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ABSTRACT

A Finite element model based on the Euler-Bernoulli theory wasdeveloped
and used to investigate the dynamic behaviour of a C-shape piezoelectric
actuator subjected to sinusoidal voltage. The main goal of this study was
to develop and validate numerical analysis tools for semicircular shape
piezoel ectric devices. Oncevalidated for asimple configuration the results
can ultimately be extended for more complicated geometriesand be hel pful
in the optimization of the design of curved shape piezoel ectric actuators.
Thedynamic solutionsfor afree and forced undamped piezoel ectric actua-
tor were obtained using a modal analysis method. For the verification of
finite element formulation, a MATLAB code was developed to aid in the
computation of the fundamental frequency and the corresponding normal
mode of afour elements model. The results have been validated by com-
paring them with published data. The general purpose Finite Element soft-
ware MSC Marc was also used to simulate the first 3 natural frequencies
and their respective mode shapes as well as |ocating the resonance points
for three actuators from three different substrate materials and for three
different substrate/Piezoceramic thickness ratios. Results show that an
increase of both substrate to piezoceramic thickness ratio and the elastic
modulus of the substrate contributed to raise the fundamental frequency
of the actuator. It was also found that an actuator with mild steel substrate
operated at higher frequencies compared with the aluminium and brass
substrates of the same thickness. © 2011 Trade Sciencelnc. - INDIA
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Smart materialsand structures

Smart structures, sometimesreferred to asintelli-
gent structures, arestructureswith extraordinary abili-
ties. They are capable of self-correcting in order to
improve and enhancetheir performance.

A smart structurefeaturesanetwork of sensorsand

actuatorswith real-time control capabilitiesand ahost
structure (Figure1).

These sensorsand actuators are made from smart
materias. Thisisagroup of materia sthat possessun-
usua properties. They produce certain responsesupon
being subjected to certain typesof externa stimuli such
asdectrical and magneticfields, mechanica, chemica
and thermal energy. Thisgroup of materialsincludes:
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Figurel: Basicelementsformingasmart structures

Piezoelectric (PZT); Shape Memory Alloys (SMA),
ElectroRheol ogical (ER) and MagnetoRheol ogical
etc.2,

Integration of smart materia sin Sructuresisamong
themost promising technol ogiesfor improved reliabil-
ity of structuresand systems. Understanding and con-
trol of materia properties, geometry andimproved con-
trol agorithmsareamong the ultimate objectivesof re-
searchinthisfied.

The need and expectation of smart materialsfor
engineering applicationshaveincreased enormoudy, and
the expectation of thetechnology to achievethemis
promising. Thefollowing are some of the expectations:
e Highlevd of rdiability, efficiency and sustainability

of structuresand systems.

e Highsecurity of theinfrastructuresespecialy when
subjected to extreme and unstructured conditions-
Hazard freestructures.

e Continuoushedthandintegrity monitoring.

e Damagedetectionand self-recovery.

o Intelligent operationa management system.

Application of smart structures

Examplesof potentid smart structural systemsand
somemechanismsareair-craft (monitoring the state of
strainsin key locations and giving warning to prevent
development and propagation of cracks), buildings
(earthquake damageresistance, smart windows, el ec-
tronic windowsthat sense westher changesand human
activity and automatically adjust light and heat),
bridges(monitoring of strains, deflectionsand vibration
characteristicsin order to warn of impeding failures),
ships(hullsand propulsion systemsthat detect and re-
move turbulence and prevent deflection),
machinery(toolschatter suppression, rotor critica speed
control), pipelines(monitoring of |eakage and damage
in underground pi pes of water, oil and gas), medical
devices(blood sugar sensors, insulin delivery pumps,
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FigureZ2a: Energy conversion by piezoelectric materials

micro-motor capsulesthat unclog arteries, filtersthat
expand after insertion into vessd sto trgp blood clots)Y.

