METHOD AND APPARATUS FOR ACTI VE CONTROL OF GOLF CLUB
| MPACT Field of the Invention The present invention

w@esosal@assto the field of advanced sporting eqedPOBIU4/026461
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design and in particular to the design and operation
of a golf club head systemfor control of the inpact
between a club head and a gol f ball. BACKGROUND ART
Cross-Reference to Rel ated Applications This
application clains priority fromU. S. Provisiona
Patent Application Serial No. 60/494,739 filed August
14, 2003 METHOISAND APPARM&S;HO%@TFNEACQNT ROk i al

No. 10/91 5,804 fil éﬁﬁ&g& The present

i nvention pertains t I eving an |ncrease in the

accuracy and distance of a golf club( e.g., a driver)

thr t he application of controls techni ques and

a?{“a‘iﬁm‘* ﬁ'é’gﬁﬁffpogy to the design of the club. There

have been many i nprovenents over the years which have

had nmeasur abl e .i ct on th ccur nd di st anc

whi ch g BieeERt iBYieBReRalS ta liedieid dlategrd Spatig

f @qmﬁménﬁﬂeél@ﬁaﬂ@gi ;%i’tl@flarﬂamé d&l@)/éﬁ@ﬁperatldmmﬁa gblf clb
e ability to

oS8 EUTopIPBIRIEY ot YR deps BEPRETA L B =tant peatipel.
swng and in particular during the inpact event with
the golf ball. Typical passive perfornance

i nprovenents such as head shape and vol une, wei ght

di stribution and resulting conponents of the inertia
tensor, face thickness and thickness profile, face
curvatures and CG | ocations, all pertain to the

sel ection of optinmum constant physical and materia
paranmeters for the golf club. The present invention
pertains to the devel opnent of an active system where
critical parameters of the golf club and head (for
exanpl e surface position/shape/curvature or effective
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coefficient of friction, or face stiffness) can be

sel ectively controlled in response to the actual state
wotooshe4physi cal head-ball system Such st at eSPCHIS1964/026461

head velocity, inpact force, jntensity, inpact

duration and ti m ng, absolut@ | ocati on of the head or

relative |ocation of the ball on the face, orientation

of the head relative %ﬁ%ﬁ&?R@ﬂh«Dng swi ng path or

par anet ers, physical detrornation o The face, or any

of nunerous physically or electrically neasurable

condi ti ons. The rese vention relies on the field

Cepsehefegnse o ﬁlﬂt%glpé@qm"’i“ﬁ' particul ar structural

or elastic system actuation technol ogi es and control
algorithns for such systens. See for exanple: Fuller,
C. RThistapglication cleires pontitydrorafU.§i BraxisienalRaigskfipplication

SEHE e APTda ayed AHORet 14 SR iU g BT pecaton

SHi&N 6 010/91 B igouatié® Auglet $MO004An aI ternate enmbodi nent
of one controlled systemrelies on changing the

ef fective stlffness of the face to control inmpact with

the ?ﬁ%l o?s i ezo %ﬂtpér&Yﬁsnttd é’cfh%hﬁ@ ah%br%%s@’?n H’t—?accuracy

concep SetTT & ener esting
asd mdtameaous gelie:l‘tm( ehgr mektven)ghfcvugin Mcamtmamm QﬁC@ﬂtTOIS

ESLETL Bl A58 PR A R MM oo
m‘langdr%p%\?emént%l@we?%e éar%gﬁhl&ﬁﬁavé r%&%éé&araélé)ﬁipa%i%n the
19, 963; 467, 236; " 5,552, 657; and 5, 703. 474.

he
accmfa@y apdidigtance whigihg igofadcamachiexs dhesghave’ typlcally focused

n e
ob ThEBRGHRS riBahE T s L85 el FAAE D BNIS16 crane
apP@f Biapieydichl pregdeters untiet éctﬁ/ectﬁg‘lt&:ésiuahgfﬂneedmm and in
bodi es, each having .the abil.it

P(ﬁm%l r dusing tha dMPASLEYRIN Mith tperg(p&p etb’ﬂ#“aé Epagﬁwe "performance
wtuﬁr%rv{eh%ntt?egééﬁ Ss hE38 %@Pﬂ \fcﬂuﬁwbal/ve Q'Jléth&ﬁ‘tlcfrpénd r%sultmg

is event IS a stati vel ocity h
compaoctntsgoftthe imatib tansar, twehhpknes&em rthlckmﬁﬂsrﬂ?mflle face

EU TGN TR G N R
physical and material parameters for the golf club. The present invention
pertains to the development of an active system where critical parameters of the
golf club and head (for example surface position/shape/curvature or effective
coefficient of friction, or face stiffness) can be selectively controlled in response
to the actual state of the physical head-ball system. Such states can be head
velocity, impact force, intensity, impact duration and timing, absolute location of
the head or relative location of the ball on the face, orientation of the head
relative to the ball and swing path or parameters, physical deformation of the

face, or any of numerous physically or electrically measurable conditions.
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normal and tangential to the contact surfaces between
the head and the ball. These forces integrate over
wao ove/01@sglet er mi ne t he speed and direction, foPeT/I§004/026461
velocity vector and spin veciors of the ball after it
| eaves the face, hereafter Il ed the inpact
resultants. These interface forces are determ ned by
man I t t :
bo d*QB %’&{ﬁt u‘?\%r{tl%rﬁ orggé g?\%ﬁ%ld ddf c¥>n’% @%hhmp%eg,c%nd in
pafticutdristnuctoel d ejasatrd wst@nchctmﬁsxetecbndlogresranchcontrol

alGE e o BRI SeB o SrabEea s . PhAn Active Control
of VistHfidr ﬂaaaémms@esgwmegé @Rﬁtg@el RBSHicUlE dniddifent of

~Ttesuttants. For exanple, a specific enbodinent, the
one gohbioked system relies ago‘nctarm tgnteal bisingeditranokie vikration (Katoh).

AREFAE ThORIRRREE! bh8icoRPo bR FRlS BN RafFld 8!

effeed stiffridlst iofi thd facadesrcoaieingriot withtthe balld THeng@isent
flight of the ball when a trigger condition is

inventige @iso refies sndhe congeelrof israaledric angray %@Vﬁsfw Aad/er
s'“éngg??%%%réﬁﬁg&&&ﬁ@ﬂohﬁé%aact V\ﬂer e %% muc %tS{“r?

Piexudietidc eaeltgymareesn smtda,snahed: inl fhetfopowiethgdl) 18y Patents:

4 GEETET A amar &b o psnti e o 4 a8 40575, <18 060

4487‘2%@ 5@651705,%@@ 73 &t4 ve to the ball and the body
"of "thé

ub under some predeterm ned condition so as
to create a better presentation of the face to the

bal | | h . '

e e e el 4 G R i s o
theeRR@NESd fnpaR BRAWEH WS eldIfie badsy dddrogsVing treedo tbltm?nslate

m ght be highly eccentric mgact events (off cente

angirptate imspaceaie. Hdll Bdagreesiobijeerdan (REMH) hpdies, 3¢k hﬂwng the
bl 1) 850l IREALE e RE SR BB BRRI ok R R e
teridues n@hedppicsl initiel condifiort for thlamehblmmnaatyebaihdnd high

orrect the resulting ball n, anot.h
velogHiARe FPAEHID e ot P peRAR RsBeER: RARL Fubstenfiply ap or
sub8RAGAIly off the face of the club head. The impact resuits in high forces both
normal and tangential to the contact surfaces between the head and the ball.

These forces integrate over time to determine the speed and direction, forming
velocity vector and spin vectors of the ball after it leaves the face, hereafter
called the impact resultants. These interface forces are determined by many
properties including elasticity of the two bodies, material properties and
dissipation, surface friction coefficients, body masses and inertia tensors.
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can be controlled so as to produce a nore desirable
i npact event. For exanple, the system can be desi gned

wo o00smkasg he face stiffer during a hard i npactPemusSzoake26461
the face softer during a lesgs intense inpact so as to
tailor the face behavior under the inpact |oads to the
particul ar event. This can be acconplished by, for

exagphfs ofthesé pripertie®aRA icBAditibASs bt dw#sfaet can be actively
pi ezoel ectric transducer which has been surface bonded

CO'?zifoﬂﬁq@-l"W%@eﬁ@@ﬁﬁWe@&Itlr@ i SopILmepsUEe $hgantrofgyer the impact
e AR 8 P P i PP o U e Foe
ultnasdnicaly vnbhaiedlmdes soperpredetann‘nrmﬁ cenditors 80 astto acdate an
offo iyl WY idicnPtediaent esgen she bel POl the S testlling in
detreadedaprl @tad Hd m{gza) fhghtbhfhe BT Wheh'étn@@éﬁcorﬁdlﬁon is

normal |y shortedpi ezoel ectric can be open circuited to

praggd Ome susbdrigger eanditiathmight hef high headéaallemmapt fasces and

el Pt SRR, oo fioFcleloddufheEeEuPpRE ton puch spin

cotiltli geste ex@asdacpidwiaded liftypreduding erdwemnsﬁlghlomsmﬂce
t he actual piezoelectric transducers bonded to the
face itself by triggering off of the current or

vol {2gRothBY @hb@ﬁﬁh&%eﬂwepﬁoép&w taha)aﬁ %Heﬁfat.awd?rthé fadd€an be

triggering even e, clrcult usi ng
activedy poetxollﬂcbmlatlve teltberbaﬂ amsi the tlody g ttwnlslbrumdm sbae
to the transducer

ds. W h.
preétiskBEeq Bnpiibn so HR i eGte.s Pefler PlEAntAL ot S Fase to the
balorGhoft asRraRWBA figist éﬁ@dédﬁé@@'db%lﬁ by ‘éléuhfdfactlng club head
effectively enforcing the open circuit condition.

rotgtipn duEng eceantrc ivpactrvents.| Ong sushdgaeering eprdition mlght be

nighfy solils [ PER evain ot Aol @i el . o7

defraatiohGahssissdrethe fabe remnigaldractbleratiopl sersiorsin thie body.
sone force or thermal energy to the systemso as to .
Sughegnsonsignalsfouithbe prrcasser 4p d@éﬁmwh%meca@%ﬁsm Rgtion of

theﬂé?lcqagté S egfgtgﬁegtgﬁ% EBErggtﬁh@'r%ulﬂﬁb Bl ARJHLY to

In another embodiment, the effective stiffness of the face during impact
can be controlled so as to produce a more desirable impact event. For example,
the system can be designed to make the face stiffer during a hard impact and
make the face softer during a less intense impact so as to tailor the face behavior
under the impact loads to the particular event. This can be accomplished by, for
example, shorting or opening the leads of a piezoelectric transducer which has
been surface bonded or otherwise mechanically coupled to a face. The
piezoelectric is softer (low modulus) when it is electrically shorted and stiffer
(high effective modulus) when it is open circuited. A sensor attached to the face
can measure a quantity proportional to impact intensity (e.g., face deflection, face
strain, head deceleration etc). In the "hard” hit case, the normally shorted
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United States Patent No. 6,102,426 to Lazarus, et. al,

di scl oses the use of a piezoceram c sheet on a ski to
w@bdosote458 s dynam ¢ performance such as |inmtiPgr/US2004/026461

unwant ed vi bration at higher, speeds or on irregul ar

surfaces. The disclosure rrer?u ons the application to

gol f clubs to danpen vi brations or al ter shaft

ieSbbik ob&n (k6 dt& ke tiRe Wwhifd 8Sfter hits result
piegboleclitparPbe obfn Byt ited id diaReR éfnéa 485, 380 t 0
in tﬁpazh@uarleaating te pieizeelleome in hlee sbeﬂ cfrcwt@zmm:ilmm and

I f clubs to alter stiffness and to effect

theéefe %%esr?%@g)of vibration. FIG 9Gillustrates the

pl acenent of piezo elenments on a golf club head to

capture strain energy to be dissipated in circuit

f or Theddggrrmange pravided oy a8 @xEragkesernsgr @ﬁby ifae actual

/6 I

ple%bgfé%gfc du\%@%ﬁé@c@éc{ fo tiwt‘él 5 ﬁs{;lﬁe 4 I%gﬁrﬁlg?éfg 05 the, current

or Od)ltdigeifetler acripiad omtheetrangyuder priot tetheviriggering avent. As an
flexing of the shaft. The |jssue of reduci frictio

eX@I@p}ﬂj GevitySeRieingithe RigZoglackiceleresd 83 aTaLge @ﬁn?ﬂr G be
att%’liﬁéd: oeth%rﬂ@ébo%@er REHEY VA PR S e'?ééé]?ésoé‘ oh’ﬁd:é] Qevel a

trasonic Japanese Jou Trib
cirdait camaeﬁbgg@"e(im&) dissonoads 102 kradsdeornltbe cmcunzwa&ﬂactlvely
% crom?cha #smof Friction Drive with
en r?'PQéBﬁPBeMV&“ CQEdf%9 94 (1996) pp 137- 142. SUMWARY
OF THE | NVENTI ON The present invention pertains to a
system for the control of the inpact event between th

bai A critieal alemanief thecability tagoatrolite kall-Rerd FapaGtds the sbility
o l€55 SR GRSIAETE. SRR ap o
mddh@nicat eysterrpamg i&ltd:;arthe iappl)&%ttcm ofssdmoe fdree roe tisermud! energy
ner enerat ed and converted t t .
to IS SHoenie FiEale 8 cRTged) SoRE TRIRITICE Ferasdiibute.
Thl%j:?tél C&‘?H@éht?dr?ﬂ)éﬂalﬁé’ BFlﬁﬁEﬁll} fmicBRaSEarY@DAtorNte®hniques.

enbodi ment energy converted from
i npact by a piezoelectric elenent is

United States Patent No. 6,102,426 to Lazarus, et. al, discloses the use of
a piezoceramic sheet on a ski to affect its dynamic performance such as limiting
unwanted vibration at higher speeds or on irregular surfaces. The disclosure
mentions the application to golf clubs to dampen vibrations or alter shaft stiffness
or “to affect its head”.

United States Patent Nos. 6,196,935, 6,086,490 and 6,485,380 to
Spangler et. al, disclose the use of piezoceramic sheets on golf clubs to alter
stiffness and to effect a dampening of vibration. FIG. 9G illustrates the
placement of piezo elements on a golf club head to capture strain energy to be
dissipated in a circuit for a dampening effect.



converted into ultrasonic face

def ormati ons/ oscill ati ons which have the ability to
webdosotdssel y | ower the friction coefficients bRCTHES2004/026461

the ball and the face. n an alternate enbodi nent, the

stiffness of the piezo-coupled face under inpact is

controlled to a certain behavior upon the occurrence

P D SIS P RACk B 2TF|FUBnaBGHATKAERY B reGse of
pldaznmanmdenﬂcesyo istiffen thd shafhefsa golishs aftentcaptuning energy from

utter., driy irong equally and cl ub-head w |

th%gmwgygqapgf %ﬂheéﬁaﬁhese wi t hout prejudice. The

face actuator can be any of a nunber of actuators

capabl e of converting electrical energy to nechanica

enerlgie isshe o redusingisictipn sisingrdiyasenie Vttyﬁ%%n g igcidsses by
qu@‘l ﬁﬁ%hgagr’lué\é e‘@@l I{a}d aﬁ?tglceI C?H?&tjr(gllncngrf?:%Hﬂ ﬁ’é‘ U dtrasonlc Vibration”
Jekdapkds Joarred bé THibolate Mahl 38 NpeS ¢hagt)qm 1019-1025. Ses also K.

