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Design of piezoelectric transducers
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Abstract. Among other applications piezoelectric transducers are widely used for acoustic
wave generation and as resonators. These applications require goals in the transducer design
such as high electromechanical energy conversion for a certain transducer vibration mode,
specified resonance frequencies and narrowband or broadband response. In this work, we
have proposed a method for designing piezoelectric transducers that tries to obtain these
characteristics, based upon topology optimization techniques and the finite element method
(FEM). This method consists of finding the distribution of the material and void phases in the
design domain that optimizes a defined objective function. The optimized solution is

obtained using sequential linear programming (SLP). Considering acoustic wave generation
and resonator applications, three kinds of objective function were defined: maximize the
energy conversion for a specific mode or a set of modes; design a transducer with specified
frequencies and design a transducer with narrowband or broadband response. Although only
two-dimensional plane strain transducer topologies have been considered to illustrate the
implementation of the method, it can be extended to three-dimensional topologies.
Transducer designs were obtained that conform to the desired design requirements and have
better performance characteristics than other common designs.

1. Introduction response. The design of single-frequency resonators is one
of the most important problems in piezoelectric engineering
Piezoelectric transducers have the capability of converting [2].
mechanical energy into electrical energy and vice versa.  These goals oftransducer design are essentially related to
They have been used extensively in acoustic wave generationthe transducer resonance frequency, vibration modes and the
devices such as ultrasonic transducers, and as resonators igjectromechanical coupling factor (EMCC), which measures
measuring instruments, microprocessors and various kindshoy strong the excitation of a specific transducer mode is
of electronic equipment. _ in the transducer response. All these parameters depend
Depending on the application, there are different goals 4, many factors, the most important being the transducer
for transducer design. For most acoustic wave generation.iov (or shape) and material properties. By changing

applications, the transducer is required to oscillate in the the transducer topology we can try to achieve the above-
‘piston’ mode (ideal for generation of acoustic waves) [1]. In gwentioned goals

addition, the transducer must be designed to have a broadban In this sense, some previous papers have reported the

or narrowband frequency response which defines the kind
. . study of the dependence of the resonance frequency and
of acoustic wave pulse generated (short pulse or continuous

wave, respectively). In the case of resonator design,the EMCC on the dimension ratio of simple shapes of

the requirements include (1) an assurance of the Specifieoplezoelectrlc transducers (such as cubic and cylindrical).

mechanical resonance frequency, (2) an absence of‘spuriousLiS'gg_ltrf f'n't? element rr;ethod (FEM), dKunI_<et al
resonances close to the working frequency and (3) a high][ ] built JISPErsion CUrves o fresonance an ant|reh§o|r(1ance
quality factor ©,,) including minimum energy dissipation  Tedquencies and EMCC as a function of diameter/thickness

in the material and in the attachments. The first requirement atio for cylindrical transducers. These curves helped our
is critical since very small deviations in the resonance understanding of the different kinds of transducer vibration

frequency may disable the electronic equipment. Regarding™0de, as well as the change in the EMCC for each mode
the second requirement, the number of unwanted resonance¥/ith the transducer dimension ratio. Other authors, such as
and their proximity to the working frequency determine Challande [3] and Satet al [4], discussed the optimization

the performance of the resonator in terms of its frequency Of the dimension ratio of a piezoelectric element with
] ) o parallelepipedic shape that maximizes the EMCC for a
T Assistant Professor, Department of Mechanical Engineering of

Polytechnic School at the University 08 Paulo, &o Paulo, Brazil. E-mail SpQCIfIC r_nOde_' The plezoelectnc_ eleme_nts \_Nere embed_ded
addressecnsilvaCusp.br. as inclusions in the polymer matrix to build piezocomposite
t Professor. transducers. No optimization method was used and the
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Piezoelectric transducers

optimal ratio was obtained by building curves of the objective important quantities such as the resonance and antiresonance
functions (resonance frequency or EMCC) as a function of frequencies and the electromechanical coupling factor
the design variables (dimension ratios). The shape was fixed EMCC). These quantities characterize the behavior of the
and only the dimension ratios were changed, thereby limiting piezoelectric transducer.

the problem to a sizing optimization. To our knowledge, the

first work applying an optimization method for piezoelectric 2 1. FEM applied to piezoelectricity

transducer design was developed by Simson and Taranukha . ) ) )
[2]who optimized the thickness distribution of a piezoelectric The finite element equations for modeling a linear
resonator to detune the working frequency from spurious Piezoelectric medium were developed by [5], [6].
anharmonics. The problem consisted of a sizing optimization €onsidering time harmonic excitation, these equations may
since only the thickness distribution was optimized. Their Pe written as

formulation is based on an eigenvalue optimization problem 0 K K P
thatis solved by using mathematical programming integrated | —? M + w up Ul _ (1)
00 K, —Kg P Q
where M, K,,, K,; and K,; are the mass, stiffness,

with the finite element method. However, the piezoelectric
effect was not taken into account in their FEM formulation.
piezoelectric and dielectric matrices, respectively, And),
U and ® are the nodal mechanical force, nodal electrical

In this work, we intend to define the first steps
for designing piezoelectric transducers and resonators by

charge, nodal displacements and nodal electric potential
vectors, respectively. Since the piezoelectric medium is

applying topology optimization techniques. Considering
the discussion presented before, the problem of designing
a piezoelectric transducer or resonator is posed as an . :

b P considered to be an insulata® has non-zero terms only

eigenvalue optimization problem in structural optimization. .