Piezodectricmaterials

Piezodlectric (PZT), asoneof smart materids, un-
dergo mechanica (dimensiond or shape) changewhen
subjectedto anelectricfield and viceversa(Figure 2a).
Thischaracteristic makesthem to besuitablefor fabri-
cation of sensors and actuator applications. Energy
conversion of piezoelectric devices mainly depends
upon the applied voltage, piezoe ectric materid prop-
ertiesand thegeometrical configuration of the actuator
or sensor device.

Improvement of actuator performancein terms of
displacement, force generation, reduced hysteresis, re-
sponsetimeand bandwidth areamong themost signifi-
cant parametersto be studied.

Earlier PZT actuatorsweremainly used in static
operations such as precision positioning or machine,
adjustments, but recently PZT actuatorsareincreas-
ingly being demanded for more complicated operations.
Dynamically actuated componentssuch asvalvesand
fud injection devices, together with applicationsin adap-
tivesmart structures such as shapetuning, vibration ex-
citation, cancel lation, and mode shapetuning noisere-
duction etc, areafew exampl es. For these operations,
fast responses, large displacement and forceareissues
of concern. In certain applications, particularly invi-
bration control, smal actuators with minimum power
consumption, large displacement and force capabl e of
operating both at low and high frequenciesareincreas-
ingly under demand®9,

Curved piezoelectricactuators

Different geometric configurationsof piezodectric

sensorsand actuators arein usetoday. Curved piezo-

electric actuatorsareincreas ngly used nowadaysin ap-
plicationssuch asvibration control, satdllitecontrol etc.
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Figure2b : Unimor ph C-shapeactuator

Substrate layer

A Better understanding of their dynamic behaviour
upon application of eectric voltage canimprovether
design and hence effective operation and control of
structureg®®,

Thereisawealth of dynamic analysismodelsde-
veloped by J. Moskalik and D. Brei®® for the C shape
actuator configuration, but thefocus of their work has
been ontheanaytical (exact) method. Theana ytical
goproachisvery chdlenging andinvolvesahugeamount
of mathematica work particularly when complicated
boundary conditionsareinvolved. The Finite Element
Method (FEM) isawidely accepted and powerful tool
for analyzing complex structures®t, Also The Finite
Element Method lendsitself to programming.

The influence of substrate material and the
piezoceramic materid onthe performance of the C ac-
tuator aswell asthe effect of thethicknessratios be-
tween the substrate and piezoceramic layersof theac-
tuator under quasi static condition have been well stud-
ied by Mtawaet al .41,

Themainfocusof thisstudy istodevelopasmple
computation tool using Finite Element Method to be
used to analyzethe behavior of the curved shape ac-
tuator under dynamic condition.

C-shape piezoelectric actuator

The C-shapepiezod ectric actuator, whichisasemi-
circular (curved) shell, isaninvention of A.J. Moskadik
and Diann Brei in 19962, Whenindividua C-shape
actuators are combined in seriesand/or parald itis
possibleto generate di splacement and forcelarger than
acomparable straight bender. Theforce produced by
an array of C- shape actuatorsis proportional to the
number of individual C-shape actuator elementsina

—= Ful] Paper

parallel arrangement, whiletheresulting displacement
equal sthesum of displacementsof individua blocksin
aseriesarrangement!*3,

A unimorphindividual C- shape piezoelectric ac-
tuator (Figure 2b) consstsof threelayerslaminated to-
gether toformasemicircular shell i.e. oneactivelayer
(piezoceramic) and passive layers (bonding and sub-
drate). Thepiezoceramic (PZT) layer ispre-plated with
electrodelayerson itsinner and outer surfaces. The
piezo-ceramiclayer together with itse ectrodeisbonded
ontheouter surface of the substrate. Epoxy isused as
the bonding materia and astrong bond iscreated be-
tween the piezo layer and the substrate. Thisensures
that dl loadsapplied by theactivelayer aretransmitted
fully to the passivelayer. With the unimorph actuator,
when the piezoel ectric layer expands/contractsin the
radid directionthegtrainintheplanenorma to the pol-
ingdirection (i.e. inthecircumferentia direction) un-
dergoesacontraction/expansion.