- electrostrictive, |ezoe etostrictive,
Aqem shab e ik eBharang g FHick B Srenas Urkaganyé Tave, wear
?F ajuy_$hape menory ceramic materials, or
gs of any of the above. Included in the
p035|ble actuation schenes are thermal actuators using
resistive heating or shape nenory all oys which use
applied thermal energy to i nduce a phase change within
the material to induce a resulting size change or
stress. All can be used to convert electrical energy
into face deformation or face positioning in a
controlled fashion.n such a systemusing a pure
actuator there nust be an electric energy source,
battery or other electrical generator converting
notion or inpact energy into the electrical energy
which is used by the face actuator. The system can
i nclude a power source, electronics, and an actuator
mechani cally coupled to the head. n a further
definition there is alternately a class of systemin
whi ch a transducer is coupled to the face. A
transducer is capable of generation of
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el ectrical energy from nechanical energy as well as

vice versa. Exanples of transducer nmaterials include
webk®@snianagneti c coil system piezoel ectric anpiCT/US2004/026461

el ectrostrictive materials o?erati ng under a biased

electric field, and magnetic'field biased

magnetostrictive materials and ferromagneti c shape

menory al |l oy nat glumM%( RYBFE '?{-IECIWTW of the above
er cons

with thensel ves or ot I'tuents ese wl |
hereafter be called piezoelectric materials generally
and _t he use

th | h |
pe. HIRcRTeRe FpETory perteils & %erﬁﬁﬁ% PR Fongplof e fipact
evbhﬁﬁéﬂ\%‘éﬁ fhe Baltarid SRSEIYS RceBl$hE %btl,f‘a%n %océbr‘ﬁ}cﬂ @f Ehé face

face such that deformation of notion of the club
pogdm@rcatm“gpert@@ttﬂm@fmer@ﬁéhgy)rwesaonmﬁ tlnfélrnl@mt avieat paween

tn B34 HBin e [ Pastt 5L Chidtos BElirctey P Brerl ogigipted
arioerveriet tbiedttieaiereigy framstidarectintiedlietlesgy of the impact
general, they change S|ze in response to applied

evenécﬁupb, reyss Eeraf?f!ﬂ@lyrﬁ%\t@é‘% E'i‘et'ﬁwcbéh%‘?tat'@ %m%ntle@ar n
orSORTE 8 Py, BV ReEARITLErE? 2 clofeicaic deripitis
cogﬁeaedumbsjltr&nmc éﬁzceo%efbhnamcrmmnllatmswgscm bave rlilggle ability to
t an ce SO 0,be ia
iy |Gvet Bar ey Fos Heealshian b TRl tane deSe nl an
alié?ﬁét%terﬁﬁﬁdﬂ?nerf Othe@flﬁﬁ'@éfof ﬂhta gié%o E@ﬁﬁl@dﬁfﬁ@é 'uﬁéierf Pnpact is

pr OpOI‘tI onal tO the face accelerati on,
candiolled to aocmteurm bebadeenpory tHenesassrancelnd mﬁ@%teaﬂmed impact

oA BRI o Bute, et RBRob e o il 5P Tror
lowet |r1ﬂéw§ty I'lilfsatAllDﬂTdstddséE fp batam toniutter, diersapa irerd equally
force can be applied to effectively create forces

angheleR-naasd wnlleheaakee tamean akeidhese witheuherejudise.

inertialforces of the system For exanple, if the
force put in the center of the face were to be
pr opihi¢ famesdcttiator lsan\bel arvi dfya ammbeppbactngtars eapablewift y

civeris G50k Eap Smeih Torsdanial Spbra SHidheE LRV SL)
elé?tY%Iﬁgﬁtl%tﬁgfﬁ% rsu%h atshﬁsélﬁﬂéﬁr a8iwdiings & 3amily oF attuation .
technologies using electrlc and magnetic induced fields to effect material size
changes; electrostrictive, piezoelectric, magnetostrictive, ferromagnetic shape
memory alloys, shape memory magnetic and shape memory ceramic materials,
or composites of any of the above. Included in the possible actuation schemes
are thermal actuators using resistive heating or shape memory alloys which use
applied thermal energy to induce a phase change within the material to induce a
resulting size change or stress. All can be used to convert electrical energy into

face deformation or face positioning in a controlled fashion.
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force which was essentially proportional and opposed

to the deflection of the center of the face, then it
wowwsald4sok | i ke a spring applied at the cent ePrCDUS1004026461

face- effectively stiffening,it. Likewise if the force

was proportional and in the direction of the

deflection then it would | ook Iike a negative spring

applyi 5 i wel ;

cor el 8 it 2 Bl AyaRs Snerefinlise, ¥h Yectric pnproy
soares, battepont othler eleetrical geherat@amcanvertingwiofiodior irapacitenergy

. dypam c effects in the system The challenge. is t

inghe FRpt IRl EreEe WhiFTas LERBMNE Ao ORI, Rt can

in@fidd ATERrerddbUrEE SYSESHIRERA drf ag0BRr thdHarkey dopidto the
prohibit that. The idea of applying sonme forces that

heddni ¢ ot her types of forces that would result from
inertias or masses, is one nmanifestation of the forces
that can be applied. n such control systens there can

be an sAfURhEr definibbatecreds akéonsdly p diass\efesystéra inpdlicled
force and i nput and that rel ationship ggr bfe fre%@ency
transgaRereifCOUPCEiot thRIfRGe.t AdrantsALFS ISfaRaPIGn QRIPTRRORC
r n :
eleeEterRal B! PR dgy S8 L A RIS TR of
trarisasisecmaterial s incubesglscEamaphetiecoib systeom piedoetsattieand

clpgr i Boanare ar AR bheaLe Onat SR s B maBiktc

fidkl bRA%BAThEgINeE@IERvVE AHieRAls aRd feRbmagheat Ehapé memory alloy
structure control for elastic systens and is [

we .
malefiatee @ndrortdemnposites uf thegbena with themgalves o giwryconstituents.

TR By B8 P AT BB RAETAR AN, e oo of e
wbrapigzbélactEis - shihen PBGIdY ¢ takeh aaliirhiting. o systemcemptoying
anpl i tude and frequency such that the surf aci

|
sushritaaduserseing rausayeer Alemenistarbr CRBPIEAJA B fagrsuch that
dégéﬁﬁét'jcﬂ broﬁ’\otii)rﬁ!o?.tlj?é Slﬁg;d%re%t{eg %Tgci‘rﬁéal 'e?l\égf'whﬂfh can be used

fective coefficient I ctron. actuator coupl ed
vitithe benvdred achetiondfontiorcionddnot aspecis of the bead-giall impact.
frequency oscillation of the face when driven with
hi gh frequency el ectrical input.

Piezoelectric actuators are the most common of the class of transducer
materials. In general, they change size in response to applied electric field and
conversely they generate charge in response to applied loads and stress. They
can be used both as electrically driven actuators and electrical generators.

Control of the impact involves putting forces on the head and/or face so as
to beneficially change a property of the system which influences the impact
event. For example, if the force applied is proportional to the face acceleration,
then the control acts to apparently increase the mass or inertia of the system. It
does this by putting the same force on the head that a mass at that location
would put under that particular face motion. The applied force can be applied to

effectively create forces which mimic elastic and dissipative as well as inertial
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f the excitation occurs at a frequency at or near a

resonant frequency of the club/face body, then the
wa@ppbiotase can be maxi m zed. n scenari 0os such BST/EHSIP04/626461

bal | inpact where the normal ,forces are high during

i npact, the key requirenent 193 that the accel eration

of the face away fromthe ball during the oscillatory

foﬂﬁgaitoghﬂw%g)?éuaﬁ\ qﬁorh% Qollf' fo'?léés gﬂ?\ tHé'dejljﬁéngf%e face were

and sur con act roke
to begqebpodionahto tbepnehmnhytarmirmipdsbwg the \wipdityt aidbe wentdreof the

fagahen gl FEsaRYAY Skt & Bt BR SEGr R (e FrgR P

cré’&te'?{n%o&g géMﬁeFjsﬁir@b&fteﬁ ranashst SPRIlETNS ifathe é*‘esuw @pply a
he anplitude oscillation for an actuatedsst

fomo@rmrsmh avaswsse@mallsdp@m@tlmte@mqm@sed@ the ﬂ@&@@lon of the

ool 8 e PR RIS TR Pl 4150 comtror e

fa®sCéffdolively)stitfaningtit! deikewise if thgufoeceotvasproportiehalsand in the
bal ance these to naxim ze the friction control ef

diregtiop hths deflegiioniBen taveld depkdieRy pﬁgﬁtﬂv%gprtlm%apphec} at the
ce'?l’i?fscﬁ%elf nte'ff@@tnvé& s%ﬁg%@& \'Nhl S&Wé?y ESnt%l%d §‘ystem

ace surface node at I's coup
(iftdme cert carttiad lthejforue)r cdasnimidnauariyediﬁemm dgnamic sfst‘@ttem;the

SyBlT SResT el RIS IR BPoR AR e s obon MR A but those
ty?@% Bﬁféﬂr@@é oh @neebﬁéiéfn' &idn iP¥oMeldtRESEHIfRIzife PO KiBittteat.

face) can be stored and returned to the face in
the form of ultrasonic excitation of a high order face

oo T IR sraPBYRE SoRe Tplestih Al e, BB #RbERs et

w@d’al@rr@éult frofigettiRNSrdnassesy ené alanifestitibn o‘fd;lne éoraaptiwat can
in the charge stored in t he capacj t ance, of

beypepRg. elorsUch Gritiol pystes thereedn Be a@t%PE'aarg PhRaS reigtionship
bét{ﬂ/e@H)the Necﬂdr bd‘?n’w r[?é?fdst Hidlattohshi E:érg Be frequency

cap actor ors CII‘CUIt etc, .
d@m&h&cEssa&ldlly th@ ephied! functidrecan be sdinsar or Abnbnear dynamic

sytscté %rt\}vg n %E%%Cst;er{s%lr %%%Eiﬁe toanqu ?grrc:gyeippﬁgd by the actuator. Ina
classic controlled system, there is a control system which takes sensor outputs
and puts forces on the body to achieve some desired effect. That's the general
area of dynamic systems contro! and more specifically, structure control for

elastic systems and is well defined in the art.

Ultrasonic, or high frequency, oscillations of contacting surfaces can result
in lower effective coefficients of friction between the two surfaces. The
oscillations must be of sufficient amplitude and frequency such that the surfaces
lose contact briefly during at least one portion of the oscillation. This breaking of

contact lowers the effective coefficient of friction.
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el ectrical drive circuit can be configured so that

when connected to the transducer, it induces a high
wa@epbiotasse face oscillation which effectively PEHUS®E4/026461

the inpact friction coefficH%pt bet ween the ball and

the face at a critical point “intinme during the inpact

event such critical point in tine being selected by a

contApLoRLERTLLBR thhRef ReTah B LGRS FOBLER h
(1 t Cﬁdgﬁ of ba e

friction resu In a con spin which can
frexplepcy ioseillgtion philperfade winger drivent witm highfsequarmydilectonsl input.
such

. hi gh i f I ls). Th ik i ]
I R R B BPoySIR Sobr RBI &l S eab APt dlech®ngd o e
cllefeRcs RO tdrPihel arhplitlias eaflald mekinfifged W t h appropri ate
si.gn these forces can effectively soften the face by

i ncreasing the duration of the inpact thereby

| esgf réicgﬂartigﬁﬁdééﬁ’ggé d%lﬂ%ﬁ&ﬁﬁhﬁ?&ﬁé Hcgrnk?a‘?llflb%ces are high

def | ecti on. ower ction results
durieduinmgdct]itss kpptrequirdiyentris flasttthe adeéleration afitheffacdhaway from

the Pl cring B8 SR GeogrLE e Tt e Bt inat the BT bannot
“c E:mdéﬁ‘gqooéhrfag@on?é@ i bedieh. Phld ad@ligetibh ‘?ssproportkl)nal to the

rsely, 1 npact energy converted into electrical
aneplude of fre becilthter) patien muwtiplsck pathe square fof e excitaior

IR By IrEet BacPySEBraH mBurs el GRrCHL XS dr PLelbtation

sySHm! IghGEthePfhplitas oPbstiNstidriese sphedrthgtedaly8tdm (éhds to roll off
made to deformgreater than others during the |rrP‘act

dus/ensystemdnetiak eftaats. rifetais aitadeeff betwaasndibfing jaé higher
T TSt AREl ‘ g _
Ry sl g el RS a8 SEERBR ol Sy foure o

mgi’it?hélps m&mﬁ?heﬁé E:;Jlrria)(iri(]ige tied &ia:ttilog aidm;tmt effedin dTmrexample, in

eformatj on of the face ue to unbal anced co i ance

the ipgptgEed sabesiment oh e prasgBt IYPRERN. ilyas ?%m@d\ffﬂﬂaggous to
I f [ I [ tid b | e :

extile\a fiR8 SURLE rido af)f20, 006 2 WhiEhis BBubIRE (Hthe abtion driver

deticribediheneinafiedi.r ect control of ball direction can be

achi eved by reducing spin including sidespin and
t hereby reduci ng cross range

In systems where an external source of power is not available, a portion of
the energy of impact (converted from mechanical to electrical by a transducer
coupled to the face) can be stored and returned to the face in the form of
ultrasonic excitation of a high order face mode, high frequency oscillations of the
face which are well coupled to the transducer. The energy can be stored in the
transducer material itself, for example in the charge stored in the capacitance of
a piezoelectric material or it can be stored primarily in auxiliary circuit elements
such as storage capacitors or inductors or tank circuits, etc, which are electrically
coupled to the transducer. After a triggering effect releases the energy, an
electrical drive circuit can be configured so that when connected to the
transducer, it induces a high amplitude face oscillation which effectively reduces
the impact friction cqefficient between the ball and the face at a critical point in
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travel. Simlar control features can be achieved by
actively positioning an actuated cl ubface during

WO paoi64s$ response to sone measured i npact vaPCHDE®04/026461
such as | ocation of the inpa%t or angul ar accel erati on
of the head (caused by eccent'ric inpact).Forces can
al so be applied to the head to mmc the effects of a

il 3 TR b T RSB ol selRi6rty o,

cogtmlﬁaigbmtm i Whe\zi%né Oscilkation %mzl tdsrﬁrdﬂl@@!ﬁndwn multnp@od:ontrol of
uc s can be tri ere in mss hit scenario

all 00 whish G 5% peleghvell Hasared Ueder Gerdein RBSCoH NS (such

as‘ﬂlgﬁ’ﬁhﬁgcttfﬂﬁie woskd be to create a force on the head
through action wth a reaction mass. The act uator

reacts betvveen the head and the reacti on nmass.

5255% WGRIE0 R b A SR8 o
fad®pPRIYordndl fe fddeddtfectibe. Do appdptibes & ﬁftﬁeé@ﬁﬁéeé b&n

face straighter and therefore the ball tlig

effectivglyisoien de fasg HBCIAASNG tf@\ﬂéﬂﬁtmfﬂ%@&ﬁl@s@nﬁ% therpl¥t
K5l 1B Bt oo AR Ao RARGR, i Bl b
defledtioratesuitstin esdlicad dissipdtion by immigeticrdefgrmatidrdoftbe ball and
B R T
cogﬁﬁzﬁant%ﬁéﬁﬁutldn (CORPand Bher bail tveRfc:tfésg r@@n\;@é‘xél?ai’rﬁp’act

vvayt e acelsrotatlng coul be used as a
engms wnvaﬂm lntmelactc@ab@?wgymandamdnseiplam toodedrease thee

Bl FORT ERbBEBE SRR o "cont gur at tons wi i1

mul tiple electrodes on a single piezoelectric elenent

woul d al | ow detection of a broader range of inp
One Byaselashively appIM@gépfﬁqseelqﬁ@sa@"M ieemipaicithe @ﬁe%&fttaﬂfg'ed

co@ﬁalfagﬁga 8@%‘% Fg%af\cﬂét %eﬁé tfi)er thH%WPtu%h?ﬁrr;/ greater than
oth\@'saiurm@ mbembactee\letmt d:fmtp@mniedlmg ’dne dxdiadiraatioatofdine ball. The
exﬁ%:egt S?%E&%t%ll%dl brg%%ﬁtsg the fl;lglebé?lr\?eflgél ye(%pge andrHerectlon) is
determined by the forces generated by the elastic impact. Uneven deformation
of the face (due to unbalanced compliance) changes the direction of the normal
reaction of the ball and therefore the final direction the ball will travel. In addition
to this direct control of ball direction, indirect control of ball direction can be
achieved by reducing spin including sidespin and thereby reducing cross range
travel. Similar control features can be achieved by actively positioning an
actuated clubface during impact in response to some measured impact variable
such as location of the impact or angular acceleration of the head (caused by

eccentric impact).
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vol tage com ng out of one piezo making it difficult to

determ ne the inpact location fromthe variety of
w@owsiod4e8 | npact | ocations. But that is not neP€BES2004/§26461

alimtation of the present .invention. t is possible

to include a uniform piezo H6nded to the face where

the el ectrodes are segnent ed to all ow detection of

won e i H o IR PR AL FRRAP LIt b eigner
mdmedieof inertisheinfatler. watus| memme:s Wweulkibd siptilar ¢ tdsedtiatan

aciilong] GaRp @t 7 Gided [asativn doPhere fe 1ha Mgeg duipodgipace. Such
fordbs %)én% frig geﬁfﬁ:?ﬁ Misst¥esdeRGRos T@&ﬁﬁ‘n?’ o §t?£§ﬁte¥‘@Hbf$ byeor

app i ed control circuit that wo det érm ne
insiaece crrhaewaﬁbf dning thapectlddetodcrente a éyrgetanile head through

R W P uRBTBRSS P g pbleBlor BECE peEeh i B Bt/ e

reggtipps@dss 0 ltabhetssn ishck espantat ittninirdizesineard robetion under
response dependi ng upon inpact |ocation. BRI EF

impeicRf AFiSAR efie prespRsEheTHEMARH 0b ineréabiekedisand
therefdrd cié;erﬁ ?QHe W@&?&gﬁt@r %ﬁdﬁﬁ&e@ér‘éﬁﬁ@%&a’ll Y @ﬂts'tr%!beﬁs%lll nguring