. . : n the electrodes [5]. This system of equations describes
The topology of the transducer is obtained by searching for : ; o . S
the optimal distribution of two phases (material and void) in the FEM model for piezoelectricity without considering the

the design domain, assuming that the properties can varyfrom.damIOIng eifect, and assumes that the piezoeleclric structure

. - is free in air, that is, it is not coupled to any propagation
one phase to another proportionally to a fraction parameter medium. For more details, the reader should refer to [5], [6]
which is the design variable in the problem. Since complex ) ’ TR

topologies are expected, the finite element method is used for o .
transducer modeling. 2.2. Characteristic frequencies

Although the method introduced in this work is general The two resonance frequencies that characterize the behavior
and can be applied in the design of three-dimensional of the piezoelectric transducer for different vibration modes
(3D) tran_sducers, the examples presented herein are limitedy ¢ the resonance() and antiresonance() frequencies.
to two-dimensional (2D) plane strain models due 10 Resonance, is the piezoelectric resonance for an excitation
lower computational cost. The plane stress condition py glectric potential, and antiresonanggs the piezoelectric
could also be considered, but it is less realistic (dué 10 resonance for an excitation by electric charge. In fact, these
manufacturing considerations) than the plane strain Cond't'onfrequencies correspond to the antiresonance and resonance
for representing the transducer operation. The transducersyf the transducer electric impedance, defined as the ratio
are considered to be surrounded by air, and no damping effeciyetween the voltage and electrical current in the transducer
is considered in the modeling. electrodes [5, 6].

This paper is organized as follows: in section 2, Using FEM, these frequencies can be obtained by
we present a short introduction to piezoelectric transducer so|ying two eigenvalue problems generated by two different
modeling using FEM, and we define quantities such glectrical boundary conditions in equation (1), considering
as resonance and antiresonance frequencies and thg — o[7]. For the resonance frequency we consider that the
electromechanical coupling coefficient (EMCC). These glectrodes are short-circuited, that is, the electrical potential
quantities describe the piezoelectric transducer behavior. INdegrees of freedom (DOFs) in both electrodes are set to zero
section 3, the optimization problem and its parameters are(g, = 0) in equation (1) (potential boundary conditions).
defined. In section 4, transducer topologies resulting from gqr the antiresonance frequenay,) the transducer is an
the optimization are presented and the results are discussedypen circuit, that is, the electrical charges are set to zero in
In section 5, some conclusions are given. The symmetry the electrodes@ = 0). In the FEM model, considering
conditions considered for the 2D plane strain FEM model are that one electrode is always groundeb, (= 0), the two
briefly presented in appendix A, and the sensitivity analysis gjgenvalue problems can be obtained simply by changing the
of the transducer eigenvalues necessary for the optimizationglectrical boundary conditions in the other electrode, that s,

problem is derived in appendix B. the electrical potential DOFs are set to zeflg, (= 0) for
frequencyw,, and for frequency, they are constrained to
2. Piezoelectric transducer modeling be equipotential and we consid@r= 0[7, 5].

There are many ways of solving these eigenvalue
Since we expect topology optimization to result in complex problems.  The most direct way is just to impose
topologies, a general method such as the finite elementin equation (1) the boundary conditions discussed and
method is necessary for the structural analysis. Therefore,solve each of the eigenvalue problems. The advantage
in this section we describe briefly the finite element of this method is that the band of the ‘total stiffness’
formulation applied to piezoelectricity. We also define some matrix, involving elastic, piezoelectric and dielectric terms,
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is preserved reducing the storage space requirementsmust have a lowk. For a multimode broadband transducer
However, we have to deal with a mass matrix that is positive we must have the resonance frequencies in the desired band
semi-definite (due to the zero mass terms related to theclose to each other and with highand the other modes must
electrical degrees of freedom), and the ‘total stiffness’ matrix have a lowk.
is indefinite (negative and positive eigenvalues) due to the
negative diagonal terms of the dielectric submatrix. As a 3 Topology optimization
consequence, a direct solution using traditional eigenvalue
solvers such as the subspace iteration method does not workn, this section, the procedure and numerical implementation
and an alternative method must be used. A solution for suchof topology optimization for designing piezoelectric
acase is proposed in [7], [8] and [9]. transducers is described. The objective functions, constraints
Another method for solving the eigenvalue problemsisto and material model applied are discussed.
apply a static condensation to the system (1) to eliminate the
internal electrical potential DOFs (since the internal electrical
nodal charges are zero), keeping in the formulation only
electrical potential DOFs of the electrodes, as describedIn this work, the problem of designing piezoelectric
in [5]. The advantage of this method is that the matrices transducers was posed essentially as an eigenvalue
obtained are positive definite, and therefore, the eigenvalueoptimization problem similar to the one described in [10, 11].
problem can be solved by directly applying the usual solvers. The main problem in the eigenvalue optimization is the
However, the band of the ‘total stiffness’ matrix is destroyed ‘switching’ of the vibration modes during the optimization,
and we must deal with a full matrix which increases the which makes it difficult to control the maximization (or
memory requirements consisting of a high drawback if we minimization) of the objective function if this is defined only
have to deal with large FEM models. as a function of one eigenvalue. In order to overcome this
In this work, since the optimization method itself has switching, Maet al [10] proposed multiobjective functions
memory requirements, and in topology optimization we written in terms of many eigenvalues. Therefore, even
usually need to deal with large models to try to get a clear though the modes switch during the optimization, the value
image of the final topology, the first approach proposed by of the multiobjective function involving many eigenvalues is
[8] was implemented using the program DNLASO by D S maximized or minimized. Considering the typical goals in
Scott from the LASO package (available through NETLIB) transducer design described in the introduction, three kinds