Finitedlement formulation
Selection/deter mination of finiteelements

The C-shape piezod ectric actuator isobviously a
curved shape. For simplicity and for computational
economy, flat (straight arc) e ements can be used to
approximateacurved structurd 'l A straight arc ele-
ment isassumed to undergo both extensiond and bend-
ing deformations provided that the deformationsare
smdll. A straight arc element isobtained by superposing
the standard two degrees of freedom (d.o.f) bar ele-
ment to account for axial displacement with thefour
d.o.f. beam element to account for lateral and rota-
tiond displacements®® (Figure3aand 3b). Thisispartly
what contributesto the originaity of this paper.

In the present formul ation the following assump-
tionsare applied: that the piezoel ectric actuator layers
are perfectly bonded together (thus continuous strain
acrossthe bond isguaranteed, and al so shear stresses
intheinterfacesareignored. Materia behaviour islim-
itedwithinthelinear elastic range (small displacements
and strains). The C shape actuator isassumedto bea
thin structure/beam, the Euler- Bernoulli model was
considered for thefinite element analysisof thestruc-
ture, that is, the effect of transverse shear forcesisne-
glected, cross-sectionsremain planeand normal tothe
deformed longitudina (neutra) axis, therotational de-
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Figure 3a = Sraight arc element subjected to both exten-
sional and bending defor mations

formationisdueto bending along**%3,
Kinematics

Themodel presented in thispaper isbased onthe
Euler-Bernoulli theory whereinamultilayered structure
is reduced to kinematically equivalent single layer,
thereby a3D problemisreduced to an equivalent 1D
problem231, Each element isbound with two nodes,
it consist of the piezoelectric, bonding and substrate
layers (Figure4aand 4b), thismeansthelaminate be-
havesasa“‘single” layer with “special” properties.

Each node has three degrees of freedom, that is
axial, lateral and rotational displacements. Thenoda
displacements of the beam element inaloca coordi-
natefor anelement aregiven by:

(8)={u,w,0,u,w,0.}" @
whereu,, w,, 6, and u,, w,, 6, are the respective ap-
proximateva uesof thetangential displacement, laterd
displacement and rotation at node 1 and node 2 re-
Spectively.

Thedisplacement vector { D} at any point along
thebeam at any time may be expressed intermsof the
gpatid interpolation functions[Ni] and their correspond-
ing nodal degreesof freedom {5} asfollows:
{DOG=IN (X)), (NL(X)), (N4(X)), (N,(x), (Ng(x)), (N,(x)){8,(t)}

If the characteristics of the chord may be repre-

sented by the corresponding straight arch element with
the same cross-section properties asthose of thearc,

the assumed di splacement fiel d equation would be:

u(xt) =a,(t) +ax(t) @

w(x,t) =ayt) +ax(t) +axi(t) +ax(t) 3
These equations can a so berewritten as:

U(x.t) =N, (u,(t) + N, (x)u,(t) 4

W(x.t) = NOw, () + N,(x)8,(t) + N-(x) w,(t) + Ny(x)8,(t) (5)

flano Soienoe and flano Teohnology

Figure3b : Sraight arc element assemblageused to mode an
arc

Combining equations4 and 5wecan write:

{u(m} - {o( )

w(x,t)

u, (1)
w, (1)
0,(t)
uo ©
w, (1)
0,(t)

Nu,(x) O 0
0 Nw,(x) Nw,(x)

I Nu,(x) © 0
0 Nwg(x) Nwg(x)

Actuator equations

Thegenerd linear piezod ectric actuator for thecon-
verse piezod ectric effect can be describedin astress
formasfollows?:

o =[Q]*{e}-{e}" {E}

o =[QI* ({e}-[dI"{E}) )
wheree =Mechanical Strain, c = Mechanical stress,
d=piezod ectric coupling coefficientsfor Srain- charge
form, QF= Elastic modulus at fixed e ectricfield, e=
piezoel ectric coupling coefficientsfor stress-Charge
form, E=Applieddectricfieldand{ e} =[d][Q]

NB. Superscript T impliesmatrix transpose.