€ un ood nore C herei nafter
th@fmpamt@mnlt eBedagsa thm impact beenﬁoé of a finlitecturatdre ragecean put

et 6F TGS o 0% S i SLER b A CERtraHRSS and an
anh OGS SR oE sBERBh S Wllrl &t afugRBbictoanc

a ple tric actuator to a club head face
sense Wdhicwwayrhehead- s ndvingsrelative kbathe seactionmaps.udyhether it is

o RO T &l e DR s 8 B8 i oo Heliopa =s @

sefifbif inpltitd Aedhpereatoricontbiiatto dibe th8 doplied foreeas a
conceptual enbodi ment of the invention wherein

copirersatetarthat resulisafaes motipa. Mulipledezelpsants ve

coh TR Yl P50 S M EAE it woul
alldivadptactiorobf a bpoaday rangie af impawts.h One can actually determine where
the ball is impacting on the face and use the control circuitry to compensate
accordingly, for instance by slightly rotating the face to compensate for head
rotation during eccentric impacts. In the preferred embodiment there is one
voltage coming out of one piezo making it difficult to determine the impact
location from the variety of possible impact locations. But that is not necessarily
a limitation of the present invention. It is possible to include a uniform piezo
bonded to the face where the electrodes are segmented to allow detection of
impact location. In that scenario, essentially there would be multiple piezoelectric
elements that are bonded to the face. There would be multiple electrodes for
example in a square array. For example there might be actually nine electrode
patterns in a 3 x 3 square array on the back of the face. Those voltages would
be applied to a control circuit that would determine where the ball has impacted

and the resulting appropriate response to that impact. Switching on the voltage



controlled switch, inductor, and control circuit; FIG
is a schematic diagramof the circuit of FIG 10b

wW@ebwaiongsg he control circuit in nore detail; FPQ@/US®OH026461
graphi cal presentation of ag act uat or output voltage
signal under ball inpact sh i ng un-triggered and

triggered voltage tine histories;FIG is a graphica
orfigFpBt Bl ReBbacc fn e Fadiars 8 Rposey S BREE KEfesponse.
colilr tador B respanse depereding apof impati locatidror ce, C)
transducer voltage tine histories, D) transducer
current tinme histories, and E) resulting ball spin
time histories; FIGs. 14-15 are section illustrations
of a golf club head enpl oyi ng the conceptual piezo
coupling enbodinment of FIG 2 to reduce the spin rate
of a golf ball by converting ball inpact energy into a
head face vibration to reduce friction between the
head and the golf ball; FIGs. 16a and 16b together
conprise an illustration of a golf club head enpl oyi ng
t he conceptual piezo coupling enbodi ment of FIG 2
detailing the renovable sole plate with system
electronics; FIGs. 7-1 are detailed illustrations of
the face assenbly showi ng piezoelectric transducer to
face coupling hardware for conceptual piezoelectric
coupling enmbodiment of FIG 2; FIG 20 is a graphica
presentation of the friction nodel for the interaction
between the face and the ball; FIG 21 is a frequency
response function showi ng the voltage response of an
open circuit piezoelectric transducer undergoi ng
periodic |oading on the face of the club; FIG 22 is a
frequency response function show ng the face surface
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accel eration as a function of the anplitude of tine
varyi ng voltage excitation of the piezoelectric
wo e@spduser; andFI G 23 is a circuit bl ock di apeEHDSWN4/626461
el ectrical system for achi ev'g?g vari abl e stiffness
whi ch stiffens upon nmechanic excitation of the
pi ezoel ectric of sufficient intensity. DETAI LED
DESCR! PTI ON- @RIEFEDESERIFTIBNDFE DRAWIRAS i 9
description assunes that there i s an understandi ng of
the fundanental s of piezoelectric materials,

oper C S ed
205 e aFpe rBUBREANE RSl ARt proson
inYeatiemidl Be emslerstédd nrd cohplstelyaidrairrftet b efrdshitiof 'artietalled
ubl i cation is hereby incorporated

The, ont f that

degrin 'ﬁ’n ﬁ etoglfbwhf ejergpce uilbbe made tafbefellowingrdipwings:
reference which describes the field of piezoelectric
mechani cs is "Piezoelectric Shells" by H S. Tzou,
Kl uwelGs. AeédWmt@uéti@@emmepM%&mbdcﬁ&éntmdf the ial&ttion

wEBIEIY TR Ba0E of i ole e b P srebIRsIAC PR P gol

C|@|gtne@;d|fgaegk@gﬁ@¢vﬁ and transducers to the club face,
the interaction surface between the ball and the head.

The transducer can be directly coupl ed to 1) the face

(F noFlaE B IRISTRN 0800 B5ideblua elndiRghis Si4fi8'ihiEhtion
whetein idifferemt forns eingeal dd Ilﬁ%©g??§tr?§l%tgéggtu%@§yt{)hae golf

re described here
dﬁbgﬁﬁp ACRAre pRAPWALCer to el astic deformati on of the
face or inertial notion of the head. For the actuation
function the goal is to enable maxi mal control over
f aceFlfef9 Yusiratesa conmepties iengzbdimentienibye invertidriahéein

S AN T T LT RN RO T S

pdtBchin thd R reftivientb dhé Bgdylefor mation pattern induced
in the head and face by the ball inpact. The two

techni ques tap into the pool of kinetic
FIGs. 10a and 10b are a block diagrams of a piezo actuator with

controlled switch, inductor, and control circuit;

FIG. 11 is a schematic diagram of the circuit of FIG. 10b showing the
control circuit in more detail;

FIG. 12 is a graphical presentation of an actuator output voltage signal
under ball impact showing un-triggered and triggered voltage time histories;
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or elastic energy available during inpact. This energy

is then converted by the transducer into electrical
wep@sgy4dhi ch is usable for face and i nterfacePCT/US2004/026461

actuation. A description of 1 i ght alternative systens

for coupling a transducer el'&mrent to the golf club

face follows. There are three classes of actuator face

?gg Elgggg |?T Q‘gggemlﬁél ﬁe@?ﬁtaﬂ@ LRiStihe H?Jstﬁﬁéé of Réf g)grameters

rans ucer size changes
in thed balh‘a:t ichurbsimgrast showitg ;9() mmamnouaal fprem i)l mrnbachtamgentlal

I
(5o o7 T AT KSRy ROUBE T EnBAEF el thume
h.asnséaédoVEyréwmrigbélh@p.ﬁmh@rﬁlsﬁir@@ctural control where
pi ezoel ectric el enments (predom nat el y) are nounted on

or enbedded within structures to effect beneficial

str r r i ; '

ol ndics AR R AN TRl 4 a SR UTTEEE ploying he
cohcepi!ﬁaep@zmafoelplnag eaboeimdnt efd Iy 2tto mdecé Hhwespio rate of a golf

act uat e bendi ng_ as shown in FIG agl CQFE 3 ’
ball; ygonealing ball Farar anesay it aheapdaee ¥ t'%t%ﬁd@"’& ricton

eg &ﬁthélh é@%nd%ﬁeﬁ;éﬁ%d 3. Concept 3 - Piezo

sposed between t face and a stiff backing as shown
in FIG 4. Concept 4 - Piezo operated in shear node

oy dii G0 188 o Tl Bhelrs coBfistiin Bulliion, FEEBRIR® Réad
erﬁﬁlbyﬁngthefc@ﬁeeﬁmpFie&g dovipied BRbRdirmentbfi FG. Rodéthring the
face absol ute noti on or those that rely on inertial

refraveble s@adlateavtbgystameclaetomesid notion on i npact
with the ball. These typically entail a reaction nass
and an actuator or transducer elenment acting between
t he Fleactli7or srsdetaidd illistrations of the face assembly showing

piezoelectric transducer to face coupling hardware for conceptual piezoelectric

coupling embodiment of FIG. 2;

FIG. 20 is a graphical presentation of the friction model for the interaction

between the face and the ball;

FIG. 21 is a frequency response function showing the voltage response of
an open circuit piezoelectric transducer undergoing periodic loading on the face
of the club;

FlG.. 22 is a frequency response function showing the face surface
acceleration as a function of the amplitude of time varying voltage excitation of

the piezoelectric transducer; and



face. These types of face couplings are generally

related to proof mass or reaction mass actuators. The
weewsepi4ss in this category are described as f oPCDWS2004/026461

Concept 5 - Direct piezo cngled bet ween the face and

an inertial mass as shown in”Fig 6. Concept 6 - Modtion

anplified piezo between the face and an inertial nass

as n_Fl G . 7 | JJ0F ' - Wi
(1 p e 23 1A rctih PR Sidta o1 A& sk RicRigh'd
vanplet dtiffndss winich stiffest upminometlaaticalcexditation of thecpieabelectric of
coupling between the face and the body of the club.
suffiieri dRigABIY- can be the sole or one of a nunber of
paral l el |oad paths between the face and the body.
This is simlar to Concept 3 but the face is treated
nore like a rigid body that can be positioned rather
than defornmed as in Concept 3. The transducer
posi ti oned between the face and the body supports the
majority of the | oads between the face and the body
and can therefore participate to a large extent in the
i npact event. n addition, actuation induced
positioning of the face relative to the body in
essence uses the body itself as a | arge reacti on nass
to effect changes in the location or orientation of
the face during inpact. Concept 8 - piezoelectric
transducer positioned between the face and body of the
club as shown in FIG 9. For transducer applications,
to produce naxi mal avail abl e actuation power and
maxi mal |y avail abl e coupling (for instance actuating
hi gh anplitude high frequency face oscillations for
spin control) it is desirable to achieve good coupling
to both 1) inpact deformation pattern as well as 2) a
hi gh frequency node. For face positioning applications
(rather than friction reduction
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applications) it is desirable to achieve good coupling
to both 1) inpact |oading patterns as well as 2)

W0 paoie4ts nescal e noti on between the face and PEEUR®AY026461
n general for the elastically coupled concepts (1-4),
face notion/l oadi ng gener at éf | oadi ng on the
transducer material and correspondi ng el ectri cal

ener IReSAICER DESCRIPHIGHGE PRIFERRED EMBODIME

on the cer contro ace not I'S desirable
to have high el ectro-nechani cal coupllng bet ween face

it SredelPviRg kB estuRen e thaR BrundtS PR ofine
furtdarh8Rtéls HRSE268 68t ic ?r‘i‘eﬁéﬂéilsf 6Qé'ﬂatt16ﬁs 'aﬁB@ﬁédéé@uctﬁas

converted into stored el ectrlca energy (for instance

deseriloga inpiRiezaslecttic iC@raﬂn ahy JeffeaCopkimndnlafie;, AcademigPress,

167 B8 inraedscied BeLeinn ol et AlRpGh R flreby

indorgoRed tefan irpits entirely by refemsee. @mma@:t usefal rfierentaedhich
coupl i ng enbodi nent an_act uat or, capabl e of

d%pa%e%mfgeai@ of pigzegleskiq mgchanics l%cﬁlﬁ%@@iectﬂﬁﬁhﬁﬂagﬁy y S.

Tz\ﬁﬁr kﬁ}vy?rofﬁ\céaér'ﬁ[cqb@bl [<Hefd! A\ﬁégﬁ 3 O@ét %hd: iSVRES heRiby

cohposité actuators are C anar size
incdrpoged hesesic by pefedenae.t he pl ane of the face, 10, onto
or buried within the face itself. The actuator can
al so be packaged using techni ques known in the art.

Actubfsr €bapRR§H8IRHce S not exactly on the centerline,
coupt es tnto pbending deformation of the face and
acts to inpact a bending nonent on the face, 105, when

act oTspere e fE ihad OB A et Bliob MRBf o .

trari@dpb@nsetodﬁé eflupface mheahl@eacttdwumobét@eemu@ Iblaﬂ @nd the
into out-ofplane notion can be achieved in |a

hegek obhmiraasPuses gan beditpstiy goprleshie: itee ffqﬁq:rql@lveﬁ@‘ormatlon
(B IPEAATE T BSah IR v SO RIRace! goianve
metidn betweert the faee andthe head body. Eight are descnbed here which
alternately couple the actuator or transducer to elastic deformation of the face or
inertial motion of the head. For the actuation function the goal is to enable
maximal control over face deflection at the desired frequency of actuation. For
the transducer, the goal is to maximally couple into either the absolute motion
(deceleration) of the head (or face) or into the deformation pattern induced in the
head and face by the ball impact. The two techniques tap into the pool of kinetic
or elastic energy available during impact. This energy is then converted by the
transducer into electrical energy which is usable for face and interface actuation.
A description of eight alternative systems for coupling a transducer element to
the golf club face follows.
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boundari es of the actuator as is shown in FIG . Sone
critical paraneters are the spatial extent (length) of
w0 b@sacd4smt i on el ement as well as its thi cknesBCT/Um®04/026461
spatial x-y extent is detern;Lémd by maxi m zing the
coupling into a given desired face deformati on shape.
Good coupling can be equated to the integration of the
tra I L [ j ;
tho B aapanie datedt o SRS Fele, RURAb: ThoF o bt Bartains
toalastia piezo Tace aciuptiomyhergio transdusdragies changesandf or e

IgfiTatons SR har vy celprekiafrddiveciétgnaich aiong or
betwieah!tWosstiarirki pouﬁ{saéretm fakked THid glpbadf e@éétwaééteanon is
pat ch coverl n ar%l ven radl us, cou Into

genaraiukagw ef pilrlacﬁtﬁraimstrpbwgerreomgzoe,lefztﬂcﬁqlemgnts

<p£€%“@@efﬁ’a'é‘?%@“$%2p5ﬁ@§§ U orfbglidb ARpi oA Pietrost
bdrefictal strdciusal defgenatidmanThdfoun @dstbodimentsofselasticatly coupled
terial lde_the circle would see strain of
a H@@ﬁ?ée@?é‘?l%-the material inside the circle and
there would be a partial cancellation of the
pi ezoel ectric response when integrated over the entire
di skCorespttihe Rieaa welsr attachead diracthhiccthedace imadiuate i s
coupl ed and i%} i@ desi r ed to g_:rkvest energy from
i npact as wel PERING GESHOMY in dite a high frequency

nmodeCohdemtant IPxzd staek BABlor the kit Bh tha! fdcebRith )

designed in extent and thickness to achieve both:
coupl i ng i nt ohewwng R FEOPWNJaIdES. B9, 2mand@pacti ng bal |

(1 oUaBhiod"e PiEH BB I6LAMI 8025k aRA o S B8

coup deformatiron s
assocu ated wi abshowhdmFIGequency node. Because faces
are éel atively thick structural elenents, nodelin

suggeSPseRtdl ainieaq gperpiedkinsihegs srada g disRauSt Reyen
the order of Jtné?ézc%f&wd %%Hffrc% sfra.nﬂf@%geﬁaétsaawhnﬁ% 53

actuation of t ace. Typica ce designs have
shown that a fbezo elenment a few centineters in
di anmeter (1-5) can achieve the

The second class of actuator face coupling is actuator coupling to the
face’s absolute motion or those that rely on inertial forces generated by face and
head motion on impact with the ball. These typically entail a reaction mass and
an actuator or transducer element acting between the reaction mass and the
face. These types of face couplings are generally related to proof mass or

reaction mass actuators. The concepts in this category are described as follows:

Concept 5 - Direct piezo coupled between the face and an inertial
mass as shown in Fig 6.

Concept 6 — Motion amplified piezo between the face and an inertial
mass as shown in FIG. 7.
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desi red dual objective of coupling to both the energy
generating first inpact shape as well as a high
w0 e@guensy node to be excited for friction cone@DUS2004/026461

typi cal inplenentation of tq s type of face coupling

is a 3-1 node piezoelectric Jisk with electric field

applied through its thickness and disk directly bonded
War=) j to

not SHSSPET stk bR Wif o hekS phdRAbyAR

pr epackaged vart theffaty mershemndp$ilGasi on and potentla

el ectrode patterns on such polyner or flex circuit.

The patterns can define various active regions and

Pr OGW@ethir8 SR GFchctistbf-RIc® chpth‘ié‘v‘égtUthr%ﬁélmg between the

el ectrode patterns in potentially curvilinear arrays.
faqmendaye pady of thesclul. Thriaduaioecait be dhe shienercene of a number

of BRI} Bl 3G Bebfich 4R abBETRek o TR BEFRUEF 1 Conost

3 otthe dacnid trystbd mdrerike @undgid m@dyfthatncache @bemoﬂéd rather than
transducer to a face will now be descri bed.

t hi
dejrieshas %Caaﬁ%@t?r th%Fr@ﬁ’éWCQZPO(SBP@ﬁQrQ%W§e” the face and the
bogg%ﬁgﬁbﬁettﬁé g &%%élo%px pehRELs n% dc%té h rbodg and can
gn any o r

ostri c a nu actuation
theene&wemarmlpa'@cﬁmrmlaogﬁb extedé'fmihiebmapt evem:tusih wdditen, actuation

e igring B ine aee SRR 1o MRS T At e aNga LPe i pody
ﬁsgﬁ BsG ia‘P@e kéa(ﬁlﬁﬁvmaésﬂto': difact 2AaRGEs iMtnea6EARIMEST orientation of

assenb . h this case the actuation el enent
th@iaQ%dwminmﬂﬁd to el ongate or change size axially in

response to input electrical energy (voltage or

current). For a piezoelectric systemthis can be

acc@uandepbed- lpﬁez&:evmn@trangdummsmn@arldetwaétalthe fave and
can use a piezoelectric stack to cour@%e appl i ed

vol tage to | erRpRdy &fiBp gk astshawn i k as 3-3

coupling and is a high node of response of
pi ezoel ectric materials. A 3-3 stack is an arrangenent
of rRdrttigrisduperapplicatiens, 4d prajueresmaexintal available actuation power

and maximally available coupling (for instance actuating high amplitude high
frequency face oscillations for spin control) it is desirable to achieve good
coupling to both 1) impact deformation pattern as well as 2) a high frequency
mode. For face positioning applications (rather than friction reduction
applications) it is desirable to achieve good coupling to both 1) impact loading

patterns as well as 2) impact-timescale motion between the face and the body.

