Proceedings of COBEM 2007 19th International Congress of Mechanical Engineering
Copyright © 2007 by ABCM November 5-9, 2007, Brasilia, DF

OPTIMIZED DESIGN OF SONOTRODES FOR PIEZOELECTRIC
TRANSDUCERS USING TOPOLOGY OPTIMIZATION

César Yukishigue Kiyono, ckiyono@gmail.com

Ronny Calixto Carbonari, ronny@usp.br

Emilio Carlos Nelli Silva, ecnsilva@usp.br

Department of Mechatronics and Mechanical Systems EnginggeEscola Politécnica da Universidade de Sao Paulo,
Av. Prof. Mello Moraes, 2231, 05508-900, Sao Paulo, SP,iBraz

Abstract. This work aims to perform the design optimization of a s@u#r a structure usually connected to a high power
piezoelectric transducer, which is a device capable of eaing electric energy into mechanical displacement oevic
versa. A sonotrode transmits mechanical vibrations geteery a piezoelectric transducer, adjusting the amplitane

the distribution of these vibrations to fit the design needsfcertain application. Among applications of piezoelect
transducers using sonotrodes, we can cite navigation sgndirasonic cleaning and melting devices, acoustic tomog
raphy, ultrasonic drilling machine, ultrasonic fabric ¢irtg machine, etc. The design needs of a sonotrode differs fo
each application, ranging from obtaining maximum displaeat in one single point of its structure, to obtaining unifo
displacements on a whole face of the sonotrode. To impravatthinment of the optimum result, in this work, Topology
Optimization (TO) is applied to design the sonotrode. TO [macedure to design the optimal layout of structures by
distributing material within a fixed domain. The objectividlte developed TO formulation is to find the best topology of
the sonotrode that produces maximum and uniform displactnag one of its face, granting that the first resonance fre-
guency must be larger than a specified value. The TO methatbigimented using the Sequential Linear Programming
(SLP) as optimization algorithm, and it is based on the SIN8BIif Isotropic Material with Penalization) and RAMP
(Rational Approximation of Material Properties) interpdions for material model formulations. Finite Element hed
(FEM) is applied to model the sonotrode using piezoeleéttic-node axisymmetric elements. A node-based design vari
able implementation for continuum structural topologyioytation is presented to minimize numerical instabiitseich

as checkerboard pattern. Resonance frequencies are ceahphubugh Lanczos method and a frequency constraint is in-
cluded in the topology optimization formulation. Diffet@ptimized shapes of the sonotrode are designed, and caapar
with traditional designs found in the literature to verifyetimprovement.

Keywords. Sonotrode, Topology Optimization, RAMP, Piezoelectniit€iElement Method, Lanczos Eigensolver.

1. INTRODUCTION

High power piezoelectric transducers are based on the glieztoic effect, which is defined as the mechanical energy
to electrical energy conversion (direct effect) or the &leal energy to mechanical energy conversion (inverseceff
These devices can be found in projects such as navigati@ns(Desilets et al. 1999), high power ultrasonic transdyce
underwater data acoustic transmission device, ultrasbedning and melting machines (Shuyu 1995, 2004, 2005,)1997
sound projector for acoustic tomography and global oceamstoring (Morozov and Webb 2003), chemical processes
(Heikkola and Laitinen 2005), fabric ultrasonic cuttingdamelting machines (Lucas et al. 1996), even in ultrasonic
drilling device (Sherrit et al. 2000), one of NASA's receasearch for Mars expeditions on other low-gravity planets.

High power piezoelectric transducers (Fig. 1(a)) are binligeneral, using sandwiched shapes. The piezoelectric
ceramics are pre-stressed between two metallic masses igh-adsistant mechanical screw. The two metallic masses
lower the device resonance frequency well below that of teegestack (Desilets et al. 1999). Pre-stress preventafiec
due to high voltage applied to the ceramics (Arnold and Mul2@01b). Pre-stress typical value is 30 MPa (Arnold and
Muhlen 2001a). Therefore, this configuration allows higéctlical voltage applicatiork({”), however, the operational
frequency must be moderateH] z).

Usually, high power piezoelectric transducers designsammected to a sonotrode. Sonotrodes are syntonized ele-
ments used in some high power applications where they ysopdérate as a tool acting directly in the working surface
(Lucas and Smith 1997; Cardoni and Lucas 2002), transmittie mechanical vibration generated by the piezoelectric
transducer, adjusting the amplitude and the distributidh@se vibrations to satisfy the design needs.