3.1. Problem formulation

which is based on the block Lanczos algorithm. of objective function are defined.
The first one consists of the maximization of the EMCC
2.3. EMCC (k) for a specific mode or set of modes. It is a multiobjective
function that is defined following the concept described in
The electromechanical coupling coefficient (EMCCkdis [10], and is given by the equation:

defined for each vibration mode and measures the strength

of the mode’s excitation, that is, how strong the couple is " -1 m

between the mode and the excitation. The most general = 06(2 kzl) anda = Zwi 4)
definition ofk is given by the expression: i=1 " i=1

E2 (UT Koy ®)2 wherew; is the weight coefficienk; is the EMCC for mode
2= EE = @K @)ZBTK o 2 (i =1, 2, ..., m)andm is the number of modes considered
me 44 i in the multiobjective function.
wherek,,,, E, andE,, are the electromechanical, elastic and The second objective function is related to the design of
electrical energy, respectively, defined in [5] and [6], ®, a transducer with specified resonance frequencies. It is also
K.4, Ky andK,, were defined above. a multiobjective function defined in [10], and given by the
However, Naillonet al [5] showed that this expression —equation:
can be approximated by an equation involving the frequencies 12
w, andw, (defined above): 1&. 1 2 21
2 wé — w )\a _ )\r i=1 i i=1 "o
kc= 4 =
w? Ay where),; is the eigenvalue of ordér(i = 1, 2, ..., m), A,,
is the specified eigenvalue formodé = 1, 2, ..., m)and
and A = 2 A = @2 3) p 9 e )

m is the number of modes considered in the multiobjective
where A, and A, are the resonance and antiresonance function. This problem is difficult to solve even for
eigenvalues, respectively. mechanical structures (no piezoelectric effect). However,
Throughthe EMCCsfor the different modesitis possible it can be used, for example, to design a piezoelectric
to know which modes will predominate in the excitation. If transducer with undesired frequencies tuned out from the
we want to increase the contribution of a specific mode we main operational frequency, since in this case we do not need
must increase itk [6]. Therefore, if we desire a narrowband to achieve the specified frequency values, but only make those
transducer we must design a piezoelectric structure with anfrequencies far from the operational frequency.
operational frequency that is not only far from the other Finally, the third objective function is related to
frequencies but that also has a lakgeand the other modes the design of narrowband or broadband transducers. A
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narrowband transducer presents one mode with a strong 1

contribution to the transducer response, and the other modes

must have resonance frequencies far from the resonance 0.8 1

frequency of this strong mode with a weak contribution to the

transducer response. This characterizes a unimodal behavior s 06 T

in the transducer response. For a broadband transducer, a Xn

possible design could be to keep the resonances in the desired 04 T

frequency band close to each other, and with their respective 1
. oo 0.2

modes making a strong contribution to the transducer

response. The other modes (out of the desired band) must 0 z ; ' :

have a weak contribution to the transducer response. This
characterizes not only a broadband but also a plurimodal (or 0 0z 04 06 08 1
multimode) behavior in the transducer response (many modes X,

have strong contribution to the response). An application

would be the design of a multimode broadband Tonpilz Figure 1. CostfunctionW as a function of density, in each
transducer as described in [12]. This type of transducer is finite element.

used in high accuracy and high resolution sonar systems that . o

require broadband transducers. Therefore, as a first step ifvhereV, is the volume of each finite element andthe

the design of a narrowband and broadband transducer, thelumber of elements. A lower bountyn is defined for this
third objective function is a multiobjective function defined ~cost function. The value of the lower bound determines how

as a linear combination of the previous ones. It is given by efficiently the gray scale will be eliminated. A satisfactory

the equation: value for Wpi, can be achieved by performing a certain
_ _ number of trials (two or three) until we obtain a clear
Fa=pxF1—(1-p)=Fz 6) topology. The coefficienp must be chosen to penalize the

0<B<1 intermediate values of,. In this work, p was chosen to be

) ) o o eight. Figure 1 shows the cost function as a function of the
whereg is a weight coefficient, anfl;, F, are scaled values design variable:, for one finite element.
of F1 and F», respectively. The minus sign is required The value forp was chosen taking the behavior of the
because the functiof, must be minimized. The objectiveis  gpjective function into account. Note that because of the
to control not only the distance between the frequencies but ngsen value fop, the lower and intermediate values of
also how strongly their modes contribute to the transducer , cqntribute almost equally in the cost function constraint.

response (EMCC of each mode). , _ . Therefore, if the maximization (or minimization) of the
C|20n5|der|ng all thesg features, the final optimization objective function tries to decreasg, intermediate values
problem can be stated as: of x,, will change for lower values. Larger values.f will

maximize:F (x), wherex = [x1, X2, ..., X4, ..., XxpV] change to one to satisfy the lower bound constiéirt. This
T reduces the amount of gray scale in the solution. However,
. — — U, the cost of eliminating the gray scale is a reduction in the
subject to:(K, — 4,M,)W, = 0; andW, = { 3, } value of the objective ?unctign. !
N = o2 A lower boundxnmin is also specified for design variables
" r x, to avoid numerical problems (singularity of the stiffness
(Ko — 2M)W, = 0; andW, = {ga } matrix in the finite element formulation). In this work,
a xmin Was chosen to be 1. Numerically, regions with
Ay = a)ﬁ X, = xmin have practically no structural significance and can
W > Wi be considered void regions. Therefore, the bounds for the

design variable are @ xmin < x, < 1.