In general for the elastically coupled concepts (1-4), face motion/loading
generates loading on the transducer material and corresponding electrical energy
generation. Conversely, electrical energy put on the transducer controls face
motion. It is desirable to have high electro-mechanical coupling between face
loading/motion and electrical voltages and currents. This coupling can be

measured in terms of the fraction of input mechanical energy from the impact that
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el ectrodes between the | ayers so that the electric
field is aligned with a central axis to produce a
wO o0vgiotas48s nal pi ezoel ectric effect. This is shPOIUS2004/026461
detail as subassenbly in FIG@ 18. The actuator can
al so be configured as el onga Q)d transverse or 3-1 type
actuator in which the field is applied perpendicularly
t ls '
S A S S e G el
elemart or @ shacttingtancuit) d)rhcdrtversejya,obybmerfmcappl ofenbutl alecfrical

itsln.thandteflldbeln ied throu t,h S
etery R sitsaverts] TipsTan oyt e orhalioh Tifkestdaformation
ofdle!fac@f the tube. There are nunerous other axially

el ongating actuator/transducer configurations known in
the art. The second elenent is a housing 12 which
C s, to mechanically connect the back end of the
—é@%—%@t—lon el enment to the face. t serves as a stiff

| oad return path coupling elongation of the actuation
to deformation of the face. Face defornmation causes

r el atn (s Tasei cwpleg pEedment#n ﬁFtL@Eth hi Fapakje of planar size
cﬂg 2 ts&? &ﬂks rcb]lﬁ(g er 1 LeuA6t Yrhol rﬁfg e ef;ﬁgf |?|Férd@‘t§tetd"e

eret housingi s'attac ace “shown _
pieuoé!eetrimamy ar Imerrmslte edivatorsewreapahlesef plonan siz@6hanges) is

| at t hat.
of\itigt tattis PSR G ket iR B ECbE Sl fefR a8l The
adeiatticn aldb @efbabktagsd UBihg taEhGiqBSs RnoRA @M at. Since the
attachment whi ch-coupl es the actuator |ength changes

actyiaterde net exacthyren the eanterine g @@@plﬁaunt@rt)endmg deformatlon of

e isE el it Mndeuibbeionto Budin ot FrBREN 18 BN o ut
e@ctﬁcfaﬂ?tex@med halterrkesly dbr |h|1ﬁa|$é atiuaess nefr tHecenterline coupled

pi ezoel ectric el ement since any el ongation of the
PrR§@EARhG inte deplagedeienitiongatheninan beadinge cowdindoatp out-of-

(?’r%r}ﬁaf?{)ﬁ 89n' % Adiee ﬁ Ié‘r'é% dé?@rnﬁ%?cgl §é%r{?§%mgeparametnc

orma see t one consi
farcimgt i Tree aetsnatmrﬁ |caadirey garﬁ beXlndnhghtluxﬁammgamﬁimahon af in-plane

TGIE3 2o G BITT (NaINBH aUPI o (oo BT g BFs e
bbLihdfeLI6f PEBRLABr bE is shown in FIG. 1. Some critical parameters are
the spatial extent (length) of the actuation element as well as its thickness. The
spatial x-y extent is determined by maximizing the coupling into a given desired
face deformation shape. Good coupling can be equated to the integration of the
transverse strain field times the electric field times the piezoelectric constants
over the domain of the actuator. The coupling into some shapes and therefore
some structural modes is maximized at corresponding actuator shapes and

extents.
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i nduced into the face. n reality, the condition
generally is that the housing nust be stiffer by at
wo e@snichss o 20 times greater than the face undeCT/ES2004/026461
equal but opposite | oading atl the housing attachnment
and the actuator attachment“in order to insure that
the load is effectively coupl ed to face deformati on

rat pgf ekaﬁs ﬁ;sémgx@hyegﬂfﬂgwc pg?gm%gﬁ]&llépgﬁhgtlon patch

al so be as as poss to avoi d ad
COYRIHY a@wetrhnadms/ cougimd intaatintel geoohdmls)gnmbmoc@lateemodb (one

oo B 1 BBt AR R 9
no88¢4dink ®Le nbatthér Qf/tHéeéisl@ he@ RefiusfaFderitAsn &% H@Bélrcnrcle s,

and a circular end which establishes contact with
thm@t%rtal guisigy tescirdi wopldzee straingoffappogiie sigrelg the matenal

inspdsP eI anf s S e BEi-DEShosTay g 25 % piesagieBic
reSplmaséansn imtegratecoover dfie antitediek. of ot her techni ques.
The end plate can be permanently attached, nachi ned as

one piece with the wall or configured as a screw part

for FBRRR BkrtiRGiar LSS wﬁ%ﬁh:ﬁ"é ﬁ?ﬁ?&lﬁ@f @‘ESWHEH%Y\@M 8 c{%iareq to

repair. is Inportant that a conpl'i ances o
haivest engrgy| frarn umnpagt vkl faacp@temtraﬂlyreg(cae@ highdémrequency mode

1 t wh
(o BhERRIARD Toe 2Bl iBudtm desioBed e Rt GG dtknditd
achisvamvtia DUdBUBRhg Fitd ‘ﬂ@é Yh&bd BrotRicid Byt thé'lﬁﬁbctlh ball (roughly
reduces the bending of the back platéand provides a

thenfirst m@idecdaformatipmpahape for creter &ifs); angdo?)cequplinguintsitbas
for th
deh e iabR ar508aRH PR edleftigiogels @ 1"

consi sting of piezoelectrlc | ayered actuator 21 and
end pleces total) as shown in

18 ? Eq?efo?lﬁﬁsfnr?'@t'ggy .ﬂwe ﬁ&#‘@“ﬁr@le lementsy mpdelmg suggests
rel&ti \fb?y‘f’ trﬁ&@ble%el trit IBMehts’ SRR R o?t1argﬁ1 e r%quw d to

preferred Iameter circular stack parti cur
prqdbg;egeztgmlﬂmnttau&mﬂhqnsoftthe 2s¥hecfacen Tofpicah faceodesigns have
sh&Wh rﬁ%at a piezo element a few centimeters in diameter (1-5) can achieve the
desired dual objective of coupling to both the energy generating first impact
shape as well as a high frequency mode to be excited for friction control. A
typical implementation of this type of face coupling is a 3-1 mode piezoelectric
disk with electric field applied through its thickness and disk directly bonded to

the face 10 (usually inside).

It is important to note that the piezoelectric element 21 can be
prepackaged with polymer encapsulation and potential electrode patterns on
such polymer or flex circuit. The patterns can define various active regions and
produce segmented, uniform, or interdigitated electrode patterns in potentially
curvilinear arrays. The key factor is to maximize electromechanical coupling (as
defined above) between the piezoelectric and the face deformation.
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| ocati ons between the housing and the actuator and the
face. f the actuator is arranged to nmake contact wth
wo b@soenser of the face, the housing can be copdT/ys20e4026461
to attach to the face at a él ected distance away from
the center at either discre poi nts or a continuous
(circular) ring at a fixed radius. Selection of this
Cdilck {:erent radius is very inportant to maxim ze the
mance requirenents for a given control
application. The end pieces 23 are preferably nmade of
ste or alumna,or other very stiff materia nd have
o N B THLMSH AT VFHE o CONPICE o PRUaEd Rract
traffsbiflcds d 28 vﬁiﬁ MW MIEScrite hﬁghis%eﬂ%@i t;%@ lé%'t&ﬁio%%lement
on nearly matching curvature (indentations). n the
21parefarablypiezaaledfic butgaseiblcelrcirostrictive objnagnietastrictive or

to.excite high.frequen oscillations.as riped . .
an g G R irhfier o S e G L G S el e Bfti &8 P &Pl iougy) is
atthened lo BrRoficeahahigithel Wsd Bta halsiag 1Qedrosupplorostrurdtafeeattached

to 'generate el ectrical energy; ~and 2) good cou&l}i ng to
to thenfagr. A paUicHisy depirtionTssBowa N FEGada arglin SRe assembly
in Bl@céhg the attachment radius to correspond

approXimately to the radius of an anti-node of the
face node of interest. The anti-node shoul d have

Cen LIS Gon e PELanEn SIdTR ak FGRMHUSIEG) gAngate of change
siZePRghiflenaesphssd th il%h% SleéRichPEnaty§ (Sitdgd 6P(¥lf§rrent2.‘;] Ebha

‘radius is too small, the piezo center force and .
piezestadttim systeaethia ean hp @seomplishetkinf awarietyraf wayss dn particular,

onf g S p piste R e sk 0 babbenpliBh Slidah 1 Mo ehges.
THioRMEToWH 3is 3tdheolfigedrfnisi phighehodeat reupopetwt iedorfstric
attachment poi nts under the EgPact def ormati on_ shape

matgrigler A Srdsiackds AR @rianggmest A malfinls plaze watarial {avers with
ol ERGER ETAYRES 1 LRt s biodB0EiF v
axisstogsroduce afbngitudinaltgiezdeguaie effoct This isehomesin detail as
sugégéﬁlfgﬁllywé i% IPIL& I1d8. al'r% lcxcf;tt;a’!g)? %%In% sdc’ éuc%tn léuere%negs Ieltonga’c(-:d
transverse or 3-1 type actuator in which the field is applied perpendicularly to the
axial direction. This can be achieved by a rod with electrodes along its length on
opposite sides, or a tubular actuator with the load being applied along its length
and the field being applied through the wall thickness by electrodes on the inner
and outer walls of the tube. There are numerous other axially elongating

actuator/transducer configurations known in the art.

The second element is a housing 12 which serves to mechanically
connect the back end of the actuation element to the face. It serves as a stiff
load return path coupling elongation of the actuation to deformation of the face.
Face deformation causes relative motion between the point (potentially at the

face center) where the actuator makes contact and the point where the housing
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difficult to generate high anplitudes in a high

frequency node because of housing nodes starting to
warsioispat e, effectively [owering the dynam cPCT/US2004/026461

stiffness of the housing. n_the preferred enbodi nent,

a di aneter of attachnent of 2 pproxi mately 35 nm was

chosen for the face ring 56 as optinmum for maxi m zi ng

is %ﬁ%or mal) tRBkEE S GwRn ?R’s‘ piz{ By tﬁ%a%;ﬂ?ef&i%'réeé %Ee@%?rﬁs

ion and coupli requency
106Dd'¢lea$tlff~hc&|§mrgtham teamaetlanas itimaf nekative cobtaon nim;regjabve mqtlen

bePia TR RIS BRE A Gar BhS bakF R THRECaP 7 THegrenical
attﬁ&lﬁrﬁéﬁt \bvﬁ}éﬁ' Cdi@ﬁéé %dadtQatbP}%rfgﬂi bl%#‘?géé fofragé diffi@tential motion

housi ng. dition, the high conpressive stresses
(d¢fnﬁne’@@h)orit usrtberzeé@r@andhe @laating;la@@lof faep soUplNgs. cause a

per manent "depol ari zation" of the material, a

per manent reduction in actuator properties. The

mec fag umpbrtéuytSthemrmﬁdustQ baaliff ziedalprigid Isutl A deksst on the
duri ng a vari etfy of ball 1npact events to determne
orgeraf the shtiness ¢fi thaipieznaledtay elesnary), singe:agy elgngation of the

hoUQM?OLﬂFieC acﬁM:%ﬁZoéE?%ﬂﬁ%dﬂ@@ %%fdaﬁ‘ﬂér%@er%d i &e fage and the

pre tric elenmen ave not been exceeded.
resultimge fadeadefotrhatign. e¥o saee tmlb;eom@elmmnldanonsmerctmlumuimgacase of

o ) Bl RS B Boc St o1 Lhe ot G VPR S RISEO
hoﬁ%ﬁ\%ﬁé%’t diRdbied \)Oltﬁ Wlﬁ?jm“tlé%ﬁd BRd tE’r‘i&*rﬁefcﬁfé Il&@&@fohﬁaﬁbﬁs

e can COUp e | owest | rrpact def ormati on
m@mﬁentazsthm‘adze ain magl;ty ﬂm@qutzmwn gederaliiap that the hipysing must

ber Bt P etio 1R as Bt SF @ o 1868 BESTFLRual bt
pF)b@iiﬂé {B&Ring QI! mmxr@at&mnﬁ@’a@tdmawmmgr attaemhent ||nyorder
ocated face anchor 205 threaded to accept a prel oad

to fnsure Mo tha ipaskisiafiegtivelycouples taface detoraadipnirathee dhayh
hol@ing88hg&tbrs U b RBuSiKG'shBhidis6 BB dst iRt -as Puksii tdavoid
adding a large mass and thereby significantly changing the center of gravity of

the head or its inertia tensor.

The housing 12 consists of a conical or cylindrical wall 52 with a back
plate 13 that provides a contact with the actuator and a circular end which
establishes contact with the face at a ring 56. See FIGs. 17-19 for detailed
drawings of a preferred embodiment of Concept 2. The housing 12 can be screw
attached 29, brazed or welded to the face, or use any of a number of other
techniques. The end plate can be permanently attached, machined as one piece
with the wall or configured as a screw part 13 for ease of actuator system
assembly and removable for repair. It is important that all the compliances of the
housing, including back face bending and other deformation of the housing, be
taken into account when considering its stiffness under actuation loads. That is
why a conical structure is very efficient, it reduces the bending of the back plate
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A third enbodinent is showmn in FIG 4. n this

enbodi nent the piezo 21 acts between the face center
war@sal@ss ff backi ng/ support structure 207 . TPET/US2004/026461

support structure must be stjiff for high reaction

force- on order of 1- x the?tiffness of the face so

t hat actuation induces deformation of the face instead

anfprblBel BHbRRPe o b bk focd, FyPEAAtER ik a1
forf thethouSepwakk 53 andie3meg wﬂthmur@‘ bdmkgts. strhéftmsaucer
as%wgbafkl ng structure tends to be heav

O, $LARSHAIH Piazeelestre layeeed @Ctaaiére% a@PeﬁPéW'GQ?LS 23,
C r
s @@ww@%&s@?&w Fag AP B s S LE petéria
21pi dbe cmtbss—a@ctmlnub ahBath x i7 man spheare stack of keprtaired Som
di t he, peri rrete{aﬁground the face. Wien the face noves in
I3RSt SUCHRl Pia%8t er during i npact of the bal | and
therefore conpresses the piezo, it generates a charge
and el ectrical energy that can be used to power the

syst@maiﬁwlabae%g@imp@ﬂm isdharselaatipn 6 e carbact point
Ioé%gfbﬂg%%t\}véelg ?rféeﬁgﬁ%ﬁg gc(faé ta‘c‘:tfjdat @%atigﬁg u gﬂggcei(clt%agtor is

ive notion an vveen ce and

arnsngedttameake enteetswign thmeéntbaufethe fate fthebmism@gcan be
ruct retores s% the notion o theface rtErow

coRfigi &1 82%"8!085&"% ace 7 SHRERO s @R NGy i the Sapter at
e|thbr B}&eg)% @/‘éo'hhhﬂ@ué g&%u\%{?fjﬁﬁﬁg 'a??fix@@%éfﬂ@ Selectlon of
tua y r

squeeze apply he pi ezo.
thiﬂat’@cm\alrw radips is ym’garimpbﬁanbﬂoenaximjz@ Hmpercﬁmnamﬁ c aI
ct Th s .con

reGSHeBRAR 5b° A Vel S aRplicatioph i oG kRS 2Ep yBrerably

mads 6f stEBROr Slamile ofl 8tr RErpstHf REtsriS tarekhRicesBiné cOfvature 26
singl e piezoelectric nonolithic elenent with a polling

to gre\dde rserderedineint) contmet yvithsthiefere 861anchiwitly Hee) bapk Af the
f t
ol Rt DAY BB RE DB iR oo Co o on, o

could be a 1-3 node actuator or it could be a tube

with the el ectrodes on the inner or outer
t ubdn ke gadicp|asegse @f friction control, an object?ve |\Mj%o excnte%lg?w

frequency oscillations as described above. The diameter must be chosen to
satisfy the need for: 1) good coupling to the impact deformation shape to
generate electrical energy; and 2) good coupling to a high frequency mode. This
can be accomplished by placing the attachment radius to correspond
approximately to the radius of an anti-node of the face mode of interest. The
anti-node should have preferentially opposite deformation direction at the center
to maximize relative motion.
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Concept 2. The stress is therefore in the direction
perpendi cular to the polling direction. The basic

wo e@shi@ss force is trying to inhibit notion of P€T®ES2004/026461
face. The backing structure erefore needs to be
stiff to acconplish this eff®ct. This stiffness
requirenent can lead to relatively heavy structura

el e %e%’}ﬁ?é 8%8%@}525 {‘m%tlbﬁca% ed fBl%v% '——g?ll\é( radius is

cl ose nass owever,
toosnratlathe pieeo wententforek andemmreaotiort foecd aaeahnﬁpnsemi én Hexface

VSR BRSRSE PR 2 E0uE R ek SPSeHE anc e
mcS’t'icﬁ*F Sh BBlAKGIRIRIMEnVetsdlDi @bat?lﬁé{reﬂ%l défoﬁﬁﬁﬁé}?bet%ééh

acking structure. Upon' I npact, the deform ng
thomeﬂadnmenmmn@ uriger m@m@a@cﬁemrmatwm igcyeryignpall, since

it AERERES SR S Eufior G e R OIS Splade s generated

at fﬂ’hfoé@th el8 tHeOrdd @ isafgdaticclarges tﬁé\ﬁ ktedgre igugbad fcoupling to the
lineter off fromthe bac structure No cont act

impachdyé itlrecomestdfiigyit to huﬂ@a sﬁl thausingstryidresgnd &hesames
5 GERES Rk oDt ViR chtutty  Sha ol sot
hdusing modes Starting itg patticipptd seffdutivalydswdring thee dymamaic stiffness

of dhERgLSIBB 48 the) Bredfies RiiotiTaN pdarPL oAbt 3
adtp?éﬁFﬂa@é‘l yidh @i e;vsé RRbsORFdr th@%’éé‘ﬂn@%éé opEmaRSifor .

herefore for different head speeds. For instance,
maxigizing 4he duakobiegiive eaompiing to the balbinapart fage dgf@kmﬁgon and

cEhALAE et Bl M e )

not forcing contact. For high intensity |rrpacts
contact between the face and the backing wll be
est almqvgh@imsmam@ilarn%wns diineerssgR:Ia %egrﬂtplﬁgqﬂqeratlon

s¥shbs B MBPke 0 R ot SERRRS 58 mpach Ve i s
levaluzedead td ow in@UBQIf@Df Mmjsazg)elreaddrtlm dhemmh chmpressive
strﬁs§§§ gr%pﬂss&ﬂﬁ élb agp S Ociurlng ba?lnm%pa%k Cgrql cggse a permanent
“depolarization” of the material, a permanent reduction in actuator properties.
The mechanical system must be analyzed for its loads during a variety of ball
impact events to determine that these critical load levels for life of the housing or
stress induced depolarization of the piezoelectric element have not been

exceeded.