Two types of sonotrodes are generally used in the majorith@filtrasonic applications: the cylindrical ones (Parrin
2001, 2003a, 2003b) (Fig. 1(b)) or, the blade-wide type dhasminger 1988) (Fig 1(c)), depending on the displacement
pattern to be produced. The cylindrical sonotrodes aréeghplhere the region submitted to ultrasound is small, oofler
50 mm; whereas blade-wide type sonotrodes are applied wheretfierr submitted to the process is wid20{ mm).

Both cylindrical sonotrodes and the blade-wide type oneglasigned to vibrate in longitudinal direction, acting al h
wave length resonators. These sonotrodes usually posspssed out profile, which produces an amplification relation
that is given by the ratio between the two tips areas of sodes.

The objective of this work is to apply topology optimizatitathniques to design the sonotrode aiming to guarantee
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Figure 1. Schematical representation of (a) High Powerdeieztric Transducer, (b) Cylindrical Sonotrode and (c)
Blade-Wide Sonotrode.

the maximization and the uniformization of the displacetaatistribution in one single face of the sonotrode, helping
the first resonance frequency to be larger than a specifigddrecy. The uniformization goal is to reduce the difference
between the maximum and minimum displacements of the soetace.

The application of topology optimization techniques makesdesign process more efficient, with less computational
cost, guaranteeing that the result is as optimized as pgessib

2. PIEZOELECTRICITY

The piezoelectricity is a property that certain materiaéspnt that can be defined as the electric polarization pextiu
by a mechanical strain in certain crystals, that is, wherptheoelectric material is submitted to a mechanical stran
electric field is generated. The inverse effect is also appll he constitutive equations that define the linear pieztréc
material behavior are given by (Ikeda 1996; Lerch 1990):

T = cZS — e'E
D = eS + €5E (1)

whereT, S, D andE are the mechanical stress and strain, electrical chargéelddensors, respectivelg”, e ande®

are the elastic stiffness, piezoelectric, and dielectopprty matrices, respectively, which, for thenm symmetry class,
are given by (Ikeda 1996):
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3. PIEZOELECTRIC FINITE ELEMENT METHOD

A general method such as the Finite Element Method (FEM) éeseary for the structural analysis since structure
with complex topologies are expected. Therefore, the fdatian of FEM for linear piezoelectricity is applied. This
formulation is well-developed and only a brief descriptioiti be given here. Piezoelectric mechanisms considered fo
design operate in medium frequencié#i(z). Two element formulations are applied to this work, thesgmimetric and

plane stress (EPTM) isoparametric four-node element ftatimns. Thus, using these element formulations, the dgloba
equilibrium equations are given by:

(L kel o D{s-{e = Mw-m @
wherew is the operating frequencWl,.,, K.., K., andK,, are the mass, stiffness, piezoelectric, and dielectric
matrices of the transducer, respectivdly. ®, F andQ are the mechanical displacement, electrical potentiathaueical
loading, and electrical charge vectors, respectively.

It is also necessary to calculate the resonance frequeactsnodes. To calculate them the electrodes are short-
circuited, i.e., the degrees of freedom (DOF’s) referrimghie electrical potential in all electrodes must be equaki@

(Peiectrodes = 0) in EQ. (3), and also, it must be conside®d= 0 (Guo et al. 1992; Naillon et al. 1983). Then, the
resonance frequencies and modes are obtained solvingliheifiy expression:

([K]f)\[ﬁ]){W}:O LA =u? 4)
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where) is the eigenvalug,W} is the eigenvector[f{ and | M | are the stiffness and mass global matrices, respectively,

which include the boundary condition information for theambanalysis, that is, the FEM matrices must be obtained with
the piezoelectric ceramics electrodes grounded.

4. TOPOLOGY OPTIMIZATION

Topology optimization is a powerful structural optimizati technique that combines the Finite Element Method
(FEM) with an optimization algorithm to find the optimal méaé& distribution inside a given domain bounded by supports
and applied loads that contains the unknown structure (8amdnd Sigmund 1999; Bendsge and Kikichi 1988).

The discrete material distribution function (0-1) is arpitised problem (Bendsge and Sigmund 1999), and to over-
come this, the optimization problem must be relaxed by aligthe material to assume intermediate materials duriag th
optimization. This is achieved by defining an appropriateticuous material model which defines the material tramsiti
at each point of domain.