Srain energy

Thedrain energy associated withtheextension can
begivenby:

1o o7
Ueq = [{0} {e}dv ®)
From congtitutive relationship wecan write:
nl1 T
Ueq :Eflzé{gp} Qp{?‘p}Ade ©)

wherep=1,2...nis the number of layers. A =thecross-
section area. Q = Young’s modulus of elasticity

e Tnian el e —
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Figuredb : Thelaminated beam (from bottom totop: sub-
strate, bond and piezoceramic layer)

Eq. (9) canalso bewritten as:

n 1
Usa(t)= Z2 118, COT (8,01 QuAA (B, (01, 0}k (10)
p=1<0

oN; (x) o
B ] represent amatrix giving rela-

where: [Bu]=[

tionship between extensiona displacement and strain.
The strain energy associated with the bending de-
formation canbegiven by:

M
pzlg 20,1,

But from mechanics of materials, the bending mo-
mentisgiven by

(1)

2

d“w
|\/|=Q|OI2

(12)

whereQ and | arethe Young’s modulus of the material
and the second moment of areaof across section about
theneutral axisrespectively.

Substituting equation 12 into equation 11 and after
somerearrangement, theingantaneousstrain energy due
to bending becomes:

o (t)'pzlg[d W(t)]

= ZI[B 001" {8; (1)}

Qplprdzw(t)] X
2 | dx?

(13)
Qely —5 (B2 ()][8; ()]dx

N;x)
OX

b7
But B, =[ ] isthematrix describing there-
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lationship between lateral displacement and the bend-
inggtran.

Strainenergy rdated to piezod ectricinduced strain
can becd culated using thefollowing equation:

o= [5{0)TQ1 (o) a 14
Substituting eg. (7) into eg. (14) weobtain:
o~ I{{[Qpe]( }-laT })} }V
20 [Q,.] [0, - loT .}
=%Qpebtplils(xw{ai(t)}T[B(x)]{&(t)}dx—
(15)

Q,.bt, [[BOOI'{8, (1)} iy, dx +

1
Qpebtpf E2d?,dx
0

Thetotd strainenergy for theactuator isnow given
by the summation of bending, extension and induced
piezodectricdrans
U=U, +U, +U,

_ %{S(t)}T k. J6(0)}-Q,d,E bt,

[IBOOIT {5(t)" dx + thp}Ejdgldx (16)

where: [k ] = Stiffnessmatrix of an elementinalocal
coordinate system given by,

n | {[Bw (X)] QpAp[Bul (X)] ]

| dx
[B.. 00T Q15 [B1 (0]

Thedementd siffnessinaglobd referencesystem
becomes.

[ke]=2 (17)

i=10

K.=[w]"lk]lw] (18)
wherey = Transformation matrix given by,
(q, -r, 0 0 0 O]
rr.. g 0 0 O O
0O 0 10 0 O
Y=lo 0 0gq -r o 19
0 0 O0r, g O
|0 0 0 0 0 1]

whereq = cosp, andr, =sinf.. 3, isan angledefining
orientation of thei" element with respect to global co-
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Kineticenergy

Thekineticenergy of anelementisgiven by:

1ot au, (x,t) 2 ow, (x,t) 2
N S R

wherep_isthemassdensity per unit length of the p"
layer. A, Thecross section areaof the p" layer.