One can either have the piezo at the center or one can use a bolt welded
at the center of the face and use a piezo cylinder or multiple piezo elements (for
example stacks) radially spaced from the bolt as shown in FIG. 3. One can
couple to the lowest impact deformation shape as well as high frequency mode
shape in this configuration. Because of the axial arrangements relative to the
face normal, it is easy to preload the transducer elements 21 for robustness
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pi ezoel ectric is | oaded in shear and coupled into the

electric field using the shear node of piezoelectric
wop@satdss. More informati on on shear node andP€TrES2004/026461

maj or nodes of operation of piezoelectric transducers

can be found in the product2 iterature for Piezo

Systens Inc. of Canbridge, Mass. The shear node

oGS B A RS T S o 2

anbldackh®y plafe 2x2@nbets édsyt toeddguidrafdraiisired susface eixbitation
direction in the material, the shear stresses woul d be

amplityd x-z pl ane about t he y axis as shown in FIG 5a.
n this node of piezoelectric operation, the electric
field, E, is applied perpendicular to the poling axis,

ConcephBs node of piezoelectric response is sonetines
called 1-5 node of operation. n Concept 4, the
mechani sm usi ng a shear node piezo actually works very

nucin iHlH@%rﬁb@@iﬁ%rﬂ?é aeslvh ﬁvsr@ch dpRiEmbbameRtthe Pt 21
comonly f ing of vibratory response of bendin

acty b@w\ta@net@e fare@ @emielr and pistiffdraghking/supparhsifugtare 207 . The
oA B R b 53 8L oo

stifffgss o fads sblikaff asteativricsluvesl defdrimationedthe famdns@ad of
as shown in FIG_ 5b, the constraining, |ayer resist

the kaekipg rﬁéruﬁ&'raefT(E\eﬁ%tﬁ dRofstiel tegieenadT inteerittent aRriact between

el & I
RSP o8| BUESLSs OISR TRCRU SRS e
ba:hmgkm:mtun@ tehdsitd be de20Baamekelt he face as shown in

FIG 5b so that as the face bends, it induces a shear
stress on the piezo which then can be coupled into the

el eqh ro&@elpt BahdwWYintHIE. Ri BEASILE Hid® élém@ﬁ@'m Fonfifured
the typical configuration the electrical fiel

be&WeglnémB fmem @ Aad backing stisture [20Z which ghan Baﬁﬁiﬁﬁethe face

BRI Lo PHETBRL B B8 R . bR BBy o, or e

pepintsied aFUreapB fassleVWHert the fatahvess in@bousa iillipegbr durlng
lm%agtv gft tweeball ;ndnthaergfg{e 8cr>m81|‘eastsgs the piezo, it generates a charge and
electrical energy that can be used to power the system and for example excite an
ultrasonic device. Because it generates electrical energy through relative motion
and load between the face and backing structure, the design must have a stiff
backing structure to resist the motion of the face and provide high piezo loading.
If the backing structure were soft, it would deform with the face under low load
and wouldn’t actually squeeze or apply load to the piezo. This would imply poor

piezoelectric electromechanical coupling to the impact.
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acting as the constraining |ayer is bonded between
these piezoelectric el enents. Wien the face deforns,

wWo b@slharsgries to keep it fromdeform ng and tPEr/UR200$026461

a |l arge shear | oad on the piezos using the 1-5 node of
actuation. n another enbodi nent, the shear node
pi ezoel ectric elenent is a ring, polarized radially

out ViErigl cehcéptvadiuplesTiotarialBotic(dPropRadRibtiaRP bt tHeh@sformation
center of the face. The electric field woul d act

ofithe faren Tt qan lek deBe byfa singlerstagk slemesdersingle piazogiretric
UL RE A P4t el turaf IR oBR e HBSicaty g

with treeswrfacesndrineal ito thoe fawmeddd thie cohfigunation abe atctudter would use
circunfer This. is axi1s§lrngoeéri c version of
a

: h
theche o o %@eﬁ?@a Kisouid bna LAEWER Ot ik 2 tbe
with e &iBEGOHRY bR Hrfer P uRI AFAPLIARE tibe 85 24EREHbed

shear operation is a very effective, very high
Cenegyiti2n gl e sfiréssisgheratorgan diie divectinn perpleadiqpilasAo the polling
transducers. .Coupling coefficients fqr 3-3 e .of
ot 1ok Sanie el daans el e roteh §P &R Bre, The
baldkehdE StHtLROthepsrbfe AEEM td ISe SR t86CAABINH thidsffédte This
fraction of the nmechanical energy input that is _
stilpese reqdrament carcleadite a¢latively fpavn gerctyrg rlerapnisewhich can

by 8§§1§;H%e%8 ted r%%&@t&oée to?the%ze.a"’r%e;‘acg{e% m%e&ﬂ&eé&&,
coupfed systens. The’'piezo Is squeeze ecause o
wodtadacyeastether maitnenh ob eievzeof thethazal fos adixedmassahéad since

body. Sin the face-piezo systemis part of that
legs gias; d""%ﬁgﬁe %‘@"@F’fe?agti tgﬁ p@r'{’gﬁ’é‘f ace inparts
deformation of the piezoelectric. For Concept 1 as the

face (an elastic body) deforns, it defornms the piezo
bec dosanatiter @mbodideant tod Gomeeptad ehe Qieragbectdc ekasgent is initially

u r tr dure housing, whi connect s the.face
)R B8Gaet i he echBs iR, Thetar e dnb o face
woBlddringtthe ieRFIedtAE iritb Coft=RARIith theDagking sthrtdrachdibad the
the center and the housing contacts the tace in a ri n&e

pigeoglegEriaiimentdl e pinzoetactin elrmegt fardnytanpe gitasaes to
fa?r%ﬁrgcﬂﬂs GEHRERE G R MlifmBlet ofSR'thes BEEkinG StAktNfE. No contact
is made until the ball hits. In this way the system can be designed so that only
high amplitude impacts load the piezoelectric element and trigger the control
function. Such impacting has been used t{o achieve damping in structural
systems. It can also be used to change effective stiffness and the effective face
reaction in different ball loading scenarios and therefore for different head
speeds. For instance, if there is a small gap between the face and the backing
structure, (even if there is no transducer there) low intensity impacts might leave
the face unsupported, not forcing contact. For high intensity impacts, contact
between the face and the backing will be established during impact; and the

backing structure will support the face and reduce face deflection
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effectively squeezes the piezo. n this manner the

pi ezoel ectric is coupled into the face notion. n
w@ewsopi458, notion of the deformati on of the fBRCEUS2004/026461

squeezes the piezo attached tween the face and the

backi ng structure. n Concept®2, deformation of the

face induces a shear stress in the piezoelectric

CEh&B A - sbdr Iabbbgss,soncepts rely on coupling into
T%%ﬁﬁn of the face-body structure

that represents the head of the golf club . For this

rea e_con t re referred to collectivel

e Hgne RS o lE BEG&ea Hi peatini e P tSeishfia gigmént fas
beatfiprimarilyratihé sdrnCotah eggn&@ﬁémﬁél%t@s@ mﬁuorﬁ;b@ﬁ& the

consi sting of Cancepts 7, represents a ‘
pl&?@@'@@félﬁﬂs leagedrin @éltetar AQd soupled intertheeirctiic falktusiag the shear

mbB&br Bfézbb?e%?nd 86 r‘a'tleboé\ﬁfrgqﬁfo%ﬁlgﬁ oh™8PR&} oﬂ?ﬁﬁd the major

concepts uti| necessary to accelerate
mneles of opératidn of plezoetdciit transducenecan béfeupd @z the product

th fynctio ccel er at at her than
itp e 08 Plzoos Vet mr e o bampHdas, Mt TEF shias mode
pléﬂwébt%@leméﬁleih%l'vés %héﬁﬁ&ﬁéé&s%ﬁt A¥akis dfSition in the

led a proof mass) and a piezo 21 is attach _
mat&rwé 8n shawn in&AGt ba nFmaemraple if H@ pal@elzatbors Fsovwrthe ix direction

ndgeriera o i SsbaPR MoEREg ut e R B Ep s as

shigwe MoV G aﬁthsSmaﬂéﬂo@E@i%eléétrﬁ: cﬁﬁéﬂaﬂ@n bcﬁé%lédftrlé'ﬁ@ld E, is
Spring- mass system e face noves under baill

annkﬁgdqerpem@fslﬂlaato they RRANG s 1. t ThiR énqﬁﬁ pfomeépekeﬁ@c response
is S%ﬁ{‘e{%ﬂn%& ‘?%ler f"@%{)@gopbﬁé&%ﬁm ric "spring" is |oaded

enti al "di'splacenent between the face and
the mass. As it is |loaded, it generates the charge and

vol ta tha n then be usedto contro| the face
Wi | |I i mﬁé anigHY ¥3ing arshese £ H'@éﬁt@“ﬂ%")’l‘%or ks

verPRidraike é %oﬁé't?éinéﬂ ‘i‘?yB?éé daRthimt Fréthéﬂrds%Ql cdrﬁ’monh/ for

couple well wth the flace notron during inpact
daygeingrdf yikratary réspdnsecfbendingsstowdtyreisn Thenpieroslentriccslement

21 {h%t’i) fn&e%dde%ftot@eelo%'deatmg teéJrr tgllooatgg Betvder { %ce and a stiff
backing layer called the constraining layer 208. As the face bends under the
impact loading as shown in FIG. 5b, the constraining layer resists that bending
deformation putting the intermediate piezoelectric elements in shear. In Concept
4, one or multiple shear-mode piezo elements are located between the backing
structure 208 and the face 10 as shown in FIG. 5b so that as the face bends, it
induces a shear stress on the piezo which then can be coupled into the electrical
field by the piezoelectric transducer. In the typical configuration the electrical
field is aligned with the surface normal and the 1-5 mode piezoelectric elements
are polarized in the plane of the face .For instance one of the elements can be
placed on each side of the plate at points of high curvature, then a bar or plate
acting as the constraining layer is bonded between these piezoelectric elements.
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spring-nmass system there is little relative notion
between the face and the mass and therefore little
w@r@sold4sadi ng. n this scenario the mass fol | oORST/URM04/026461
face well since elastic forgfé of the spring are nuch
| arger than the inertial resfStance. n the alternate
scenario, if the face noves very quickly, the nass
WER the FASP S A L RliBE R G [ 0m 3Bng b that puts 2
latgmshedrdoad ba the prrosasingtid 1-Banefleoéatiuatianount of
coupling to facenoti on depends on the rel ative nmass
and spring constant of the systemand the tinescal e of
the [HOsfdther erhBodiinldht! l‘h@tsfhe{‘aﬁq PoOESHiBZOOIRBF ement is a ring,
consi der the case when the face 1s noved wth a A sine
palatized radialiyr outeragah of inveard. ribiei ring carnbe bended about the center of

thE 388 g He il BeRNG U s s oA e PR ogtyeen
thepdaceandfthé comstiaining lager Na thispaeiboditiont,ithe .cohstraiming layer
i npact event takes a A mllisecond ,it_ would

wedidrkas g ik with Hie saipaouiendameten asihedisohendgs tathering
fot.h f @ o . i

Sl tGfes TORS Bl i Loidth 8 fEfonpld

presegissnabyowsharchacts teicgupliei dramtlegddikedaee mdiism inteatheone

at §%stem | ooks like a rigid body under that

KHz.. th
PIFZAHCFYISEISMRBY i on. n this scenario , there is not a
| ot of relative deformation in the piezo. The relative

nmotion corresponds to the ampunt of strain the piezo
seesl @ gheaupode of pperatipn is kevary effecthes yernhighesoupling

c b molb 8 gk BBy COVBEfp B8 or o
mbde/ of eetusgionarid T8t raodé oh acidiatien iaes verynsiglilar.aMbe soupfing
pi €z0- nass syst ens es_up to a resonant peak

coafiivientis defipad loasely ﬁ%ﬂ%éfsjraaw o the reeehanical enray iput that is
B8 5 BB BSSas R S iR ancaRe Gl 01, T

is below the forcing frequency, then as the face noves

the RLezo el B0ueezed b AR bytand HRL Biso s
squeezed because of relative deformation between two parts of an elastic body.
Since the face-piezo system is part of that elastic body,‘deformation of the face
imparts deformation of the piezoelectric. For Concept 1 as the face (an elastic
body) deforms, it deforms the piezo because it is bonded to the face. Concept 2
uses a support structure housing which connects to the face at a different place
than the piezoelectric element (e.g., the piezoelectric element contacts the face
at the center and the housing contacts the face in a ring at a defined radius out
from the center). Because distinct contact points are established, relative motion
effectively squeezes the piezo. In this manner the piezoelectric is coupled into
the face motion. In Concept 3, motion of the deformation of the face squeezes
the piezo attached between the face and the backing structure. In Concept 4,
deformation of the face induces a shear stress in the piezoelectric element. All of
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novi ng face and the inertial mass. This is because the
mass in unable to nove fast enough to respond to the
w0 edoaiesss y hi gh frequency face notion. A typiPRel/US2003/026461
by 1 cm by 1cm cube piezo with a typical gram mass on
the end, m ght have a frequéarpcy in the 20- 40 kHz
range. That would be too stiff to couple well into
~ i-Qn-.unl : '
the 2 Lordehi coff S8 TG 8.5 Sk Beloru D oiiRE egoody
stretirgribat repsdsenty tHecheadcaf eaydifyciie m Mérehis reasor these

smal ] er mass apd ch.snaller effective piezo el enment
coBERpi et e o kG aBES FavEo Fiesgaly esb i ters.
mass- pi ezo natural frequency is commensurate and thus
coupled into that ball inpact.To achieve this
&b niperidl € alpding ionagpty soften the piezo
el enent by either nmaking it thinner or using sone
mechanismto nmake it effectively have a | ower spring

constHNhext Gre BbAsIStIRGEf CoRBEWS 5, B dridIP Rprdsatitsl aldifferent

respectively denonstrate some nmani festations of this
waspingetiiag irdpad intpha frgnpeicar thalastdieps dnertial foreasseuring impact.
£ Co . ¢
S e e oM s S R
piedeatediric efermértc KThed pisroioadit@ tskthek enfenttort afiabeclgetivn rather

05 56lakyR BB aPR o iR Eoos P R STIPY SRR IRgt bere s 2
re8ERGRsE0P ﬁcﬁﬁ’étﬁﬂéé ahilad & PG rﬂgséglﬁkoeé E)?é"zto' YEis attached
stif the Spring

ness o e transducer, 'lowerin
between thatyebetiaemasp podfthedsse 60 asrshomesiotfiGn Goralse aystem is
the wall of the f.ace. t he rface of .the fac ves
arglogg} et MesTerrDa s SR MInae FrRsiiC Bereripe Teaded
spfihge CltHevMoRingZecs i AMklogtgs tPa Tdlisg BESe Igi dgiticemiass
relatively little deformation of the piezo and little

syglam g &sgbpifeepmoves undsy ball frapact; mestial ferces inhikit thermotion of
i PSSR mabl S0 pREBR R & BB Y piEH
digplacerebnthetvechrthe satecand thdmagee s ibis lbadéad)vit gemlergtes the
ch%?éé gap,tvg aéeﬁ %rlwqq%:@%n gtg %\g ulsaeizﬂg cton ro Sésfagg Séstveill %%'defscribed
hereinafter.

In these concepts it is important to tune the mass and piezo “spring” to
couple well with the face motion during impact. In the scenario that the face
moves slowly in comparison to the period of the first natural frequency of the
spring-mass system, there is little relative motion between the face and the mass
and therefore little piezo loading. In this scenario the mass follows the face well
since elastic forces of the spring are much larger than the inertial resistance. In
the alternate scenario, if the face moves very quickly, the mass can’t respond
and the piezoelectric “spring” is squeezed by the amount that the wall moves.
Thus the load that the piezo sees and therefore the amount of coupling to face
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have a natural frequency that's tuned to the tine

constant of the face notion, for instance a tine
weomwsanss of a Vz ns, then you want the nat ur aPCT/US2004/026461

frequency of that spring mass systemto be about 1

kHz, and then |loading in t he pi ezoel ectric elenment is

rmxi m zed. At high frequency, the mass |ooks |ike nore

e Bt A B FRE5 Lo RERERRR 87 st ana o

tinsdcalsoetkel fordihggn of direct surface notion in the face
by force between the reaction nmass 209 and the face .
Concept 5 has the obvious problemof the piezo tied

di 1 96 i1¥str QeAnER &eﬂfb&ﬁb\ﬁ&d%oH%’IdQP{r{ég?%ev\ﬁwn ?Iﬁﬁ feeis
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oV Pt it (Al CnmoRid GlioeBldr el BjmeS back to

noffRanBosifieh wd@i:'e&@ln ;Eéﬁoc%ﬁﬂﬁé Rnoﬂhee?soth%%ﬁ)aépaﬁia‘ifbhn Qf the
of very thin small dianeter pillars can be enbe

ImAACEYNSY tekes ave mlulﬁ%c%rdf dovauid correppord to amnpm@;aweﬁerm
cooBPARAREAS SFRRIYFLRILE b PR AL bkRd, dotmass
209€dr':d tm: SPringclage $0) [eavesa hetmalltffret;l&iﬂﬁyﬁﬁ/mbﬁ is 3|gn|f|cantly
seleclln e a roprj] at
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_ er ways of lowering t ect I've plezo sp
piegmstherelaiivé m;utloe mrnefspomdngtocﬁbnemmomtm:fes‘trfam tlfmumeao sees

anflDie g Rttt B SPen dhe ioterifta MRS metric, the
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of a nechani cal anplifier | ower fective
fresiuepey éyaite flong @uaatmn ifMpegtpard stiff piazormasTspstems)e It rises

w3 PR begk B IR iR Reo BT SURRR in FRBirhe GhStgnt of

therepring reass dystem ivith thedaseihbld igige thierfipsteunfainehieiode of
force output. Basical the effective coupling

|
the sefing maeﬁﬁsmem heb ﬁ*@&/l‘\ﬁtbﬁ.femq/fraﬁwnqy élaﬁrpaéifae fage moves
th&piBYet8 WGleb I by BR Hhdi i idf Y% relative deformation between the

moving face and the inertial mass. This is because the mass in unable to move
fast enough to respond to the relatively high frequency face motion.