The material model used in this work is based on the SIMP @3Sstitropic Material with Penalization) (Bendsge and
Sigmund 1999) and the RAMP (Rational Approximation of MatkeProperties) (Stolpe and Svanberg 2001; Bendsge
and Sigmund 2003; Hansen 2005). The SIMP model is applieketariass matrix, acting on the densipfx)) of the
structure, and the RAMP model is applied to the stiffnesgimatcting on the elasticity modulu€(x)) of the structure.
These different models are applied to reduce the localimpehenodes in areas where the design variables assume low
values (Pedersen 2000). The formulation for intermediateerials defines the level of problem relaxation (Bendsae an
Sigmund 1999).

Recent works (Matsui and Terada 2004; Rahmatalla and Swa#) 2tave suggested considering the continuous
distribution of the design variable inside the finite eler@ninterpolating it using the FE shape functions. In thisesa
the design variables are defined for each element nodeathsfecach finite element as usual. This formulation, known
as CAMD (Continuous Approximation of Material Distributipseems to reduce instabilities, such as checkerboard of
the material layout designs (Rahmatalla and Swan 2004).

Thus,p(x) andE(x) are given by:

7(x)
T /1 EO - E’H n (5)
T+ a1 =Gy 0 Fmin)
wherep and £ are the density and the elasticity modulus properties,easly, of the material at each point of the
domain. py and Ey are the values of the isotropic material property,,;,, is the minimum admissible value for the
elasticity modulusy is the design variablg, andq are the penalizations for the stiffness and density, résehe

p(X) = ’y(X)qu 5 E(X) = E’min +

5. DESIGN PROBLEM FORMULATION

The objective of this work is to define a topology optimizatiormulation to: uniform and maximize the displace-
ments configuration at one given region of the sonotrodetgrg that the sonotrode first resonance frequency must be
either larger or equal to a specified frequency; guarantestain stiffness for the structure, which vibrates due to ha
monic excitation of a high power piezoelectric transdudefigure illustrating the definition of the problem of TO, as
well as of the desigh domain and boundary conditions is ptese

Uj (points where the optimization is applie

Elastic
Material

Holes due to topology
optimization procedure

Electrical

potential Piezoelectric Ceramic

Figure 2. Definition of TO problem, design domain and bougpdanditions.

The uniformization is obtained by minimizing the square muation of the difference between the displacement
at each point of the region where the uniformization is @gbif:;) and a constantd). In this kind of formulation,
the objective is to approach the displacementso the constanf, so that this summation becomes small through the
iterations.

The maximization of displacements is obtained following thean transduction principle (Silva 2003; Carbonari
et al. 2005), which is achieved by applying the reciproditgyarem (or Betti’'s theorem) (Timoshenko and Goodier 1970)
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extended to the piezoelectric medium. This formulatioregithe maximum displacement generated at specified regions
and directions due to electric potential excitation in tiezpelectric medium (electric charge or potentials).

To guarantee the sonotrode stiffness, the principle of neearpliance (Silva et al. 1999; Carbonari et al. 2005) must
be used. The structural function must generate enoughestifto resist the loads during the actuation movementgas th
actuator keeps its deflection at the requested regions Widlasubjected to electric potentials. The mean compliasce
applied assuming static behavior.

Thus, the uniformizationi({;) and the maximization/{;) of the displacements functions and the maximization of the
stiffness function [.3) are given by the expressions:

m

S T

fguldT ; LQZ/ t3u3dT (6)
i=1 T r

to to
wherem is the number of points that are considered in the optinengtrocedureu; is the dynamic displacement of the
sonotrode due to dynamic electric potential excitaﬁqrb 167t ty = t2eI¥t are the unit dynamic mechanic loads,
andY,, is the region which is submitted to optimization proceddge= —t, andus is the sonotrode static displacement
due to loads.

The three former formulations;, L2, and Ls must be combined to minimiz&; and L3, and maximizeL,. The
following multi-objective function is proposed:

F=w(gnli—(1—-g)InL;)— (1 —-w)lnLs 7

wherew andg are the weight coefficients that varies franto 1, and allow us to control the priority of each objective
function.
Thus, the topology optimization problem formulation is defl as:

Maximize: F (v)

v(x)
subjectto: t3 = —to
Equilibrium equations (8)
wr 2 Wo
0<v<1
fQ ’de < ®lim

wherew,. is the resonance frequency aungl is the frequency constraint value, respectively, éng, is the maximum
volume value allowed for optimum topology.