N Finally, we address the constraint related to the
symmetry conditions symmetry conditions. Since we are interested only in

whereK,, M, andK,, M, are the ‘total’ stiffnress and symmetric modes in relation to the axis andy axis,

mass matrices (involving electrical and mechanical degreesonly one quarter of the domain is considered. Symmetry

of freedom) of the resonance and antiresonance problemsreduces the computational cost. The symmetry conditions for

respectively. 1,, 1, and W,, W, are the resonance and displacements and electrical potential DOFs are expressed in

antiresonance eigenvalues and modes, respectively:) the boundary conditions which are stated in appendix A.
is one of the functions defined earlier. The first and third

(F1 and F3) will be maximized and the second’{) will be
minimized.

To reduce the amount of gray scale in the final design, To define the material distribution, we need a material
we define a ‘cost function’ constraint described by the model that allows the properties in each element to assume

0<xmn<x, <1

3.2. Material model for intermediate densities

expression: intermediate values. In this work, the material properties
N in a given element are simply some fraction times the
W = / xPdQ = anp V, @) material properties of the basic material. Thisis an ‘artificial
Q@ n=1 material model forintermediate densities, but since we obtain
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an entirely solid material or void in each element, this is a
valid approach. However, during the optimization process
intermediate densities are allowed and consist of artificial
(non-existent) materials. By using this model the design
procedure is greatly simplified [13, 14].

The basic material has a stiffness tensdt,,
piezoelectric tensar’;, and dielectric tensar. If the basic Calculation of
material considered in the analysis is steel (isotropic), the Resonance and
piezoelectric coefficients are zero, and the electric effect is Antiresonance

. : _ Frequencies and EMCC
not considered in the finite element. Therefore, the local
tensor properties in each elemardan be expressed in terms +
of one design variable, times the basic material property:

Initialization and
Data Input

Calculation of Objective

noo_ 0 noo_ 0 no_ 0 Functions and Constraint
Cijki = *nCijn €iik = XnCiji €ij = Xn€;; (8)

where x,, represents the amount of basic material in that
element (local density) that ranges from, to 1. For
X, = Xxmin the element is a ‘void’ and for,, = 1 the element Converged?, Plotting of Results
assumes the properties of the solid material.

Considering that the design domain was discretized in
N finite elements, the material type changes from element

to element during the optimization. The design problem — ]
consists of finding the fractian, of material in each element Sensitivity Analysis
such that the objective function is maximized or minimized. *

. L Optimization
3.3. Implementation of the optimization procedure (Linear Programming
Problem)

A flow chart of the optimization algorithm describing the
steps involved is shown in figure 2. The software was ‘
implemented in FORTRAN. The initial domain is discretized
by finite elements and the design variables are the values of
x, (defined above) in each finite element.

In this work, we use the mathematical programming
method called sequential linear programming (SLP). Figure 2. Flow chart of the optimization procedure.
This method has been successfully applied to topology
optimization (see [13], [14]) and in addition, the first author
has previous experience with this method [15]. It consists
of the sequential solution of approximate linear subproblems
that can be defined by writing a Taylor series expansion for the
objective and constraint functions around the current design
point x, in each iteration step, as shown in equation (9) for 4. Results
the constraint functionV .

W= W(xno) + Z(Xn - Xno)Pxnpo_lvn 2 Whnin

nes

Update of
Design Variabks

programming subproblem in each iteration of the SLP is
solved using the package DSPLP from the SLATEC library

[16].

Inthis section, we presentresults related to some typical goals
in transducer design, such as maximizing the EMCC for a
b1 b1 specific mode or a set of modes, designing a transducer with
= anpxno Vi = Winin — W (xa0) + anol’xno Va specified frequencies and designing a narrowband transducer
nes nes and a broadband transducer. The values of EMCC obtained
©) are compared with those for simple designs of transducers.
where S is the set of elements considered in the design
domain.

The linearization of the problem (Taylor series) in
each iteration requires the sensitivities (gradients) of the In this work, we consider 2D plane strain piezoelectric
objective function and constraints in relationap These transducers. Since we are interested only in the symmetric
sensitivities can be expressed as a function of the sensitivitiesnodes of the transducer, the design was conducted in only one

4.1. Optimized piezoelectric transducers

of the resonance and antiresonance eigenvaluesd A, quarter of the domain by specifying the necessary boundary
respectively, derived in appendix B. conditions as described in appendix A.
In each iteration, moving limits are defined for the Before presenting the optimized transducers, the

design variables. Typically, during one iteration, the design dispersion curves of the normalized resonance and
variables will be allowed to change by 5-15% of their original antiresonance frequencies, and of EMCC Kprfor a 2D
values. After optimization, a new set of design variablgs  plane strain transducer of rectangular shape were built as a
is obtained and updated in the design domain. The linearfunction of the domain dimension ratio (width/thickness).
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Dispersion Diagrams of Resonance

Wwr.T

Wwa.T

W/T

Figure 3. Dispersion curves of the normalized resonait& (cycles m s') and antiresonanc#, T (cycles m s?) for a 2D plane strain
transducer of rectangular shape as a function of the domain dimension ratio Wigithi€kness T’). (T is the distance between the
transducer electrodes.)

