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ABSTRACT

The performance of an acoustic transducer is determined by the effects of many design variables,
and mostly the influences of these design variables are not linearly independent of each other. To
achieve the optimal performance of an acoustic transducer, we must consider the cross-coupled effects
of the design variables. In this study. with the FEM, we analyzed the variation of the resonance
frequency and sound pressure of a flextensional transducer in relation to its design variables. Through
statistical multiple regression analysis of the results, we derived functional forms of the resonance
frequency and sound pressure in terms of the design variables, and with which we determined the
optimal structure of the transducer by means of a constrained optimization technique, SQP-PD. The
proposed method can reflect all the cross-coupled effects of multiple design variables, and can be
utilized to the design of general acoustic transducers.
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Table 1 Design variables of a flextensional
transducer
Design variables
Semi major axis length(x1)
Thickness of the shell(x2)
Height of the shell(x3)
Minor axis length/major axis
length(x4)
Ceramic stack length/semi
major axis length(xs)

Variation range

150 ~ 250 mm

20 ~ 60 mm
1425 ~ 2050 mm

03 ~ 05

05 ~ 07
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Table 2 Fixed dimensions and material properties
of the parts in the transducer

Young's

Densxty
modulus .
(Pa) (kg/m’) | ratio

Poisson’s | Thickness
{mm)

Shell, insert,
nodal plate

Rubber
Insulators
End plate

Ceramic stack

68.9E9

3.0E7
80.0E9
210.0E9

2,710 0.30

1,100 0.49 5

2,900 0.25

7.500 0.30 40
PZT-8(17)

Establish design variables
and performance factors

:

Analyze the performance in relation
to the design variables (FEA)

I

Derive functional forms of the performance ‘

(design of experiments and regression analysis)

!

Optimize the performance with constraints
(SQP-PD)

!

Verify the optimal geometry (FEA)

!

- ~
Optimal geometry of the flextensional
transducer J

\.

Fig. 3 Optimal design algorithm for the flextensional
transducer

20034



[0
)
B
2y
et
lo
ox
fov
}'op
B
i
=

23} Flextensional EALFTAY HAFA4HA

_911:

pasd )

TEE
R
= g5 R

o

BAd] oet A S94+& wwsty) Szt Al
Zo] w9 2ol B UHI} HAE A
V/mm) Z&8]4& sste, Fig. 204 B

o] EANAEA WA 400mm Eoix
AAHTANN SU4e S4ste] vk +48
AAFA] 7| BT §88L BdS o] &3l HA

st A9 Fig. 3o vehd A4 9 Yt

—\9‘_101"!
oo = Ao e B

o orlr
e
o

%

SN B AFgA TR §384 Edd) BYA
& 7A=s7] Y84 Adges ARHAR FZEH
(18)2] flextensional EHAFA A& £ A9
2dd gYstd FA FR5E HAAT FLER
(18)dll A AT EBAFHY A, Ae FH FA
7342 Table 3o Uy, & 2o tgsta]
g A Fa4 AFE Fig 49 eI 2
e B Ao mdd) ot s Astet Fa
(18)8 A7 15% ol 238 7HEAEA
gx|ere & 5 ik olgh BEo] Table 19 A

A

2
et

WL

AWrse WA 7 FUhE HE R R
9e FHste] PERES MAHS sAsA

Table 3 Dimensions, material properties, and
resonance frequency of t)he flextensional
. 18
transducer in reference’

Material properties of the shell Aluminum
Semi major axis length 75 mm
Semi minor axis length 28 mm
Thickness of the shell 16 mm
Height of the shell 100 mm
Material properties of the ceramic stack PZT-8
Dimensions of the ceramic stack (10)&) 4r(r)1rrryl\é§(;r;m

Minor axis length/major axis length 28/75=0.373
Ce_ramlc stack length/semi major 50/75=0.667
axis length

Height of the ceramic stack

/height of the shell 80/100=08
Resonance frequency(in air) 4,260 Hz
Resonance frequency(in water) 2.990 Hz

ra

(b) In water
Fig.4 Mode shape of a flextensional transducer
referred to reference”’

(a) First flextensional (b) Second flextensional
mode of the shell mode of the shell

(c) Breathing mode of (d) First length extensional
the shell mode of the ceramic
stack

- Fig. 5 Mode shape of the basic model
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-1 150 20 114250 03 05
0 200 40 1173751 04 0.6
250 60 [205.00| 05 0.7