6. NUMERICAL IMPLEMENTATION

In this work, the continuous distribution of design varmblis given by (Matsui and Terada 2004; Rahmatalla and
Swan 2004):

nd

v(x) = Z%‘Ni(x) 9)

wherev; is the nodal design variabl@/; is the finite element shape function amgis the number of nodes at each finite
element. The design variablecan assume different values at each finite element node. ®tretdefinition of Eq.
(9), the material property functions (Eq. (5)) will also leaa continuous distribution inside the design domain. Thus,
considering the mathematical definitions of the stiffnesd piezoelectric matrices of Eq. (3), the material properti
must remain inside the integrals and be integrated togéthasing the graded finite element concept (Kim and Paulino
2002).

The functionsl, Lo, andL3 can be calculated numerically through the expressions:

L= ({8)-18) =@ {8 L= () () (10)
where
B
B
F ~ ~1—1 (~ 1 6
= { T heemp () = [K] (B} e mm e =] D
p
p
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with F5 as the mechanical load vectoy and{fl} as the electric potential vecter. [K] is the static stiffness matrix
of the structure ancﬁf(} is the dynamic matrix of the problem, involving the stiffseend mass matrices, modified for

electrical potential excitation. Vectd3} has the same length of the vect{ofll }
Thus, the discretized form of the final optimization problisratated as:

Maximize: F (v)

sugjectto: {3} = — {2}
Ki{¥, =4I
K[{®,| =T, 12)
(K] {®3} = {T3}
([K] -2 ]} w =0
Wy 2 Wy

O<N7'min§7i§1 izl,...,Ne
s VY < Otim

whereV? is the volume associated with each finite element node armplial € finite element volumeV. is the number of
nodes in the design domain, afgl;,, is the design variable minimum value that can be set to aumidarical instabilities.
The mathematical programming method called SequentiadriRrogramming (SLP) is applied to solve the optimiza-
tion problem since there are a large number of design vasabhd different objective functions and some constraigs
considered (Vanderplatz 1984). The linearization of thebfam (Taylor series) at each iteration requires the deitigis
(gradients) of the multi-objective function and consttainThese sensitivities will depend on gradientd.ef Ly, and
L3 functions in relation toy. Suitable moving limits are introduced to assure that tregfevariables do not change by
more tharb — 15% between consecultive iterations. A new set of design varsadnle obtained after each iteration, and the
optimization continues until convergence is achievedHterdbjective function. The initial values of design varesbare
random values. The results are obtained using the coniomuaiethod where the coefficient penalization p varies from
1 to 4 and the value of penalization coefficient q varies forto B. The continuation method minimizes the problem
of the multiple local minimum (or maximum) (Stolpe and Svarp2001). A flow chart of the optimization algorithm
describing the steps involved is shown in Fig. 3. The soféweas implemented using the C language.

Initialization and I YR
Data Input
]
Calculation of L1, L2 and L3

Functions and Coupling o
Constraint Functions

|
Calculation of Multi-Objective
Function and Constraints

1
Y
Converged?> sl Ploting Results

N Il
’Calculate Sensitivities ‘

l

Solved LP problem
with respect to y

Figure 3. Flow chart of optimization procedure.

7. NUMERICAL RESULTS

Examples are presented to illustrate the design of the sm®tising the proposed method. The idea is to simultane-
ously distribute non-piezoelectric and void material ogioas with predefined materials, specified in the design doma
presented in Fig. 4. Table 1 presents the piezoelectricriabpeoperties used in the simulations for all examptes, e,
ande® are the elastic, piezoelectric and dielectric propertespectively, of the PZT medium apds the density of the
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PZT material. Table 1 also presents the elasticity modufoarig’s modulusty), density p) and Poisson'’s ratiaf) of

Steel 4340.
o=~ AR

1,
125
_*_ (]51 ej“’t
20 *
w0l | = L
25 Measures
i 117,5 in mm

Figure 4. Design domain including loadings, constraints measurements.

Table 1. Properties of PZT8 material and Steel 4340.