They are presented in figures 3 and 4. These curves showdesign of the Tonpilz transducer [12]. This configuration was
the spectrum of normalized resonance and antiresonancehosen to avoid the difficulty of manufacturing piezoceramics
frequencies that can be obtained as well as the maximumwith complex topologies. Reasonable changes in the
EMCC achieved by changing only the dimension ratio of characteristic frequencies and EMCC (for different modes)
the transducer with a simple rectangular shape. Therefore,of the transducer can be achieved by merely adding a steel
they give us an idea of the characteristics achievable whencoupling structure with complex topology to a simple shape
only the dimension ratio is changed for a simple shape. The PZT transducer. It was concluded that materials such
maximum values of EMCC for the simple rectangular shape as steel, aluminum and brass are better for this kind of
will be compared with the values obtained for some optimized design because they have a stiffness and density of the same
transducer topologies. order as piezoceramic, which allows large changes in the
Piezoelectric materials used in transducer design aretransducer frequencies with a small amount of material. Steel
usually ceramics, and if they have complex shapes theywas chosen in this work. Figure 5 describes the relative
are very difficult to fabricate. Therefore, two kinds dimensions of the initial domain considered. Of course,
of initial domain are considered. In the first model, in practice, an insulator must be provided in the symmetry
there are two materials: steel and piezoceramic (PZT5A). plane for the steel part, otherwise the electrodes will be short
The piezoceramic domain remains unchanged during thecircuited. However, in the FEM model this effect does not
optimization. The steel is the design domain and thus the occur since electrical degrees of freedom are considered only
transducer will have a complex topology only in the steel in the ceramic domain. In the second model, we consider
domain. This model can be used, for example, in the changes in the ceramic topology. Therefore, the entire
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04 +

014 L

0 I 2 3

W/T

Figure 4. Dispersion curves of the EMCG) for a 2D plane strain transducer of rectangular shape as a function of the domain dimension

ratio width (W)/thickness T').

A
| > Steel

1.0

Piezoceramic insutation

Figure 5. Configuration for the model PZT5A/steel with its
relative dimensions. The piezoelectric domain remains

unchanged. The piezoceramic is polarized in the 3 direction.

Table 1. Material properties of PZT5A and steel used in the
simulations.

Piezoceramic PZT5A
¢k (10N m™) 12.1
¢k, (101N m™) 7.54
¢k (101N m™) 7.52
ek (100N m=2) 11.1
ch,(10°NmM™2) 210
c53(10°NmM™2) 230

€13 (C m’z) —54

€33 (C mﬁz) 15.8

é15 (C m_z) 12.3

& /€0 1650

€33/€0 1700

p (kg m=3) 5000
Steel

c11 (10N m~2) 3.11
c12 (10" N m~2) 1.53
o (kgm3) 7800

As an initial guess, the design variablg is set to be
equal to 0.5 in both models. When the optimization process
is complete, the result is a density distribution over the mesh
with some ‘gray scale’ (densities between zero and one).
Even though the cost constraint implemented reduces the
amount of gray scale, it is difficult to eliminate it entirely
since the optimum solution requires some gray scale [17].
However, we need to interpret the results as a distribution of
two phases by eliminating the intermediate densities which
are difficult to implementin practice. This elimination can be
implemented by using techniques such as image processing
[11]. Independent of the interpretation technique used to
obtain a clean structure, there will always be a change in
the frequencies and objective function (EMCC for example)
since the gray scale is no longer present. Therefore, another
optimization process, such as shape optimization [18] which
produces small changes in the topology, would be necessary
to recover the objective function improvement and also to
provide a final design that can be manufactured.

The interpretation problem is less critical when we are
only maximizing (or minimizing) an objective function, since
at most the objective function will decrease (or increase)
due to the elimination of ‘gray scale’. However, it becomes
critical, for example, in the case where we specify the desired
frequencies for the transducer design since small changes
in the structure may cause the final resonance frequencies
to deviate from the desired values. In this work, a simple
threshold was applied to the density of the optimized
topology to obtain the final topologies shown in the pictures.

The first design considered is the maximization of the
EMCC for a specific mode or more than one mode. Figure 6
shows a transducer topology that maximizes the EMCC for
the second vibration mode considering only piezoceramic

domain consists of piezoceramic (no steel at all) and has amaterial in the design domain. Figure 8 shows the design
square shape. For both configurations, the piezoceramic ispf the steel coupling structure that maximizes the EMCC
polarized in the 3 direction, as shown in figure 5. Table 1 (or ) for the first mode using model PZT5A/steel. The
describes the properties of the piezoceramic (PZT5A) and graphs showing the iteration history for the EMC&} €ost
steel used in the simulations. For resonator applications theconstraint (') and objective functionf;) for the previous
piezoelectric material quartz would be preferred to PZT5A designs are shown in figures 6 and 9, respectively. Six modes
due to its highly stable properties. However, since we are (,; = 6) were used in equation (4) for all results shown. The
only interested in showing the design method, PZT5A was weights ;) in equation (4) were chosen to be 1000 for the

considered for the sake of simplicity.
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Iterations

Figure 6. Transducer topology that maximizkgor the second mode. Only piezoceramic is considered in the domain. Iteration history for
the first fourk, objective function £;) and constraint¥) is also presented.