Takinginto consderation theassumptionthat there
isaperfect bond betweenthelayers, itimpliesthat al
pointsontheactuator cross-sectionwill movewiththe
sameve ocitiesin therespectivedirections. Thekinetic
energy of anelement eg. (20) becomes:

[N GOl [N 0]+

AT dx
[N, (x)]T{D} [N, (0]
(21)

T(t):%{b} ('ijpAp

{{D}T[melb}s}

where, [m ] =Isaloca massmatrix of aneement given
by,

[me]= %o, IN] [Nk

where N= shapefunctions(eq.6)
Similarly, using transformation matrix (eg. 19), the
elemental globa massmatrix becomes:
M ] =[y]"[m]ly] (23)
Thedemental massand stiffnessmatricesarethen
combined to obtain thelr respective global massand
stiffnessmatrices[M] and [K] of the entire structure
(actuator) whilethe boundary conditionsare imposed.

(22)

[v]- ST M. Tv] (222)
[k]- Sk, Iv] (24b)

whereN_isthenumber of elementsintheentirestruc-
ture (actuator).

Equationsof motion

Equations of motion that governsthedynamicre-
sponse of thestructure can be derived by requiringthe
work of external forcesto be equal to thework of in-
terna, inertiaand viscous damping forcesfor any small
motion that sati sfies both compatibility and essential

flano Soienoe and flano Teohnology

boundary conditions(admissibility)™. Assuming no ex-
ternally applied mechanical |oad for asingleelement
the equati on of motion becomesd?-2,

M D+Cp D+KeD=Pe (25)

where: M_and K _areglobal massand stiffness matri-
cesof an element respectively.

5 - A vector of nodal accelerations

5 - A vector of nodal velocities

D =A vector of nodal displacements

C, =A matrix contai ning viscous damping terms.

P_= Piezoel ectricload vector given by

1

P, =Qbtd,E, Io [B]" dx (26a)
P,=Qbt,,d,, E(-10a10-a)"

={-FOM FO-M}" (26b)
Asuming E= 2 2= Y iy <oth

Ssumi = =7 an =0then

ng tpe tpe v,

F=4Qbd,V (272)
M =+aQbd, V (27b)

Fand M aretheinduced actuator forceand bending
moment respectively. a= Moment arm (adistancefrom
theneutrd axistothemidlineof the piezoceramiclayer).
t represent thethickness of the piezoceramiclayer.

If the continuity at theinter-element nodesisim-
posed then theinduced piezod ectric forceand moments
are assumed to be applied at the free end tip of the
piezod ectriclayer. Thisisdueto thefact that therewill
beforce cancellationsat these nodes.

Eq. (25) representsthe dynamic behaviour of an
element. If equationsof motion of al eementsareas-
sembled and then followed by applyingthe gppropriate
boundary conditionsit yiel dsthe equation of motion of
the entire C-shape piezoel ectric actuator.

Eq. (25) can berewrittenintotheforced vibration
equation by assuming the displacements, forces, and
actuator voltagesareharmonic variableswith different
frequencies. If theright hand sideis put equal to zero
theequationisthen reduced totheeigenva ue problem.
Fromwhich eigenvaues o, and thee genvectors (u, w.
and 0,) can be determined.

Frequency responseanalysis
Modal analysismethod
Theamplitude— frequency response problem can
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be solved using the modal analysis method. In this
method the expansion theoremisused wherethedis-
placements of masses are expressed asalinear combi-
nation of the normal modes of the system. Assuming
that the system responseisgoverned by ‘m” modes of
vibration, aset of ‘m’ uncoupled differential equations
of second order isobtained. A solution of thesesequa-
tionsisequiva ent to the sol utions of equationsof ‘m’
single degreesof freedom(*?,

The solution of equation 25 using modal andysis
becomes,

D(t) = XPq, (t)+ XPq,(t)+...+ XVq, (t) = Ex“)qi (t)