370/ =237 EFE =22/4 138 A53E, 20039



AAMFEY FEEHE 2T

Flextensional E#AFA1e] &4A

3 R3S JINE AU W AS Zort -02012
ﬂ A7 029 ASE fAEAch 28X oldY 2
2 Mo Age Tt 3EAAN YR LAUSGE
0oz FAFANZ AedA 47 AAWNFEE -1,
—0.5, 0, 05 1% HIANFAA s|Hg 1970 A5
AE dAWMSE 9 B AR FI1HOE o] 43)
Atk wekd F 83 (2x2°+19) 9 A¢E 4 std
IAHEA] AHEE J|RARE E}io}ﬁv}
olaifﬂ 4 Ao dis] JAEHE FYsie] E
2FAY TR Fue 24 3%2 Eisa R b
Ek UdutRo g dAWSE B2 AL 3A ot 3
ARPE UF EAnE AMSEA ety ¥EA
At mEtg B aARdaE 2i o) AR
AH&H, 7 MFEY JEEFHE T3] A5
AsAA IAARFE Hrrstd ARAS AAEA
E}. Z B A7 A FARY(y)2 A (2)%
o, Fatejor 3= IAASLE 37,

y=apd + o+ asxd + byxy + oo+ bgxs
+ cppxy + e+ Crraxs + dixyxars + -
+ dyrsxgxs + epxixongry + ot (2)

+ €5X2X3X X5 + f1x1x2x3x4x5 + f2

A7IM, a~as, b~bs= ME AAWRTFEY G
of <& 5]?174]7'. a~cw, di~du, e1~es fi, fre
AAWSFES] GEEHA g FAAT ol
x~xs = Z+Z Table 401 uebd 57019 AAESo]
o} ol Fe] 37/ IAAST FAAM Zzh ’“'L;‘)ﬂ
Az gEol vk o] EANY FE Ut B
dME & I SASE® ol&sid rM
g sHen, & 379 IJAAF FAAM R
0058k 2 AL AAS G £ ATl IR
AL E=Z3%T o] o R dojxl 3R
()2 FAXE 2 (3)el eI AT

-{NHHNHE—U__

f, == 14.63x7—80.33x3 +7.76x3 + 14. 14
+2.46x% ~ 199.2x; + 205,61, — 47.84x;
+19.2x, —76.64x5 +52. T4x x5 + 11.15x,x5
+27.06x1%4 — 12.99x,25 — 9.99x0x5
—48.54x3x4 +6.73x9x5 — 4.91x3%4
—11.7x3%5 +6.98x4x5 + 12. 4401 200%,

— 25.38x1x9x5 + 1.95x, 5% + 14.81x1x3x5

+5. 22x1x4x5 —12. 72,762.963}65 - 14.62762}64.7(5
+ 36.61x3x,%5 + 20. 1621 x9x 345 (3)
+ 23.82x1x9x 4265 — 37.86x; x3%4%5

+ 35.9x5x32,%5 — 38. 21 292 3% 45 + 1200.85

4 (3™ F 37709 AAAS & F I FHF
o WX]= ogfo] mjekst 37 0] A AE L 34702 3
o] ZAsHA Frt B3 FHE FTolA A o3t
ol A WEol 71dsl= v&d A2FAFE I
A A4 A3t = FE dAFEAE JeplE
A, 2 Q79 AFAFE 0995:1*1 E%.’: A
o 33 FarE 2 FHIL YEE € 7 U =
RHPr)oll theh 3)AH 2 2 (4)l L}E}LH&’M

P, =34.55x3+6.72x5 + 12.68%% — 186.5x,
+233.95x%5 +29.81x3 + 119.69x, — 82, 14x5
—93.01x129 — 9.64x123 — 49.08x x4
+20.27xx5 + 12.72x0x3 +59.89x9%4
—44.52x9x5 +6.20x3x4 + 13.62x x5 (4)
—4.87x %003 — 14.85x 1294 — 2.90x %025
- 17.93x24%5 + 1.59x003x, + 13.92209%,%5
—1.62x3%425 + 2. 110, x9203%5 — 15.36x,x924%5

- 2.97XZX3X4965 - 1.87)51)62)639{4)65 +353.91

E 37709 AAAE B FoIH Gl viore 8
31 AART 2009l Bol EATT, EE 4 (D
A4y APASE 090Utk o) ARz 2w,
A% ARl o F 8371 AR AN =as
A9 A Foesh B SUe 4 D)F (49
gHdeE 23 E¥ 45U ¢ 5 Ax w
A ERAR u 45T AANSEY Y4 2ED

1=

Flextensional ERAFAE] F &5& AFH o
Aol A FAFA &Y FHE DT Aol
B8k o] HRAIHES 71x]7] 93 EWAFAY F
o Z7)E B3/3 ojstedol 0P xg 2 Al
222 24 Frg 1kHzE 7HAH Y S¢E T
ABES sl flextensional ENAFA Q) HAWMFE