Table 2. Electromechanical coupling coefficiert for the first sented in the figures and also for the initial domain described

four modes of the transducers described in the figures. An asteriskip figure 5 (considering,, = 1). By comparing the value

((j*e)slin?]lcates maximized. Constrainti is also given for each of the EMCC achieved for figure 6 with the values described
gn- in the dispersion curve in figure 4, we can see that the im-
Design Figure5 Figure6 Figure8 Figure 10 provement obtained is larger than the one obtained if only
ks 0.425 0.128 0501 0.367 the dimension rate is changed for the simple rectangular
ko 0.082 0.580 0.261 0.354 shape. Also, comparing the EMCC for figure 8 with the trans-
ks 0.120 0.123 0.135 0.346 ducer without the coupling structure (see dispersion curve for
/;; 0.194 83-7181 00-7179 007%71 W/ T = 2.33), we can verify the improvement in the EMCC

> —_— . . .

due to the coupling structure with complex topology added to
the PZT transducer. Notice also that almost all of the ‘piston’
) ) ) ] ) modes described above have high values of EMCC which in-
The corresponding “piston’ vibration modes, ideal for  gjcates a high coupling of these modes with the excitation.
generating acoustic waves, are presented for these topologies Sometimes, the goal could be to design a transducer
in figures 7 and 8, respectively, considering only one quarter ith the same value of EMCC as given in dispersion
of the domain (due to the symmetry). These modes are cyrve 4 for a specific aspect ratit( T), but considering
|mp0rtant |f the transducer W|” be apphed f0r generat|0n a d|fferent aspect raﬂo of the des|gn doma|n An
and reception of acoustic waves. Figure 10 presents theapplication of this would be the design of piezoelectric
resultant transducer topology that simultaneously maximizeselements for 1-3 piezocomposite transducers. In these
the EMCC for the first three vibration modes. The iteration transducers, considering parallelepipedic shape elements, a
history is also presented. This gives a plurimodal behavior good performance usually can be achieved only for a ratio
in the transducer frequency response. width/thickness around 0.6 [4, 6]. This makes it difficult to
Table 2 describes the values for the first four electrome- build these piezocomposites for low volume fractions without
chanical coupling coefficientsc) for the transducers pre- increasing the lateral periodicity of the piezocomposite in
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Figure 7. Thresholded image of the topology in figure 6. The ¢) Third Mode
corresponding second and third resonance modes are also o _
presented using a 20 20 mesh for one quarter of the domain. Figure 8. Transducer topology that maximizisor the first mode
Dashed lines indicate undeformed structure. considering PZT5A/steel configuration. Piezoceramic domain

remains unchanged. The corresponding first and third resonance

. . . modes are also presented using a2P0 mesh for one quarter of
relation to the thickness (equal to operational wavelength). If ihe domain. Dashed lines indicate undeformed structure.

this happens, scattering will occur inside the piezocomposite
making it difficult to model its behavior [19]. A new design  Table 3. Initial, specified and achieved resonance frequencies for
for the piezoelectric element within a domain aspect ratio the transducer designs shown in the figures.
constraint may be sought to avoid this limitation.
The next step consists of designing atransducer topology
. e . e . . w1 4.6 4.6 57
with specified frequencies. This is an important goal in

Design Figure 11 Figure 13  Figure 15

h d desi . it all f | Initial w2 5.9 5.9 8.3
the transducer design, since it allows us, for example, 1 (cyclessl) o, 8.4 8.4 105
to place some undesired modes (such as spurious modes) o 3.0 458 4.0
far from the transducer operational mode, as described in gpecified o, 7.0 12.0 70
[2]. The presence of these modes close to the operational 10° (cycless?) w,s 9.0 16.0 9.0
frequency could cause some undesired change in the w1 3.03 4.97 4.07
resonator operational frequency, for example. Achieved Lo 6.99 10.5 7.03
Figures 11, 13 and 15 show the topologies obtained 10°(cycless?) w5 7.92 11.2 9.10

for the specified resonance frequencies described in table 3,
which also shows the initial frequencies and the achieved
resonance frequencies. Figures 11 and 13 present transducetesigns considering only piezoceramic in the domain, while
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Figure 11. Transducer topology obtained for specified resonance
frequencies described in table 3. Only piezoceramic is considered
in the domain. The corresponding second and third resonance
modes are also presented using a220 mesh for one quarter of
31 the domain. Dashed lines indicate undeformed structure.
[terations
] o ] Table 4. Antiresonance frequencies and electromechanical
Figure 10. Transducer topology that maximizesor the first coupling coefficientk) for the first three modes of the transducers
three modes considering the PZT5A/steel configuration. described in the figures.
Piezoceramic domain remains unchanged. Iteration history, for - - - -
objective function £;) and constraintl) is also presented. Design Figure 11  Figure 13  Figure 15
w1 3.17 5.38 4.35
figure 15 considers model PZT5A/steel (piezoceramic is kept ';‘ggt"esol”a”scle @a2 g-ig 1(1)-?1% ;gé
unchanged). The graphs showing the iteration history for the (cycless7) @ 0'308 0'415 0'377
resonance and antiresonance frequencies for the designs inEMCC © zl 0222 0.245 0290
figures 11 and 13 are shown in figures 12 and 14, respectively. ki 0.365 0.221 0.236
A graph showing the iteration history for cost constral#if)( Constraint Ws> 07 0.7 05

and objective functionk?) for figure 11 is shown in figure 12.
Three modes# = 3) were used in equation (5) for all results
shown. The corresponding ‘piston’ vibration modes, ideal for these are ideal for generating acoustic waves if the transducer
generating acoustic waves, are presented for these topologiegs applied for acoustic wave generation.