(28)
whereX =X® X@ ... XOjsthenorma modematrix

a,(t)
_Ja.(®)
and A0=1.
a,(t)
(modal) coordinates,

Thenodal accelerationintermsof generalized co-
ordinates becomes,

arethetime-dependent generdized

D(t) = X q(t) (29)
Substituting eg. (29) into eg. (25) weobtain,

M Xq(t) +K Xq(t)+Cp Xa(t) = P(t) (302)
Multiplying eg. (30a) by X" both sides,

XTM Xy + XTK Xq(t) +XTCp Xy = XTP(1)

M q(t)+K q(t)+Cpa(t) = Q(t) (300)

where M = Xx™™ X =thegeneraized moda massma-

trix, K = X"k X =thegeneralized modal stiffnessma-

trix, Cp = xTcDx =thegeneralized moda damping
meatrix.
Q(t) = XT P(t) =thegeneralized forces

Writing C4 = 21,02, Where ), isamodal damping
factor, and if themoda vectorsarenormalizedin such
away that

— {Ofor i ]

M=XOTMX® =

| =diag(l
1for i=] 9(d)

wherel istheidentity matrix, and

—= Ful] Paper

— . . 0 for i=#j .
K =XOTK X© ={ 2. . =diag(e)
o; for i=]j
where, istheeigenfrequency of thei™ mode, then eq.
(7.29b) reduces to a set of decoupled equations of

motiongiven by,

a(t) +@2q(t) + @2 q(t) = Q(t) (31)

Eqg. (31) isanon homogeneousdifferentia equa-
tion whi ch ordinary methods can now beused to solve
for individua responsesin themodal coordinate sys-
tem.

Thei™ decoupled equation of motionwill be,

a, (1) +02q, (t)+ 24, 02q, () = Q(t)
Modal solution

Eqg. (32) hasthe sameform asthosedescribing the
dynami c response of adamped single degree of free-
dom harmoni ¢ oscillator whose complete solutionis

givenby,

(32

q,(t) = ehieit {coswdit + (}Ljsin mdit}qi (0)
1-22f

i —Aiojt .
+{wdi 2] snwdit}q(0)+ 33

ijQi(r)e—ki(;)i (t—t)sinoy(t—r)dt

di
=12, ........ n
where o, = wi{1-22 isadamped frequency.

g Oand ¢, are constants (generalized displace-

ments and phase angles respectively) which must be
defined from themodal initia conditions.

q,0= 9.9
@M= 2] e
Q
I ®.
Qi = tan~ 1 —w'z »
a (34)
0
. I J
flano Science and flano Technology
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TABLE 1: Material propertiesand dimensions

Property and unit

External radius[mm)] 10

PZT26 Aluminium Brass Mild sted Epoxy

8.82 8.82 8.82 9.0

0.25,0.31, 0.25,0.31, 0.25,0.31,
0.5,1.0,2.0 05,1.0,2.0 05,1.0,2.0

Length{mm] 10 10 10 10 10

Thicknessimm] 1 0.18

Piezoelectric strain

coefficient day [mv] €12 0 0 0 0
Elastic modulusiz 7609  7.0el0  110ell  190ell 5.2e09
m
Density (kg/m®) 78603  27e03  856e03  7.85¢03 1.90e0:
Maximum
Voltage[ VAC/mm] 200
TABLE 2: Electromechanical propertiesof thePZ6
Properties Value Unit
SN 1.30e™
s, -4.356"
E _E 12 m?
St3 = Sh -7.05¢ N
St =St 3.32¢™
St 347"
da -1.28¢™° c
d3, 3.28¢10 N
dys 3.27eW0
S 1190
£5,.T 1190
£ T 1330

Relative value to vacuum permittivity & = 8.85x 1072 F
m

Fori=1,2,...... n, is the number of degrees of
freedom
whereQ =thedriving frequency.

Themoda solutionsobtained fromeg. (33) arethen
transformed back to obtain the solutionsin thephysica
coordinatesby using relationship (29).

