectively, and the number following the letter
indicates the eigenmode order, where the reader is directed to the caption for examples.

According to Table 5, it has been found that 1D and 3D models give results in excellent agreement, and both match with LDV
results, indicating the accuracy and reliability of the 1D model in calculating resonance frequencies of a Langevin transducer. Except
for the L1 mode, both 1D and 3D models have a relative difference from LDV results that is less than 5%. The results from the 3D
model are closer with LDV results than the 1D model in most of the considered modes. The relative differences with LDV results are
principally due to manufacturing inconsistencies and the inclusion of electrodes in the PZT stack. Additionally, the modelling theory
presented here cannot capture all of the physical phenomena. For example, we did not consider the losses in piezoelectric materials,
while this effect may occur in the experiment.

For further validation, the 1D model was compared to the 3D model and LDV results in terms of vibration mode shapes for the
first ten modes. The results expressed in normalized amplitudes are shown in Fig. 7.

The normalized amplitude calculated by the 1D model matches that of the 3D model, with a very good agreement with the LDV
results. This confirms that the 1D model can accurately describe the dynamics of a Langevin transducer, either in terms of resonance
frequency or the vibration mode shapes. Overall, the performance of the proposed 1D model is particularly suitable for engineering
applications that typically utilise low-order vibration modes.
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Fig. 7. Normalized vibration amplitudes and mode shapes between 1D model (numerical), 3D model (FEA), and LDV results.

The advantage of the 1D variational framework proposed in this study is that it simplifies the problem by reducing it to one
dimension, as the transducer is axisymmetric. This allows for a more efficient and straightforward analysis of the linear piezoelec-
tricity compared to higher-dimensional frameworks [51,52]. However, the Timoshenko-Ehrenfest beam theory assumes that the
cross-section remains in-plane when subjected to shear forces, and is a downside of the 1D variational framework for considering
average shear deformation. Nevertheless, the eigenfrequency difference compared to the 3D model can be neglected if the L/ D ratio
is sufficiently large. Additionally, the 1D variational framework makes it easier to visualize the normalized deformation, making it a
more accessible approach to understanding the electromechanical properties of Langevin transducers.

5. Conclusion

In this study, the dynamics of a Langevin transducer were derived mathematically, through a new electromechanical model
which fully accounts for the axial strains across the entire transducer. The configuration of the transducer was divided into five
segments, each with a solid or composite beam structure. To construct the model, a reduced 1D Timoshenko-Ehrenfest beam model
was employed. Then, a variational framework was developed based on the constitutive law in strain-charge form, which describes
the piezoelectric material. By using Hamilton’s principle, the governing equations were then derived, after which the corresponding
variational framework was discretized and solved using the spectral element method. The results show that the 1D model is robust
for predicting the dynamic behaviour of various structural configurations, with a relative difference lower than 5% between the
1D and 3D models. Importantly, the close correlation of the resonance frequencies and mode shapes between the 1D, 3D, and LDV
results validates the applicability of the new 1D model in the design, manufacture, and characterisation of the Langevin transducer.
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