in figures 11, 13 and 15, respectively, considering only one Table 4 presents the first three antiresonance frequencies
quarter of the domain (due to the symmetry). As discussed,and EMCCs for these transducers, as well as the constraint
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Figure 12. lteration history for resonance;() and antiresonancef) frequencies, objective functiorFf) and constraintWy’) for figure 11.

W specified in the optimization. We can see that the ‘piston’ with specified frequencies. Of course, in this multiobjective
modes described above have high values of EMCC which function the result will be a compromise between these two
indicates a high coupling of these modes with the excitation. goals, which means that the desired frequencies will not be
Notice that the frequency units are Hz in the graphs and achieved exactly nor will the EMCC be maximized as much
cycles s* (equal to 2r Hz) in the tables. The gap amongthe  as in the first case, depending on the chosen weight

desired frequencies and achieved frequencies in figures 11 Eigyre 16 shows a transducer with the first resonance far
and 13 is probably due to the small relaxation given by o the others and with the largest EMCC, as described in
the mgterlal mode_l used, therefo_re not all combinations of the EMCC response spectrum in figure 17. This provides
specified frequercies can be achieved. a narrowband behavior in the transducer response. The

_ A_s d|5(_:ussed above,theflr)al|nterpretat|on of this design corresponding two ‘piston’ mode shapes, considering only
is critical since small changes in the topology may cause the .
one quarter of the domain (due to the symmetry), are

final frequencies to deviate from the desired ones; however,plresenteol in figure 16. Figure 18 shows the topology of a

this kind of objective function plays an important role in d ith a broadband f The th
the design of a narrowband (or a broadband) transducer (thetrans ucer with a broadband frequency response. The three

next design considered) since usually we are more interested €Snance frequencies are close to each other, each of them
in making the resonance frequencies far from (or close to) With large k. This example illustrates the application of
each other (as explained above), rather than equal to specifi¢h€ third objective function in the design of a multimode
values. broadband Tonpilz transducer [12] as discussed before.

The final design considered is the design ofanarrowband ~ The graphs showing the iteration history for the
and a broadband transducer. It consists of combining theresonance and antiresonance frequencies, EMCCs, cost
previous objective functions: maximization of the EMCC constraint {¥) and objective functionf) for the design in
(k) for a specific mode or modes and design of the transducerfigure 18 are shown in figure 19. The corresponding ‘piston’
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Table 5. Initial, specified and achieved resonance frequencies for il
the transducer designs shown in the figures. L .
Design Figure 16  Figure 18 %
w1 4.6 5.7 Ui / J
Initial @, 59 8.3 HEHH
10° (cycless?) w,3 8.4 10.5 3 [i {I 't 1[53 ITT‘H
w1 3.0 3.0 | 1 e
Specified w2 7.6 4.6 .
10° (cycles s w123 6.0 b) First Mode
@1 3.09 3.07 Figure 15. Transducer topology obtained f ified
Achieved o 6.62 2.0 igure 15. Transducer topology obtained for specified resonance
10° (cycles s%) wfz 704 5 80 frequencies described in table 3 considering the PZT5A/steel
r3 . .

configuration. The corresponding first resonance mode is also
presented using a 20 20 mesh for one quarter of the domain.
Dashed lines indicate undeformed structure.

mode shapes, considering only one quarter of the domain
(due to the symmetry), are presented in figure 18. and 18, respectively. The weights;{ of F, in equation (6)
Table 5 describes the first three initial, specified and were chosen to be 10000 for thecoefficients we want to
achieved resonance frequencies and specified constraintnaximize and one for the others. Five modes were used in
for the topologies presented. Table 6 presents the equation (6)4 = 5) for figure 16, and three modes (= 3)
corresponding first three antiresonance frequencies &d for figure 18. Notice that the first ‘piston’ mode in figure 16
these transducers. The weigh) (ised in the multiobjective  and the second one in figure 18 have the largest EMCC values
function F3 (6) is 0.3 and 0.8 for the designs in figures 16 showing a high coupling with the excitation.
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Figure 16. Transducer topology obtained using the third objective
function. Only piezoceramic is considered in the domain. The

corresponding first and third resonance modes are also presented
using a 20x 20 mesh for one quarter of the domain. Dashed lines

indicate undeformed structure.

Table 6. Electromechanical coupling coefficier) for the first
three modes of the transducers described in the figures. An

asterisk ) indicates maximized.