A typical 1cm by 1 cm by 1cm cube piezo with a typical 10 gram mass on
the end, might have a frequency in the 20--40 kHz range. That would be too stiff
to couple well into that ~1kHz face motion unless a very large reaction mass is
used. So what that implies then is that the designer must try to create a system
where there is smaller mass and much smaller effective piezo element stiffnesé,
supporting that mass. If well designed, the mass-piezo natural frequency is
commensurate and thus well coupled into that ball impact.
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coupling coefficient of the piezo by itself. Concept 6

represents an approach which uses a concept called
wa@plosnid4ensi onal piezo. n that scenario, axi al PCT/US2004/026461

deformation of the notion anplifier ( n the directing

per pendi cul ar to the face) ates horizontal notion

and deformation of the piezo. As the piezo changes

Siz , .

choricast et s HRauehoPhifE s BeBbRer st 3ot iR pieee
element ine eftlaeremalkimgl it fhiroseriop nisingt sarse machaaism yoherke it

roma factor of 2 to 100. Ve smal|l_ notion creates a
oft5GRYPIY LS 10ME5 FPURS CESIE)h EHICIDREAIh T SHORp N Figures 7

anﬁm’ FdpeRbvall @pnHstiad 85m rrﬁ&&i?e‘é?atﬁﬂr‘%h@l‘" thidl uré?ﬁg gﬂé}%gnically

ower force output. Therefore a softer spring
ampdiedipiezeaiectrindranadecempnfigeraiions o7 hese concepisvamt byhe

oS5t SRS RS rork I DS et R & stk
elememtd $tacklefem8nisscam b Dag T stiEo MHmeahaRidal &Mplification
possi bl e mani festation of the bi norph bender is a

ingreagem gigzaslestriq irangdused fEckewhialowerjrg ity bloskeehfaneg, 2
cshHF4, SbyBho oSl BB o R TEh Sy BAVFylg3p 83ering

stifneshbétviden propf mgsartthanshdtibe rhass ami tnval of she et
causes a bending of the elenent very simlar to
bending of a binmetallic strip due to different

coefif el RIMazedr thd %d@ho@é@f@l@?\}ﬂ]}? Qal ivd fbethbfﬁétléi?i’ yibration of

bottom | ayers. The output o evice 211 orce
the pifeclive piezd spring andanagssystems therbihedé ingratatvely little

oo 8 e bl BN i b o

timmutorstant, sinen tHe plerd slemertt isBHNESZaY By BBHUL Pretdilection of the
nmechani cal amplifier. Typically, the bi-norphs have
fagRc ho 108t §BETaY iptaikie Riezoalectfia Aiansduesre thecauestionyiskew you

ool ife ARSI oo e LR 01 18 P AR e
have repnatsisal drequiente tisatrtuned tdtheplirez @enstant iof thed fawenhotion, for
inAass e POTFER of 24 FSdRE iR WERHTRIHIH 4 HedeaReol that
spfihg s system to be about 1 kHz, and then loading in the piezoelectric
element is maximized. At high frequency, the mass looks like more of an inertial
reaction mass. The piezoelectric element pushes off from that reaction mass.
This allows excitation of direct surface motion in the face by force between the

reaction mass 209 and the face 10.

Concept 5 has the obvious problem of the piezo tied directly to a mass
which ends up being a very stiff system, requiring a large mass to get the natural
frequency down to the range best suited for ball impact coupling. There are
numerous techniques for lowering the stiffness of the piezoelectric by mechanical
design. For example, piezo rods consisting of very thin small diameter piliars can
be embedded in an epoxy to lower the effective stiffness but keep the piezo
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bendi ng el enent. Sonme have used piezo fiber conposite

(PFC) actuators for the binoph piezoelectric |ayers.
wab@so1®RFCs can be configured to put the el ectPCT/US2004/026461

fields in the plane of the Z%Ftem usi ng

inter-digitated el ectrodes d the fibers in the plane

of the systemto couple to the planar fields.
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tageous to taper t br nmo
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beam as function of position along the
coughing Boefficisné Obthamerm bytltseti &mceptﬁ neresents armapiieach
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defassatin dfithe desticreampliferan thé directingeperpansicalado ltiey €dce)
of energy coupling. You equalize the stress |evel of
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SR PP To SI % B e BRFpIEDhets BRbeY SRR iRy puls
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syB®#R A mechanically amplified piezo actuator produces higher stroke and

lower force output. Therefore a softer spring can be used between the face and
the action mass to lower the needed reaction mass, lower than required if you
had a piezo without mechanical amplification.

Concept 7 shown in FIG. 8 is a bender configuration. One possible
manifestation of the bimorph bender 211 is a rectangular strip with one central
layer of shim and 2 layers of piezo on either side. Sometimes there is no shim,
just 2 layers of piezo. The piezos are actuated so that the top expands and the
bottom contracts. That causes a bending of the element very similar to bending
of a bimetallic strip due to different coefficients of thermal expansion of the top

and bottom layers. The output of this device 211 is force and deflection of the
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fabricated as curved structures. There are many

different configurations for piezo bi-norphs. O
w@arosiotbar note is the possibility of a di sk BOEPSI04/026461

(round) bi nmoph configurati on:,t The piezoel ectric

bi norph disc is attached at ‘e center of the disk to

the face with a standoff. The proof mass is a ring

. t i tri . .
i 10 Al AP Rip Pt 3adbul s A SHR o moton i
thesplanesgitinethi-incorphdnieniafger tip deﬂecﬂmomﬁebf-plane It works i ln a
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shown in FIG piezo 21 acts between the f
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oBBRHC b AR en sl P73 P gpments
whdreghéergpisi aepleao nefer With efdglddes emdabadiegsn sthe bfankl sfzhe
if little reaction mass is used. t is a_challenge to

eledgiite SO have HEEGIRIAZE TReE PMARISHR ( Pﬁgacactuators for the
bi@?ggﬂﬁ%ﬁeﬁﬁgggéﬁowgé PROPESH bl 'cgﬁf 6%8% é'ﬂ‘\%ﬁlectrlc

reacti on nass requi
fieGdmivetpe pharenbbithensystern SJSB’@WWEH-dlgIFétQj eYectrTid% arel fhelfibers in

Co t t
RS P BeSERRN 0 BovaEts e hlsres TalR" W i fiber
conptgitels anddataEneRy Gb%nél@ﬂ'dr | APt dirite ’éabﬁ dtl?ér%{d can be
relative noti on between the face center and

condigeradons AdEENOrpndengder.s lisvan element adthruigh repsmhmgap@afﬁment

oS ena 1oES RSB Rl Gousisaahaie RRCefbi o
mEﬂpﬁ is8ypiéally situgtdd betwsan theasrbef ety ahdhesacd dtradtlire 10.
the center of the face . It's |ike Concepts 5 and 6

but uses a bi norph piezo between the face and a nass.

: ggﬂ%?}rﬁuﬁhsﬁﬁg%ﬁ%gfg mﬁh;ﬁﬁ’% ! o8t ks 8 f ththE sl Syou
could have two on opposite sides. Bi-morph transducers have properties making
them efficient as electromechanical transducers. Instead of having a beam pure
rectangular plane form so the beam is constant width, the width and/or thickness
of the bimorph can be changed as a function of the length along the beam. It
actually is advantageous to taper the bimorph so that it's wider at the base and
reduces down to a much narrower platform at the point where the load is applied.
This works as a more efficiently coupled system to tip motion. Also it's
advantageous to change the thickness of the beam as a function of it’s position
along the length of the bi-morph. It is best to have the thicker beam at the root
and thinner beam at the outside. That maximizes the stress in the device and
minimizes the mass of the device necessary to achieve a stated level of energy
coupling. You equalize the stress level of the piezo so you don’'t have one highly
loaded section of the piezo and one very lightly loaded section. Relatively

uniform loading increases its effective coupling coefficient.
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triangul ar shaped bi nor phs and nasses. One nust tune
the first mass natural frequency to the inpact event
war@shass segnent el ectrodes to hel p | ocat e t heClyak1004/026461

i mpact on the face. There's i ndet ermi nate hi gh
frequency force output. Concept 8 - Actuator Coupl ed

bet ween Face and Body The Concept 8 enbodinent is

shown in FIG 9. n this enbodi ment the actuator or
transducer 21 with electrical |leads 22 is di SE osed
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The Concept 6 embodiment is shown in FIG. 7. This is like Concept 5
except one substitutes a mechanically amplified 210 piezoelectric actuator. A
motion amplifier 210 converts small piezo motion to larger relative motion
between the face center and the reaction mass. One may solve an impedance
miss-match problem but there is a potentially heavier and more complex
mechanism.
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the ball and the now tangentially noving surface. The

face can be forced to have a tangential velocity which
whawsohasef f ect of reducing or increasing the PEl/USEP4/R6461

resulting fromthe inpact event. This spin control can

have desirable effects on théGSubsequent bal I flight

or ball bounce and roll behavior after it hits the

Cpvet 1o oY i flreFhE Y hofic® Sariialih B ot
actsyoEtiveend @vhasd R09 apithbeentttordhé fitet 10.0RBUkebYCdpls 5 and
npact events that woul d ot herw se produce too

hi gh i
6 mL@ HSgs SRR pPiegoikpbueen theytaceianyl amasss i Rar yige an
SHEPPoE NGRIRIL 108, ABEL 38 Mo Alihgll St o
trizengular shaped dimorphsfanichmasseds. Omeguust tahe tieé ficsttnyassinatural

t hi di pate  f . t hi t.h i1l b
e BB Rsl Pt R ben SerEieps FREEpEPS L ndliorne the
baikrepaciidrage faes UitheRds bR ihdStermibale HighTfeduddichabice output.

during inpact and therefore nore distance during

flight. The Currently Preferred Enmbodi ment (Concept 2)
CBhESST #L NGl Plotble b et 4l d ggesi gn goal ,

nergy into
hi gh frequency, high anplitude vibrations of the club

face... H gh frequency excitation of _the face. reduces
f acoTBEIGONSEPL BEMRSTMER [SHALIYFIG &ht In [Gisrmbpgiment the

abtBetiH duehsauss! ?ﬁﬁﬂh!éﬂeétﬂ@al@é@@%ﬁ@d@ﬁ@g& between the body
references and known in the art. e reductron 1n the
okthieedu é dral thefface 10r il this marvet f loaile betwiean thge face and the
o6 Bt e BB i S B Bln PEAEA o8 urng
inypatt il tABFadd chRbk Jdsit@dmedhalutive RO We boa@) dliSSy fBBact by
bal | spin resultingfrominpact |eads to increased ball
selegliveg comtrallasi agiuatiqreek thedransducer¢lieaieny(sy c #hase actuations can

o153 5 ES3R5H e 040636 BE3SBU B kel Bhye fpappocy
churgbrdut debvratdiiomiridueae irf tHudsystomsoyt Secepntepspadté t

caused by high spin on the ball results in a
bal | ooning trajectory which results in

There are multiple modes of operations possible with this configuration of
the system. The first is quasi-static positioning. In this mode of operation, the
face is repositioned from its initial orientation to an alternate position relative to
the body and ball. For instance, the face angle is adjusted slightly in off- center
impact events. The angle adjustment is pre-calibrated to achieve a reduction in
miss distance — for instance compensating for a hook or slice by re-pointing the
face. The benefit is accrued by changing the static (with respect to the impact
event) positioning of the face.
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a consi derabl e reduction in down range trajectory.
St udi es have shown that a 25%reduction in ball spin
w@eansionasease down range flight distance by 10rQDUyEN626461
in some high relative vel OCi% scenari os. Reduced
friction between the ball and the face can also result
in reduced sidespin on the ball resulting from i npact.
Redu [ G
coar (i aefnaR AEER.J drRifor ind RIS e giondd Bing the
ingzet evenesd tret it #aluiced nmrftndmtsse'lfmwses endégirghloeffee an the
SysS hat an_inpart th re uisite syrface
ImAG DL s FGhinstance s bemoyed cFraRntal e
Eﬁ’éﬁh&%f{@m B& Mk 9& (th@ b e RioRiBI Sy arin
(dé Jstem [ seﬁgnt ?@M‘ @SI nh?rﬁé; sglrfée i‘g Hlél g
lmpag:h beseticialy effeqiadits ball Bpisghmhightthetictidnal 1merface between

thﬁ@?ﬁ‘i' 3 et feiesiBly Ingiing siniaed? ofind PioedBarlbe foresr to have

ndditial P&eBiy md}ﬂqmreﬁéaﬂt &f ffichy bielcfddsiid B ball spin
uctl on systementirely fromthe energy avail abl e at

rasnﬁmfr%ttne énpacteevgol.f Thisuapimeaatralman hrverdesirabie effgpts on
5B 050 LS Bt S e g orun

driven club face oscillating with a 5-10 m cron

anpl i tude near or above 12CkHzto dramatically | ower.
bal 1! ”s%Pﬁ”chfaé oxgnMlediedace san hegapyed HPWB"%/ taneentigheto the

fat%iBQW?ﬂia‘T‘ aﬂs%ﬂrﬁg tﬂmé_n"f\? f&/erﬁ | GhisSENYBe CBRtrYME] Fﬁ@ccur only in

Istory of "a pie ctric transducer couple
highdémpactedents tigatiwpdd toiheTmse/mOdage tod bgh aispin during impact.
reaches ,a _critical set in,th . .
TRAAEE TR B dar' Gsnl i B85ee Y S iRfleasPy it distancage is
kivdwng th the ér’@nEﬂietv@Idd’t? of ﬂﬁ?é?uﬁwgﬂj @iotibAtcahdsd aﬁ'rla%ﬂlfﬁ bf the ball
These hlq?@freguency oscillations are shown in FIG to
i

tapgantial weiecityrindhiseamaesordiate framed Indhigeerseather@wikbe less

re*i’aﬁ{\)@%ﬁpnéﬁ%e%éé ﬁ‘\'edbél %JFFG% & dfhre%gg%uﬁﬁgggeﬁﬂtsnﬁﬁless

I'mpac e EEE t1ng
sifin peofGhie rbaﬁldarm@ |sip>emsamdhmereidregmrmmﬁahcetiorimg flight.