PZT8 | Steel4340
B (101°N/m?) 137 e31(C/m?) -4.0
cE(10N/m?) 6.97  es3(C/m?) 13.8 | Ey(GPa) 208.3
B (101°N/m?) 7.16  e15(C/m?) 10.4 | p(kg/m3) 7846.3
B (1019N/m?) 124 £1(107°F/m) 7.9473| v 0.29
L (1019N/m?) 3.4 e33(107°F/m) 5.1507
cks(101°N/m?) 3.365  p(kg/m?) 7700

The electric potential applied to piezoceramics electsdde) is equal to2000 V' and the operating frequency) is
equal to3000 H z. The optimization parameters that can be modified are thé-wijective function weights (coefficients
w andyg), the value of3, volume constraint®;;,,,), the initial value of the design variablgy), and the frequency constraint
value.

0 can be modified only if the design domain is changed. In thigkw® is equal t00.00001, the frequency constraint
value () chosen is equal t2000 Hz, andy, = 0.25. All examples are simulated for 50 iterations and the chemierd
filter is applied until iteration 45. The continuation meththanges the value of the penalization coefficieattiterations
15, 25 and 32, and the penalization coefficigiat iterations 25 and 32. The frequency constraint acts fteration 45
until the end of the optimization.

The results are shown in Fig. 5 and Fig. 6 . For both resultstdi¢a) shows the optimal topology obtained, figure (b)
shows the interpretation of the optimal topology with theibdary conditions, and figure (c) shows the deformed shape
for harmonic analysis at operation frequens89q0 Hz). The first result, shown in Fig. 5, topology optimizationsva
obtained usingv = 0.40, g = 0.15 and©y;,,, = 0.30. In the second result (Figure 6), topology optimization walved
usingw = 0.45, g = 0.15 and©y;,, = 0.28.

Itis shown in Fig. 7 the deformed shape of a traditional Bfedide sonotrode (Fig. 1(c)) used for ultrasonic fabric
cutting (Lucas et al. 1996; da Silva 2006). It is shown onby tight-half of the sonotrode (symmetry conditions) and the
piezoelectric excitation is at the left-bottom corner af onotrode (like example shown in Fig. 4).

A detailed analysis (Fig. 8) of the sonotrode desired pdimsn Fig. 2) shows the maximum amplitud®) of the
sonotrode face, and the difference between maximum andmamidisplacementsy). In the first result (Fig. 8(a)),

D = 0.35946 pm and A = 9.86%. The second result (Fig. 8(b)) givds = 0.37942 ym and A = 7.39%. The
displacements analysis of the blade-wide sonotrode of Fgiows that) = 0.12075 um andA = 10.70%(Fig. 8(c)).

Modal analysis of the interpreted optimum structures shibasthe frequency constraint is respected for both results

2014 H z for the first resonance frequency a2wh0 H z in the second result.
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Figure 5. (a) Optimal topology, (b) interpretation and (ejaimed shape fow = 0.40, g = 0.15 and©y;,,, = 0.30.

@

(b)

©

Figure 6. (a) Optimal topology, (b) interpretation and (ejatmed shape faw = 0.45, g = 0.15 and©y;,,, = 0.28.
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Figure 7. Deformed shape of a Blade-Wide Sonotrode usedtfasanic fabric cutting.
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Figure 8. Detailed analysis of the displacement of the ddgibints of the sonotrode for: (a) first result & 0.36946 um
and A = 9.86%), (b) second resultl) = 0.37942 um and A = 7.39%), and (c) traditional blade-wide sonotrode
(D = 0.12075 pm andA = 10.70%).
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8. CONCLUSIONS

A topology optimization formulation was proposed whichoals the simultaneous search for an optimal topology
of a structure that minimizes the difference between theimam and minimum displacements of the desired points,
maximizes the displacements of these points, minimizefiekibility of the structure, and grants that the first resee
frequency is larger than a specified value. This is achieyethé optimization problem by allowing the simultaneous
distribution of non-piezoelectric and void material in tthesign domain and applying an electric potential as eteadtri
excitation.

The adopted material model in the formulation is based ordémsity method and it interpolates fictitious densities
at each finite element based on pseudo-densities definedsiam dariables for each finite element node providing a
continuous material distribution in the domain. Some 2Dneples were presented to illustrate the potentiality of the
method. The examples show that the objectives were achianedower differences between maximum and minimum
displacements are obtained by changing the value,af, and the volume constrain®(;,,). Harmonic analysis of the
optimum structures obtained in this work proves that thésetires have more uniform displacements configuration at
harmonic excitation than the traditional one, keeping #imaes maximum displacement value.
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