Design Figure 16  Figure 18
®a1 3.49 3.18
Antiresonance  w,» 6.64 4.82
10° (cyclessY)  w,z  7.08 5.98
k1 0.53 0.27
EMCC () ko 0.08 0.45
k3 0.1 0.25
Constraint w> 0.6 0.7

5. Conclusions
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Figure 17. EMCC response spectrum for the transducer in
figure 16. f, is the resonance frequency.
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Figure 18. Transducer topology obtained using the third objective
function considering the PZT5A/steel configuration. The
corresponding second and third resonance modes are also

A method for designing piezoelectric transducers with high Presented using a 20 20 mesh for one quarter of the domain.

performance characteristics has been proposed.
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alternative approach that allows us to change the transducer
characteristics by adding a coupling structure with complex
topology to a simple shape PZT transducer, which is easier
to manufacture. This model can be used for the design of a
Tonpilz transducer [12].
In future work, we intend to extend this method to
DREE 3D transducer design. A shape optimization applied to the
005 T ‘ ‘ piezoelectric medium [18] must be implemented in order to
| s ,'1 15 2; be able to obtain a clear final design. The material model can
Iterations be changed for a more complex one (microstructure defined

in [10]) which enlarges the solution space of the problem
w (increases the problem ‘relaxation’). Furthermore, other
R T VARS— kinds of objective function, or modifications of the current

' ; ’ ; ' : : ' ones, can be implemented depending on the specific goal
of the piezoelectric transducer application and other initial
design domains can be considered.

EMCC (k)
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upon topology optimization techniques and the finite element

method (FEM). Three kinds of objective function were Appendix A. Symmetry conditions

defined: maximization of the response of a specific mode

of the transducer operation (by maximizing its EMCC), In this appendix, we present the symmetry conditions

design of a transducer with specified resonance frequenciesmposed in the FEM model that allow us to solve for the

and design of the transducer frequency response spectruntesonance and antiresonance frequencies by considering only

(narrowband or broadband transducer). This method can beone quarter of the transducer domain. The domainis shownin

applied to design transducers for acoustic wave generationfigure A1 and the specified boundary conditions are described

and resonator applications. in table Al in terms of displacements and electrical potential

The proposed designh method allows us to obtain trans- degrees of freedom.

ducers with specified frequencies and better performance

characteristics than the ones achieved with simple geomet-ra,e A1, Boundary conditions for the FEM model considering

ric shapes. Improvement of the electromechanical coupling one quarter symmetry; is the displacement in thidirection and

factor (EMCC) was obtained in relation to simple designs ¢ is the electrical potential.

of piezoelectric transducers (such as a rectangular shape);

however, complex piezoceramic topologies are obtained as

a result. The manufacture of these complex ceramic shapes y=0 u,=0¢=0 u,=0¢=0
. . . . . y=t ¢=0 equipotential

can be achieved by using rapid prototyping techniques that Y=0 1u,=0 0, =0

have been developed by [20]. The model PZT5A/steel is an

Side Resonance Antiresonance
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Appendix B. Sensitivity analysis

Appendix B.1. Sensitivity of the resonance and
antiresonance eigenvalues

[2

_—

[3

—_—

The resonance and antiresonance eigenvalues are obtained

by solving the eigenvalue problems resulting from applying

boundary conditions to equation (1):

(K — AMYW = 0: andW:{U} r=o? (B.)

P

whereK andM are the ‘total’ stiffness and mass matrices
involving electrical and mechanical degrees of freedom that

SimsonE A and Taranukha A 1993 Optimization of the
shape of a quartz resonatdcoust. Phys39472—6
Challande P 1990 Optimizing ultrasonic transducers based
on piezoelectric composites using a finite-element method
IEEE Trans. Ultrason. Ferroelectr. Freq. Contral
135-40

] Sato J, Kawabuchi M and Fukumoto A 1979 Dependence of

[5

—_

[6

—_

take into account the boundary conditions of the resonance

or antiresonance problem (see appendix A).

The sensitivity of the resonance and antiresonance
eigenvalues is calculated by deriving equation (10) in relation
to the design variables following a procedure similar to that
described in [21]. For the resonance eigenvalysve obtain

w/r (aK’ A aM’) w,
a)\r ’ n ' n '
9 _ 0%, 0x h=a? (B2)
9y WM, W,

For the antiresonance eigenvalyg we obtain:

w/r (aK" - aM“) w,
Oha _ N\ Oxy “Ox ) "
Oha _ O O e =a? (B3)
9, WIM,W,

where K., M,, K, and M, are the total stiffness and
mass matrices reduced for the boundary conditions of the
resonance and antiresonance problems, respectively¥and

(7]

(8]

El

(10]

(11]

(12]

(13]

andW, are the resonance and antiresonance modes obtainegh 4]

from the solution of the eigenvalue problem (10) for different

boundary conditions.

Due to the material assumption described in section 3.2

the matrice9)K, /dx,, IM, /dx,, 0K, /dx, andaya/axl are
proportional to the individual element matricés [, [M;],.,
[K.]» and M,],., and are given by the expressions:

aRr —_ [Kr]ﬂ am" _ [Mr]n

0Xx, - X 0x, - Xy,

aR{l _ [Ra]n amﬂ _ [Ma])l (B 4)
8xn N Xn axn B Xn . .

Appendix B.2. Sensitivity of objective functions

The sensitivity of objective functions can be obtained by

(15]

(16]

(17]

(18]

(19]

deriving equations (4), (5) and (6) in relation to design [20]

variablesx, and expressing the result as a function of the

sensitivity of the resonance and antiresonance eigenvalues.

The derivation of equations (4), (5) and (6) is straightforward,;

therefore, it will not be presented here.
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