The Currently Preferred Embodiment (Concept 2)

Principle of Operation

As the ultimate design goal, the head is designed to convert impact
energy into high frequency, high amplitude vibrations of the club face. High
frequency excitation of the face reduces face/ball effective friction coefficient
using the techniques disclosed in the Katoh and Adachi references and known in
the art. The reduction in the effective ball/face friction coefficient during the face
oscillation, acts to reduce ball spin induced by frictional contact with the face at

impact. Simulations of ball flight have shown that reduced ball spin resulting
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anal ogous to that shown in FIG 12. FIG 13B shows the
tangential (friction)force between the ball and the

wo aws/0163d8 cati ng the reduction afforded by thePti/gk2004/026461
frequency oscillation in C. The ball spin rate is
shown in 13E wherein the bal 38spi n does not increase
during the tine that the tangential force is reduced

i it P3G BBy Baf vl iin B aheAge b3 velting

sEERifioa CTifd <y Sddriniod Wré ﬂmdd@s@&rétédi lithigls) Yeﬁbetlve'l' b&ll velocities
critical paraneter for frictioon reduction is that the

Loy higvigead ppare ape/anbigireyadyind: 4 thrseernditions fermesrs lift
CW htébntn BR thg%%ﬂtréélﬂtsq I bal%%rqlﬁg‘ﬁ‘@ekﬁ)rg?ﬂﬁﬁ? rddlits in

npact Scenari o,
afcaaeidav@qle fremmttdnanbiﬂ\nm Mettmjdxaonaratmdwmbg&e sloown that a

2Bliturtiah it Rl Baniceh R asAIdpeaRCe LT eRcr 67 120

yéﬂ@l@rlﬁ sBWﬁtbﬁﬁe@%vb%ldcﬂ?%@én@N@sﬂt in order to effect
the ball-face friction a5 shown in FIG 13. Since

during the ballface inpact there is a high prel oad,

L et R ekoB FdrRE 8% fah S sReTAReL BE Bl Aauced
sidesgincaruresbalnesbiting from anpatterRédudadl hdlkesidessintiéads tof
the eventual ball flight. The ball is initially at

rqckicEO eSS FRIGE SCAHES 3 TOREER R AECURGH IihefiNe f gmtherefore
ti@bﬁetrﬁi%rqrcﬁqgg lﬁ\;e?)tlgﬁ pY@\Jrl %étsgls frh ?H?ttéé% HB%ﬁ‘Flrhe requisite

eak ace
sadacd escilaicns an tha/calxbfanetsbeasincmrhl@fe e kndwn tesirable benefits

of &8 dld s rediaiy. SR xefuhis cetBrlnBa Shek anigsy the
h@%kléélg'ﬂﬁd&téoﬁhbsé WhiHl"pé{hﬁlPtH%r&?désﬁ@meaéicesE%m) wil

anplitude of oscillatory notion of the face tinmes

trfgg@queglndfedunlag assiliations. oltys ftmtheomoseqttm istention of the

e b AR s G AR wton PaRGRGR Bl efflienl igfine

@@eav@‘naﬁre?ék iMp2icP B&tvRIEPI thblgdm‘ ciib headeeachedalinhérledy

0+ KHz range have sufficient surface accel eration
reyinieaR exkENabPRwWRT SURRiNewsh aha Batlesy.and the ball in
a w de range of inpact conditions. Lower surface
notion anplitudes are
Simulations indicate the ability of a high frequency driven club face

oscillating with a 5-10 micron amplitude near or above 120kHz to dramatically
lower ball spin rate. Simulations of a ball —club impact are shown in Figures 12
and 13. FIG. 12 shows the voltage time history of a piezoelectric transducer
coupled to the face during impact. The voltage rises until it reaches a critical
trigger level (set in the electronics) at which point an oscillation is excited which is
tuned to the face mode of interest (120Kz). These high frequency oscillations
are shown in FIG. 13 to reduce the friction coefficient and tangential force
between the ball and the face — thereby reducing the rate of spinup at impact and
the resulting ball spin. Curve C in FIG.13 shows the voltage time history
analogous to that shown in FIG. 12. FIG. 13B shows the tangential (friction)
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needed if the oscillation occurs at higher frequency

(all el se being equal )Wen this occurs, the face noves
whawk/osass fromthe ball at very hi gh accel er aP€DNS2004/026461

rates for very brief period %é)f time. The principle of

operation is that the induced” surface notion has a

great enough arrpl i tude and frequency and the surface

fo?&eCSéﬁJe%‘n' {8 nd 8%‘0&{36#{?\5 thg SR B éﬂa%plb)y the high

npressi ve | oadi
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thebi bsail éﬂesrenty edectornagpenifoda estnou fraﬁhoa of élge anpadt event in

orePhE] plfeha Balinats fidinAseroRn P 0 cabesifpathe balk
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course of few m crons travel in FIG

balbamd)thml@eg@.whwm inFIGeVISA. aE¥s brlkface mpmaltlﬁed @aus@w&e ball

to n%é&%fér?{eép quégf%cwﬁ Ipi dfg %?WE# b&iﬁﬁgﬁ% I@L %I[ is%in%ﬁy at rest

ard (Mo Has ¢o URderg? @higheadteldratioh pitere neddteits pefamesmty after
before the interfaces begin to sllgé This interface

thedonpact sveitedaprder tprprpﬁlé coptaehithe face @Hgbacc@erate at a level
Or?é@%?'il({é?v e g %%¥ g{& géﬁ 1162 g?l%lag av g) %chgFgfntg ] g(ﬁ’de'

relative m)tlon to be in the asynptotic region, the

o1 dLRg ot e, Lie, surlaces, Soeit s by dDelieavey from the

b&IPRf dridet &bredi cfd’rité‘tﬁt! Gthe SAMSILEY bF bBEiIRateYy hittioRfof the face
br eaki ng cont act e

times the frequency of that oscillatory motion squared is proportional to the peak

surface acceleration. It has been found that surface oscillatory motions in the

range of 5-20 microns amplitude at frequencies in the 50-120+ KHz range have

sufficient surface acceleration to break the contact between the face and the ball

in @ wide range of impact conditions. Lower surface motion amplitudes are

needed if the oscillation occurs at higher frequency (all else being equal)
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sliding notion is therefore integrated to a | ower
average friction coefficient between the ball and the
wo awme/oTdass e are nunber of dynam c interacti onsPelUS1904/026461
occur during the ball - face jnpact. The forces can be
t hought of as active nornal 4% the face and tangenti al
to the face. Normal forces act through the center of

mas i d ' .

ot VRIS oByrs, AR hoved fab Sy froRL i GHEREY ) Pion
ackeleegtion ads furiveey brienpériveisf ofitinté. oMhb girineiple bhepdmatibn is that

and the face act _both to affect the tangenti al
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. . O . i : _

<388 Sk b SR RS 17 cbffrdsBlaraing
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rall Rk Povesevaheopine Bl sebe et By genrespond
to e RowaHHy dfhaterfdee feRieNtlt fovesdubfbmalinddifiedtH frhadsaliof
the ball and the face is not noving relative to the

face contact point. By controlling the effective

the scEakpg oforfie B AE e Bl beipTBalaHERd hEabPion
medeitof omteefdciabfrictionn I thisfrigtiohmacdel EKatdH) shbwircini FIG. 29, there
reduced enough, the tangential forces will not be

is g gnalbampent of Siatiye tanosrtia matiang Uy ﬁtl%%qi H@tvmerpmeebodies
(sfifeced] erd B AR ToReR LORLITRIEE IbAbls essbpiatdNit
Caollesd (tidingkfriction] &4@. 20 wiath isspplot obeffective fBytior poefficient
BT A A D N R
bdiféd h€ Tﬂi&r‘égﬁcﬁrﬁ&#l%%)‘in&g%étkﬁ‘%?Ebé?f)ﬁci‘éhp[f&hé’{bst ehfif
face, using-these to control friction between tHhe Tace
elastititp at thenterfaa. | As thebavacest slids paspleane otheet, the figtion

i ezoel ectri.c el enents el asti cal oupled to f
orBlp PR LT FOGTRR S AdPU SO B nERe S ECS HIEC: 20) up to
th@iByMptdtRNSdsICasociated MRhTRS CARSHD HMictiRNsstwaend@lo dliefthg
for piezo above) is used both to extract energy
surfaces. This friction model represents micro-deformation that occurs to
accommodate the relative motion between the surfaces before the interfaces

begin to slip. This interface model is presented in the Adachi reference.

By breaking contact between the ball and face repetitively before the
objects have had enough relative motion to be in the asymptotic region, the
sliding between the surfaces occurs only in the micro-slip region which has much
lower effective coefficient of friction. Over multiple cycles of breaking contact, the
sliding motion is therefore integrated to a lower average friction coefficient
between the ball and the face.
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fromthe inpact for powering the systemas well as

using the extracted energy to excite ultrasonic
woR@satdasss in the club face. n operation, thePCTPSIN4/026461

deforms the club face onto gﬂi ch the piezoelectric

transducer is elastically cOupled such that face

deformations are converted to el ectrical energy
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configured such that the resulting LRC circuit (the C

bei ng the capacitance of the piezoelectric el enen
and lniee tangsntigl direstionshiringribecoorge efdbpdmasc ﬁV%(ﬂ the ball is
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to contr the friction between the ball and the face

the poird i pu tplling v Enerefresingasihetasgantal ifistion) fageas directly
G RN R e S R

maxi mum el ectrical energy stored | n the pi ezo

capaci tance prior to initiation of the ring
MAw&méﬁaa. This maxi m zes the oscillation

anplitude. n addition the

The system is designed to capture the energy from the ball club head

collision and use it to excite high frequency (ultrasonic) vibrations of the face,
using these to control friction between the face and ball as described above. ltis
implemented using piezoelectric elements elastically coupled to face
deformations. In the preferred embodiment the same piezo transducer (in the
most general sense as defined for piezo above) is used both to extract energy
from the impact for powering the system as well as using the extracted energy to
excite ultrasonic vibrations in the club face. In operation, the impact deforms the
club face onto which the piezoelectric transducer is elastically coupled such that
face deformations are converted to electrical energy (charge and voltage on the
piezoelectric element) for example the elements P10 or P11 in FIG. 10. The
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systemis designed structurally and electrically so as
to maxim ze the coupling of the piezoelectric to high
woe@quensy face notion as will be described beP@GIUIS2004/026461
Pi ezoel ectric el ement (21) shown in Figures 2a and 2b
is elastically coupled to hl@?‘l frequency face node so
as to excite high frequency Vi bratl ons. The el ectrical
cuit desi

. . ;
IBHEPSS 118 A8 SoRPREOnE Pl TR Testls IrelRdioes 36¢ Sntiditensuch
thiat fiRdpiefo id Rtk a6 tiedop &g cfr@&i?cm%n {aauas %hargTﬁ@ up during

el ectronics convert a small portion of the inpac
therigwggt.i At sompgieintiteg pisroplentis volageieaches tar@tlcal level

;
CRABLEER, 48 B TSRt B o
FI_Q}.i 10 sl dbseanithef@by cdrin@cting antindectopn 16 loa it rI regross the
PiBPeSBE it Odaset The FOHEIOhiF LORGGHEd sugadiatghe resulting LRC
CiRRM &th@t(l‘ %@ll@thé%g%&lmhgyé‘id&é@ﬁ% gbélnltlefiﬁ and the L being

I nductor and™pl ezoel ectric capacltance strated
thersmlr@ndm;tor)‘lmp‘mdqmeany)scﬂladem €nimg dewrnbmaimlumeslup@n
conshant uct or.

o RERHAR of el Al ElrBHit p&rBs € Pl e flpdde ahig Eomponent

vél@dsl 8fc SOIRERY dLRPShafthe f?’élfif@i@&'oﬁ“ﬂ@e ﬂﬁg%WnCls%b"p?oﬂﬁhately
air core to reduce magnetic hysteresis | oss and

tupggrias deserikedibelamy tapitieh Eppueney dymamisgtiuctirabmogisaf the

falBRlodo AREADSEAT B Bk Mok RIRleA iPRE fociched bogifsh
funationl it BIG. 21 theneby( causidg highr fasgquerieg)faes thdtiow/oscillation by
res:oi ance when cl osed. There are many ot her desjrable

vigHg oh the piezpidlectir merbagigat eoHriRgc i fw $ystea iy degighedpuch
thBEfHR W@Etfﬁe’ ueﬁ%f eac@Ndolibs ?é’@ufﬁ&’er\’c (é: o5t tcﬂ gh?T RRtion between the

pi ezoe ectr ansducer is couple ace notion
bajland theataceefsodensribed abovehe face results in

pi ezoel ectric voltages and charges. The objective of

the design is to maximally couple the piezoelectric

t r apRglepstem has a number of design issues that will now be discussed.
The system is designed to maximally charge up the piezo to obtain maximum
electrical energy stored in the piezo capacitance prior to initiation of the ring
down/oscillation. This maximizes the oscillation amplitude. In addition the
system is designed structurally and electrically so as to maximize the coupling of
the piezoelectric to high frequency face motion as will be described below.

Piezoelectric element (21) shown in Figures 2a and 2b is elastically
coupled to high frequency face mode so as to excite high frequency vibrations.
The electrical circuit is designed to harvest the impact electrical energy and use it
to drive an oscillator approximately tuned to the selected the face modal
frequency. The electronics convert a small portion of the impact energy into high
frequency oscillations of the clubface. As the piezo charges up, when it reaches
a threshold (trigger level), the control switch (Q10 and Q11 in FIG. 10and Q3 in



10

15

20

25

30

si mul taneously to achieve two effects: 1) maxi mum

coupling (and resulting voltages) to face deformations
wo e®alotd4sgy from ball i npact on the face.- bot hPCTPaDE026461

at the center of the face as Il as inpacts off

center, and 2) maxi mum coupl‘? g to a high frequency

node of oscillation of the coupl ed pi ezo-face

§ f ' ol
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unct i om i stributed | oadi ng represe

desiTine b eTat e I Pl Pslee AR aRrs Ba MU DBATAELFIC
1oThe curve represents the response to center hits and

there is a different curve for each hit |ocation

| ocated 0.5 in fromthe center |ocation in each of the

tsg gat\}i? Hgl rect | ,gq%é%ﬁﬁﬁ%g by a@ols({? I?lme?.ﬁé%évaggsﬁﬁ% E{dugtor is

siggefordi W&etqué@w @genénce and sABAIdMhdveadtrp dow resistance to
roportl onal 95 MPH head swing is represented by

redH@e ICHRESY Pﬁéq@%@@%@pﬁﬁteom@%?t'@ fare OrAE f@ie PUREHERN
mGh88 Bl s ofiRad S ifSallin GFEM, 37 fftcn can
mdetseamlyFE@vlmMemeatacbwm M(DSFEEKranszﬂots‘@tkmt@haﬂhenSwﬂches

e that. i.s nera by.a range. of ¢ er and of f
witgindAarrisie SEBERAly BhidiiR Srite ) fictecdhd) and
loWEeR AR wﬂéﬁ 'clds%H' GMhre %ré ﬁﬁr@%ﬁﬁéﬁ@e@b‘aﬂlé‘ eharRfsistics of

function in FIG 22. This figur represents t
thersavitchewhithwall bedlisquseed ppreieaites nusoi dal

pi ezoel ectric voltage to face surface accel eration at

the center of the face (and at points 0.5 inches away
Fade 88 Pigdodid@ribeleglgh noted directions). n a like

manner to the voltage response transfer function

msnti oned above in FIG 22, the notion/acceleration at

i
2 TS kA TS R ety Bk S Bl tha
desfeanamm of thiegflacé rrgsultsnn plemdsdaéc&?at/ﬁm%ermpmﬂbargies. IThde
at a vibration e o e.fac coupl e
oSt Ebe ey sl AR CoHbRIIE Pis v e Bansayeer
sifliftaRE6(8Y %6 Schieve two effects:1) maximum coupling (and resulting

voltages) to face deformations resulting from ball impact on the face.- both
impacts at the center of the face as well as impacts off center, and 2) maximum
coupling to a high frequency mode of oscillation of the coupled piezo-face
structural system. The coupling from face loading to the piezoelectric open
circuit (OC) voltage is represented in FIG. 21 which shows the transfer function
from a distributed loading representing a ball impact to the piezoelectric open
circuit voltage. The curve represents the response to center hits and there is a
different curve for each hit location located 0.5 in from the center location in each
of the squared directions (above = north, below = south, toe-ward = west, heel-
ward = east). The quasi-static open circuit voltage for a 10,000 N loading
proportional to a 95 MPH head swing is represented by the lower frequency
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enbodi nent this node occurs at 127 KHz. Driving the

face at this frequency wll maxim ze surface
waecwshenat i on. n a |like manner, a ring down of PCTES2004/026461
pi ezoel ectric oscillating in the range of frequencies

associated with the high ac@ eration response wl |
|l ead to maxi mal surface accel eration. The goal in the
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wn res sef this volt after circuit
atipgls B8 I TR B PieA e s Nekags Bt i aoaldipy & rahos of
cePRIreiiesk entEritgl ze these two figures of nerit
resulting in maxi mal high frequency response of the

surface due to the system activation. The

i ezoel ectric ele C f d
o1 et SRl BT Bt oac R rect Bheal GF iBlor e effbsented
bytthe trepRertfunetiero ol I 2y STIaeTiguRd Ripresdrite tite traasfiet flasstion
t is a coupled system design since the surface

frone gpplied swsr)tﬁ?é@te@oamtrr%\squageﬁg foes pudece geeelgration at the
ce‘hi’%}lc 'tﬁ@ %cfe ace aﬁb?r'\tg% 5/ ?\%geévféé;r i &L&ggg h%?(grﬁ ribted

met T
dnrtelmaohs)g Hh raekumamymafntmetmhmnage aasbdnseqmmemnahen m:mtioned

on of. three el enents e desi
aEHE 1h &1 Bo e riSTBON P RECOIPTRIop AL SENERT I ocaloRR Ca i uded as
thé@"ﬁibbré’Sf Hesie Fdrbtﬁ‘g d%gﬂg'no-vﬁ}éré’g’ed Brewﬁ@lfﬁédﬂ 9A878ls&88 ahe high
uctures. Stack End cap Desi agn he pl ezoel ect ric
fr@lt@mevltacpslesannmrespoea@iamwnvz@dvaba vibratipa grode of the face

bas I G ,,v f ac
il AHER Bioorlbaiicy g (RBED e b1 22) a Higefered
emiSodi APt @6ls asodd eo@Nt al 12WKHE Dheingahd fhcy amﬁbdquency will
consi sting of the stack 21 |eads 22, stack end cap

maxignize puiface apseipration; dn ﬁd&@tm@mn@ra@émga@,o\y@ @é&fﬁe%ﬁg}electﬂc
oécﬂl fh& H@ n@fé'érés% efa'i F\ thet hf 0931 a%ce,o[eratlon
bl'y” Conti gure

as a nru ayer sta
reapmmsﬁ will lebddamaximal surface acceleratlon

The goal in the design is to maximize both achieved open circuit voltage
due to center and off-center hits as well as to maximize surface acceleration
during the subsequent ring down response from this voltage after the circuit has
been triggered. The geometry of the system is selected to maximize these two
figures of merit resulting in maximal high frequency response of the surface due
to the system activation.