Eigenvalueproblem

In order to solve the equation of motion (eg. 25)
usingthemoda analysismethoditisnecessary firstto
solvetheeigenva ueproblem.

Thenaturd frequenciesm, and therespectivemodes
of vibration X© of the piezoel ectric actuator are ob-
tained from the n order polynomial in »? by using eq.
(25) by assuming an undamped freevibration condition
i.e. al externa mechanica and electricexcitationsare
assumed to be zero. Thisyieldsan eigenva ueproblem
of theform:

flano Soienoe and flano Teohnology
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Figure5: C-shapepiezoelectricactuator approximated with
four straight arc elements

det(-o,M +K)=0 (35)
The corresponding e genvectors can be obtained
by applying thefollowing equation,
(-W2M +K)X0=0,fori=1,2,......n (36)
NUMERICAL EXAMPLES

Computation of eigen frequency with the aid of
MATLAB

Inorder to verify thevaidity of thefinite el ement
formulation the dynamic solution for afree/forced pi-
ezoel ectric actuator under sinusoidd excitation wasob-
tained using themodal analysis method. The curved
actuator was approximated (divided) into 4 equal ele-
ments (Figure 5). With thefixed-free boundary condi-
tions, theloca and global stiffnessand mass matrices
for each element (eg. 17, 18, 22, 23) and | ater for the
wholestructure (eg. 244, 24b) weredetermined. The
material and geometrical characteristicsof aC-shape
piezod ectric actuator used intheandysisareshownin
TABLE 1.

The 3lowest natural frequenciesfor the actuators
with auminium, brassand mild stedl substrateseach of
threedifferent thicknesseswere computed withtheaid
of MATLAB codedeveloped for thispurpose. There-
sultswere compared to those cal culated using the ex-
perimentally validated formula(eq. 37) obtained from
reference®. Theresults show good agreement asindi-
cated infigure 6a-8a. An error of approximately 1.4%
wasnoted. Their corresponding frequency-amplitude
response curves are shownin figure 6b-8b.
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Fundamental Frequency Vs
Substrate/PZT thickness ratio
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Figure6a: Comparison of valuesof fundamental frequency
for aluminium substrate
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»_ DA
[(Oi =PR_f,aJ (37)

wherew =i"Natura frequency, D = Compositebending
stiffnessNm?], A, =i" Non- dimensional natural fre-
quency, p = mass per length [kg/m] and R = Radius
of neutrd axigm|

Dynamic analysissimulation usingM SC aarc
Overview

A dynamic modal analysiswas performed to ob-
tain the resonance modes of the actuator, and then a
harmonic anaysiswas performed to determinethe dy-
namic response of the actuator to an alternating volt-
age. Displacementsat arange of frequenciesaround
resonance pointsweredetermined. Thedimensionsand
materia datafor themodelsusedinthesimulation are
asshowninTABLE 1and 2.

—= Full Paper
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Figure6b : Frequency - response curvesfor aluminium sub-
drateat an exditation voltageof 10V, damping coefficient =0.707
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Figure7b : Frequency-responsecurvesfor brasssubstrate,
(excitation voltage=10V, damping coefficient =0.7071)

Resonance pointsfor the C-shape piezoel ectric ac-
tuator for 3different substrate materids(i.e. Aluminium,
Brassand Mild Steel) were determined. For each ma-
terial three thicknesses (i.e. 0.25mm, 0.31mm, and
0.5mm) were analysed.

Boundary conditions

One€electrode was placed on onenodeon thein-
ner surface of the piezoelectric ceramic to serve as
ground terminal, while another electrode was placed
on one node at the outer surface of piezoelectric ce-
ramicto servethelivetermind. Inthemodd, theseelec-
trodes are made by tying the potentia degree of free-
dom of al nodesbe onging to therespective surfaceto
onenode, that isdl nodesontheinner surfacearetied
up to theground termind whiletheouter surface nodes
aretieduptothelivetermina.