TLFNSSEHE=2TY/A13A A 53, 2003¢/371



AR |
2 AR5 = Aotk ERAFAMY ALRAL £ £390m Y 1 ARE Table 591 YERRAT 37
Zol7l Yol A FHSF 1kHzo| s % Eds M o sg5el A Eole A FHE BHH
FAZE 7HE 5 e A 7= dAAS ZEde A 28 29S =4 87 g8 Fa gl 18 vt
o 250 mm olstedof dt wEbd Ao A wole A T F3g wgl] mulg JIE mAHA
T 92ud 29 $AE AAY 205mm olstaior A SHo] B Q4L niXe ©F Ao)/AHF 2
e, A Fol AAMS YoM oln] mHEEFTh o] FAl WAl <t BA 3] A 1E RS
J3 wk A& wkgkel A) A7) [maxE 4 (59 & F Aok WA 379 AAEFES AT 20
Zon FAEA WAHIE S J1x7] Y93t 250mm  WESHA Ho SU4E A7) FE)A 511‘41%}?% #
ojgtojol sy, Tr& Wiskel Al AVE @& o)/ ARY Atojo) HFZe] EAEIAT. ol AANMTE
Zz Zold ojgka] 250 mm ©|3tE T} o] AT aFe 93ty xEd Az %"&%E}. Tg
o 4435 A AR Avzd FAM B4 AR
(sertr}xlxl rlxza]or axfxs length = 200 + 50x,) 2o f<1.00% 1, <o00lon, B4 Ao
I = +( icl ness<2) the shell _ 20+ 101, e ) o s o
+ ( thickness of the Rubber = 5)} e Bdi}oﬂ_ WE And ass A “}fiw
) W7tE 84 sto] Table 6o YERNSITH B4
AGEAEY o] £1 W wE HHs| W3}
HAZ A 4Z8A e FA FoF 2 B 5 nnga o Adxd A9 mlidstl wil 3
o g4 (3)7 (4)E ol&dded. A FogE
AR o3 Aot AA A2 A9 2AEF ¥ Table 6 Variation of the optimum values in relation
st A FagoM 5% AFE F 950Hz<L £, to the change in the constraints
<1050 Hz2 4A3ISiTh mepd 270 229 | Mazimu
© oge Avashs AR A (O ol mw R b i) x|
g+ U3 A 2AS 3 FA5G 0 AF (Pa)
o) o H7)e|BZ 4] (7)3 o] 88 & £ 3 Imax $249 10,5046]-0.1231| 1.0 | 1.0 |05511| 341.41
= Fr<1089) Dar <250 |0.5217|-0.1086] 1.0 | 1.00.5436| 34184
Imax <251 (0.5388(-0.0939] 1.0 | 1.0(05365] 342.25
Maxmize P, (6) hmar <249 10,5037]-0,1185) 1.0 1.0 [0.5532| 34251
Subject to 950 = /, = 1,050 £,<1,050] brar <250 0.5208]0.1038] 1.0 | 1.0 [0.5461] 342,94
L = 200 + 5021 +20 + 102, +5<250  (7) Luar <251 {0.5378(-0.0890| 1.0 | 1.0{05393| 343.35
A% 278 swss BAges A48 &7 9 Inar <249 [0.5028]-0.1137] 1.0 | 1.0[0.5556] 343,61
) <1051 hax <250 |0.5198|-0.0990| 1.0 | 1.0 0.5485| 344.04
M2 ATOIME el 7] AR AHsE S | nax <251 |0,5368]-0.0841] 10| 1.0 }0.5422| 34445
FEEEs Jbg wEdi g SQP-PDE _— '

Table 5 Results of the optimization with the
SQP-PD method

Table 7 Resonance frequency and maximum
sound pressure calculated through FEA

) > at the optimum value and comparative
x1 (mm 26 dimensions
x7 (mm) 38 -
%3 (mm) 205 Resonance Maximum
X x2 ] x| x xs | frequency sound
x4 0.5 ! E : 4 5 (Hz) pressure
x5 0.65 (Pa)
Resonance frequency (Hz) 1.050 0521-01) 1.0 1100055 1,028 325.05
Mazximum dimension in the semi 950 050]-0.2] 1.0 | 1.00] 050 1.015 309.10
major axis length (mm) 050]-02] 1.0 {050 0.00 1,032 294 88
Maximum sound pressure (Pa) 3429 050]-01] 1.0 1075|050 1,036 314.56
372/8t2 ARSI etE=28/A 138 A5 &, 20039
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