Theleft end tip wasfixed whiletheright hand one
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Figure8a: Comparison of valuesof fundamental frequency
for mild steel substrate
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Figure8b: Frequency-response curvesfor amild steel sub-
strate (excitation voltage=10V, damping coefficient =0.7071)

was|eft freeto oscillate. Plane stress e ement type 160
was used for the piezod ectric materid. Thiselementis
mechanically equivaent to element 3whichwasused
for thesubstrate materias. Thiselement typehasthree
degreesof freedom; thefirst two arefortheX_andY _
displacement, and thethird isfor theelectric potential.

Modal analysis

Load cases and piezoel ectric dynamic modal pa-
rameters set to search for e genfrequencieswereasfol-
lows

The LANCZOSmethod was used, whereasanum-
ber of frequencieswere set to 3. Thefrequenciesob-
tained areshowninfigure 9-11 (appendix B).

Harmonicanalysis

For theharmonic analys's, the samemode built for
modal andysswasused. A new |oad casewas set to suit
harmonic boundary conditions. Thefrequency rangewas

flano Soienoe and flano Teohnology

sdlected to bearound thefirst 2 natural frequencies, i.e.
from 1 kHz and 5 kHz into 50 steps. Results obtained
areshowninfigure 12 through 14(Appendix B).

Figure 12 for example, showsthe X -displacement
at frequencies 1053 Hz and 3276Hz whichiscloseto
thefirst two resonant frequencies. Thetip displacement
magnitude dong thefrequency rangeispl otted to show
thegtatic solution (i.e. 0.676 Micrometer) at O Hz, and
theresonance around thefirst and second natural fre-
guencies.

For both moda and harmonicandysissmulationa
0.25mm substrate was used.

RESULTSAND DISCUSSION

Finite element model s based on Euler Bernoulli
beam theory were used to perform the dynamic anay-
sis of C-shape actuator consisting of a three layer
unimorph laminated beam (Piezoceramic layer, adhe-
sivelayer and metallic substrate) wherethe only defor-
mati on impetuswas an actuation straininduced inthe
piezoel ectriclayer.

The Effect of thicknessand substrate material on
the displacement and on the operating bandwidthisas
shown in figure 6b-8b for a 0.31mm substrates and
figure 12-14 (appendix B) for 0.25mm substrates. The
results show that an increase of both substrate/PZT
thicknessratio and the e astic modul us of the substrate
contributeto raisethefundamenta frequency of theC-
shapeactuator. Thisimpliesthat with appropriate com-
bination of thethicknessratio and thee astic properties
of theactuator it can be possibleto determinetheloca
tion of thefundamenta frequency and thusset therange
over which the actuator can operate beforereaching
resonancefrequency. From theresultsobtainedit can
also be concluded that an actuator with amild steel
substrate can operate at higher frequencies compared
to auminium and brass substrates of the samethick-
Ness.

It can aso be noted that, inthisstudy the C- actua
tor was approximated using onedimensional curved
actuator and moreimportantly only 4 finiteelements
(Straight arc) were used. Theresultsreported in sec-
tion 5.1 indicatethat the predicted resultsand there-
sultscal culated using eg. (37) from reference givean
error of approximately 1.4%. Thisisapparent that if
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Figure9: First M ode shapefor a0.25mm Aluminium sub-
strate

........

i

J—
bl iy

Figure 10 : Second M ode shapefor a 0.25mm Aluminium
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Figure 11 : Thethird mode shapefor a0.25mmAluminium
substrate

the number of elementsisincreased much moreaccu-
rateresults could have been obtained. Inview of this, it
can be concluded that the ssmplicity of themodel can
remarkably reducethe computational time.
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Figurel4: Thefirs tworesonancepointsfor a0.25mm brass
substrate
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