The piezoelectric element, club face, and conical housing elements
described below are all configured such that the resulting coupled system
exhibits these qualities. It is a coupled system design since the surface response
to impacts and resulting voltages are a function of the housing, piezoelectric
transducer, as well as the face geometry and material. In addition, the high
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alternately be a nonolithic rod, tube, or bar, such
that electrical input generates axial actuation

w@ eawsioorasand stress) predom nately and conver seCT/US200&026461

| oads generate voltage and charge on the el enent. Note
that 1-3 (transverse) coupl ed*® ube or system al so has
this effect but using a 3 3 stack m nim zes voltages

SRR sy SR o e e TRe e A B e
IOMBhISSF thE Wfckigh. EIRithe FoIRAGHGEBEtOMS! thd PRzEekcidRadducer will
operation. A centrall %pSOSI t1oned piezoelectric stack

hesdescaibed feklawre Ry thr NpHing and face sHKEIWED| ate (cap )
that is structurally coupled to the face at careful ly
determ ned | ocations. The piezo stack has convex
Stadic and EXRickbdlegigovi de a point contact with the face
t hereby m nim zi ng bendi ng nonments induced on the
stack due to eccentric placenment in the system This

i s Wﬁiélﬂéelb&rkfélémaheﬁl Show i%se%l?ﬁocfééﬁ\'iiéw S tRE§acd

[
is desirable to operate the piezoelectric near its

swiassembl indueb N8 and isssection riew of the fage subasgsrgbly in FIG. 19.

i B SR fesiP SRR B, SEmS R Wtk ok cqivatos
aéisétribil)bdé&ji&ﬁr@ &t thesstadroL e |egvisf %’tat;ldémﬂ 4 23 _afﬁﬁaéﬁi@in relief
resulting in nore ideal stack operation and m nimzin

25 ipdageN AR kR PHRASSAMPE 15 i G 1. hihe diezasleginic actuator 21

_ . e . .

& bRkt Conaditta B AR 1BRE Wbk 95 pk Mflfetor, R Ean

efrgterrmjelydjdd 8 .mamc;liﬂa‘c moé{tebe,&dff migsmmﬁm ,elétdlﬁﬂcai rim\@grgenerates
Ve raal us o curvature o . nmm on e rounae

23R i R ATED FHH FPoR) PRRIVBPAIRY PR CoRverIec Bxl oAds

érRrReSASLE S haphaeh tnd BRae NGRS 913 (rafSliise) coupled

i
materi al stch as altmna or steel to nore efficien
tdbs or sysiem alse heasrtbisseffart bbtusing ek3-Brstackriminimates voltages

P BT Sh o R S S e
thepiditgiezedecttitecdtiphflj Todffickhs hsdoPatedaritH tHRA3-3 mode of

mul t1layer piezoelectric elenments with |ayer thickness
aperatin. r Asgairely pesigosed piazeelssic staek é3/pleead bafween the face

AABE backing plate (cap 13) that is structurally coupled to the face at
carefully determined locations. The piezo stack has convex endcaps 23 that

provide a point contact with the face thereby minimizing bending moments
induced on the stack due to eccentric placement in the system. This is important
in this highly stressed system since it is desirable to operate the piezoelectric -
near its maximum allowable stress to minimize system weight while maximizing
electromechanical coupling. In addition, the convex endcaps 26 are designed so
as to distribute the stress more uniformly though the stack resulting in more ideal
stack operation and minimizing stress inhomogeneity in the stack which can
cause fracture or induce stack failure under impact. The endcap thickness is
determined to ensure sufficient homogeneity. In the preferred embodiment, the

endcaps have a radius of curvature of 12.5 mm on the rounded end and measure



| ayers have nmuch hi gher capacitance and thereby have a

| ower necessary inductance for tuning to a given
woe@guensy than the system using thicker | ayerBCT/BS2004/026461

exanple, for a 9nmdi anmeter circular stack of 1 cm

total length, if it is assentffd from 90 nicron | ayers

then the stack capacitance = 550 nF, while if it is

SRLHBlE el 08T T e b 8 P R PR Theyrs forme

of enetdf meterishbach Ba\eturiiilordiedlab niarereffiticBtly digribute the stress
trlézgerl ng. The hi gher current can | ead to excess

tp 4 Stapkdn arminveal § simass RashoAtenetRle thassamige composed
lif
SHIShAEROHE 8P Ihes gq%a{e?ﬂ%'nsefo%teagé%fgangrkggoﬁan si mpl i fy

I'ghten t ectronics e preferred
5 enbodi nent uses 90-100 m cron thick Iayers The
pi ezael e Sjlttrlc ter osition

ot sty TFoRkTof eSiifket Bilily ol DO ARG G Siments with
|@y@&ﬁ@kﬁ§§§ inOchB)féhﬁé %h?15@§%5@+ %ﬁcr‘@?’n‘s‘ Bfe Q%téms%th thinner

st ack robustness and tol erance to hi g axi al” stresses
laers Ve mplaeh highke capacitange eam!tthazabgdwaam lavwertnexddssary

SRR L5508 AL oo b BBk et Bin i Eprtever.
10 FJc&ex&h@l@lfeza@mtduameeémmarIsﬁacklofqn“cmqawl@éhigtﬁ ifis
in dlgergter i,s attached with a strong epoxy

t he
E 212 iﬁa@a% migroR layersityen Hienstesly éap@@%ar@@ 5 650 nF while if it
| /
SRS Ap AT  Aler i o o Hlert 18 K Sopadtalied 29842
Obj ective is to couple to the face deformation during
ted | t d ch

B il e I A

15 duping thg g[) eﬂH@ ﬂfghe'ﬂ RUAAl caM AR S¥ss ﬁi‘ﬁs\’wmr@tl’ﬁr%br layers

be .excl h™ frequency oscillations of
2h%q |egdde. |0WWeV@§ageews¢@ns elndsr torppatabie etrggsesnimt biagIsimplify

TP s P b kS Bhati, R HEFSred REReHBRIGHRS 560
nhistarT fhiclkelabetswere p@%él@b{no&ﬁdtefnﬁﬁs a “hard” composﬁion similar to
typical PZT-4. Itis selected so as to minimize piezoelectric hysteretic losses as

20  well as maximize stack robustness and tolerance to high axial stresses during
impact. The leads are attached such that all the piezoelectric layers act in
parallel. The leads are attached to the side of the stack as shown in FIG. 18.
The piezoelectric element is ~1 cm long and 9 mm in diameter. It is attached
with a strong epoxy to the curved endcaps with a very thin layer (so as to

25 maximize coupling) such that the overall piezo/endcap assembly 15 is ~16 mm
long.
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face using concepts of reduction in interface friction
by surface vibration. The face structure is titanium
wokosar@dtl |y controll ed thickness so as to crPRel/@S100€026461
desi rabl e nodal structure having a high frequency node
easily excited by the pi ezoetéctric el ement. The
general configuration of the face, housing and
Egi ggoeg Q%’I‘%E% [toget her the face assenbly 14) is shown
in FIG 17, exploded viewin FIG
and section viewin FIG 19. t consists of a
pi ezoel ectric element 21 with endcaps 23 (descri bed

abovd)eRYeeiveds t® coualertadae fane CHQTQHB%“%QWH@Q impactgg
ﬁHEeCGé Jt?' \Rﬁtaﬁgalfﬁwéﬂq‘?g&%‘unﬁa 'n%Fét%H ‘;t]etlec%tncr:al

e enent ac es ce a
enapgy)twd%so '(Ehapléaoea high fresquiacy moseié mﬁthé facs Byd;tbm which can

HERBY High FeBueRteaniatioh el tarpcuitar s prdeffonverts
nﬁ@éct@%r%y%ﬂo 'hﬁtj}ﬁfréaurbﬁlf ésﬁ;‘ﬁla%bﬁ‘&fﬂ%‘féc!ée Iflrgﬁ@frequency face

coni cal housing 12 wth”an optional thread
osnidetem d@mbemgutewntrgl tt@rfrlcmmaimtedacabetvfrmtm ball and the

facpBbBeBnel® el iR RifefRERPRBRA Ui BN

interface to provide for p03|t|ve | ocati on of the
pi ezoel ectric endcap. The conical endcap has a
t hr eddedapastiudipre lﬁamtaam@fscar@ﬁalytmtnoﬂeééla@@wesaq@o gy to

Peﬁét&q e fd@@?%k% il %Ln‘dgtuﬁ'% '91%#/91? ac'H{q%vafP&%ue%% eagﬂy excited

rea cone onto ezo Iec

bylthamlzaeteomblemellml Frweognrrdh ral&drﬂgﬂl‘uﬂoh&rf&ﬂeéamb housing and
| ezpel ectric,axial_ Slze C coupled t

B ESSR S Teip aSsaMB. ) Braoud! Bessaemblad Viayein FIG.
1‘7hbﬁﬂﬂﬂa§§ VR irDe@Te; (?”ancﬂ’geét% Aewif#IGh @gs'msbrfsfs%s of a

car ef ul 'y determ ned soas to mnimze elastic |osses
pmebmtm aemant 2ewitle endcarzs 23 (desanitied labose s atidchaditoothe face

el enent . . The .axial stiffn t
S o503 B8kt B g pOSsT BB ueliniell mf e Pezbsiectric
emrﬁémeih@rra"deg t6 eeptdcatattife chAtel pomt 46 inipaRtd 88. Theace is
coni cal housing can be configured with access holes in
marwfagtyead with a’small dimple 33 with a radius of curvature slightly larger
than that of the endcap, around 13 mm, so as to provide for positive location of

the stack on the face.

A conical housing 12 with an optional threaded independent endpiece 13
is configured to interface with the distal end of the piezo/endcap actuator
assembly 15 (opposite the face end). It likewise has a curved interface to
provide for positive location of the piezoelectric endcap. The conical endcap has
a threaded base 29 that screws into the threaded ring 37 on the face of the club
10 (inside surface) as shown. By threading the cone onto the face, the
piezoelectric element is mechanically coupled to the face, and piezoelectric axial
size changes are coupled to the face bending. The radius of the ring 56 as well

as the thickness and geometry of the conical housing are carefully determined so
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shown in FIG elenent 32. These allow stack

positioning and | ead egress to the electronics | ocated
webasnhase i nside the club head. Care nust be PERER20041026461

the structural design on the face, conical housing,

and piezoelectric element so48s to avoid critica

stress levels in these conponents under the repeated

ah i B RES st tsser Mo EdRT Rich BEReAy Tgpd8et MR thE istal
et OF 483 BiebblechicalémBAE UTHE ¥xRINEM et AR HANEInY rAustSe as

a sufficiently high conpressive preload on the ]
highessorpesibleite eaxdmize: piezvrlegitigl coupling ta theofacasleformation.
actuation el enent in conpression during inpact and
operation since piezoelectric elenments do not have

hi ghTheronical bbusingcha beldunfigaesd Witheicoess hoesindsrsides as
i NSi dng(ge cone ring 39 and 2.7 mmoutsjide the rin

shown #h FYg. i ?I?r%ﬁrar?»g’dume%@w siec sRItioning andhigad egress to
s ) . > t _
8 SR pERLERRS SR 8RB ) o bt R gk i
thengtructorad desigas® tthedace admical thiolisingpand gieosieitrig element so
o0 SR A B8 7 el e S ot o
inh? Joddsd. STIH® By sts B idRisignéded tHai fe BEGsiRg eaRPeédBwed onto

at 38. The conical housing 12 wall thickness is _
thefgeete paew fepiezaclectde stackaecuretr psiathe facegad provide a

SRR b shifreRSNE tRicRly e BPFRORbFEMERRrL' e mgalis o

kedp tHe attuatiomglanientsy sbapréssitvadariag hpadt amd sysmkibn isince

vibration node at a hjgh engugh frequency so as to
plgrPBlRClic s EaERE do fohhae BISFePBple SERRINR. ¢ he f ace
structure. n the preferred enbodi nent the ring 38 has

approximately a 35 mm di aneter and a height of 4 nm
The Thedacdihidkness is A<l men insede thegsor@ding 89 2nd Zvhnemdbutside

is.chosen, to teh one of, its_ coppone nodes. (.as, |.f.
i@ oA 3155 2 rm GRcual (ARBF 36 RTL e 2B med g fickness
3P INRAARY PadiBI SltwaRd B/ %rrﬁ% apigher BN EIREEsBUtSRE’nETing is due

t hepi ezoel ectric el enent. I s Tace-pi ezo node
tonfhedReiegsed siess daedo i stiff spsicahiiousing, necessitating thicker
walls in these areas. The threaded ring can be welded onto or formed with the
face. It is approximately 2 mm thick and 3.5 mm high, at 38. The conical

housing 12 wall thickness is approximately 1 mm.

A critical dimension is the diameter of the housing at the face attachment
ring 38. This diameter is chosen as large as possible while still allowing the
system to have a clean axisymmetric vibration mode at a high enough frequency
so as to allow excitation of high accelerations in the face structure. In the
preferred embodiment the ring 38 has approximately a 35 mm diameter and a
height of 4 mm. The face thickness inside the ring, 39, is 2.4 mm and is chosen
to match one of its component modes (as if it were a circular plate vibrating
unattached to the piezoelectric) to the first axial extension mode of the
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(once the piezo is attached to the face) which has a

hi gh nodal anplitude at that design frequency. The
weoomwsoad4shousi ng may have a threaded endcap atPCT/5S2004/026461

di stal end, the housing threaded surface 30 mating

with the endcap threaded surff8ce 27. The opening in

the housing allows for a sinplified assenbly process.

W th ble. end desi an, , ical h '
PSoRebl s SRR, BiTACE mere Moo AL Bleelt P 2ETbIRR system
(ctlcenmatpieso isnatiched tafie fare) amilstiias armye thaaalt anplitude at that

coni cal housi ng prel oading the piezoel ectric agai nst

designfteomientyie endcap can have a concave curved surface

to mate with the piezoelectric convex endcap. The

endcap can have a threaded attachnment 27 to the

coni The dooical hgudifg nizyeloave a dhre@ded@ndeap Tideatgtsndistal end, the
systemis one i ch_converts ectrical, ener - which

iRig disacd suytRes 20BaTG Whodhe Paread dupRGd nifate 25y The

0FéniAbas the AbLIYING QMBS ForPa §i¥rﬁkﬁ|ﬂ%€(td§s@nﬂil)¢ PRIHesWh Vo tfe
oaded during inpact. As the stress/load is applied to

reovaiie eindicap idestgne thenegnical dowsingigattached to thaiface first. Then

1 Ehv el nclgndt koL fadind Asdl SGRReRdib fre conical
heasing prelohdingstherpisk cdiesitic bgainsetey faie OTHel¥hdcap can have a
pi ezoel ectric element, into a high frequency

CeReava cHryey sHEere P BEle Mithghe pirdosldtiie cenreedcan, The
oGEAT TR Hallsrs AP LBRnMAT 27 R conical hopsing 12
FIG and L10 or L in FIG across the el ectrodes of the

h?t .pi ezoel ectric elenent at a predeterm ned
E ' hol d. The voltage | evel can be
predeterm ned to correspond to an inpact of a certain

magni tude or intensity and thereby only trigger the
syst dheigenenal systan idne whidht cariventsl slectricalrenergypasitich has

oA A SR oSRb B R P DD Bl
pldraBistind elehtstt wHidh RJ6aded during impact. As the stress/load is
applied to a piezoelectric element, the voltage and stored electrical energy builds
up on that piezoelectric element. The electronics shown in FIG. 10 and FIG. 11
convert that stored electrical energy on the piezoelectric element, into a high
frequency oscillatory motion of the piezoelectric element. To accomplish this
conversion, there is a “switching-event” that switches an inductor L1 in FIG. 11
and L10 or L11 in FIG. 10 across the electrodes of the charged piezoelectric
element at a predetermined voltage threshold. The voltage level can be
predetermined to correspond to an impact of a certain magnitude or intensity and
thereby only trigger the system in the event of a sufficiently intense impact so as

to warrant corrective action on the spin of the ball.



10

15

20

25

| evel . For instance the trigger can occur at the peak

of the | oading during inpact by using peak detection
w@e0s01d458 which initiates when the piezoel ect PCT/US2004/026461

voltage starts to retreat fromits previous val ue

(peak detection circuitry). PHe inductor is sized such

that the capacitor and the inductor oscillate at a

b o2 JBRERTN o] a0 b HaptiEh i RuTis st tods pet iyl voltage
Ie‘b%@”ﬁor ﬁ@%rﬁ% thEQF ?Qerrﬁafr‘f &6tUr &Y fHe bé‘él@bﬂ#}%ﬂoé&n? d’ﬂr‘hg impact

di aneter and otal length of the stack
bywtr@mai@d@ﬁ@ptlmmrcwwwmh LrutcateﬁmgnvthelmezwleqmqGoltage

Sfor 51 81 Ean o1 RS Sl RE Bk kTP R oS

vol tage | evel on the piezo when the piezo electrodes
are gpen circujt, and then at a redetern1ned VO

| evellhgiinductppisesized g hag &ﬁw%%%%*@r ardithe J&L@,tortq)scmate ata
pFéIféteﬁhlh%H'fFecﬁ%%g b@bn"cﬁé %!rcﬁkﬂ" dfhl%dokﬁ.%)) M@ib%léchﬁ,selement

tage on to tri ing) to oscillate a
clapgctlta‘noeqa apprcmmately KH80nlo I—tGan)anlé,rfdr dk Iﬁrrglermnlatybethlckness at9

P ARG S e b am iiehath 35 neriacks I fis SVei8Rl Eecertina
induetor iL@O e thaVﬁuéhé Sﬁl'd?ﬁlc?oliléﬁﬁéé onality of a
triggered swi'tch the transducer (piezoelectric) is

stressed during the i mpact, charge and voltage build

up o c 3 ' . j

mechamebay el B RSRE ol e hidh Riyel B Boaliy g sygh that
ithiil sehea vdiiage [dviel on elh@ptezbcvaheretnfy;ggzo Eletioaiet st Io@en circuit,
circuit operates so that when the vol tage reaches a

aprither af arpdlirENNedvaligopdevel wik close R PWitehRARRCtingan

ifRRAG! b GRORBRIY dfushioriF 6t prior t
In ucttgrmlgtsagl zeﬁbsu hdaftﬁat t 35?%9 %bg%%g{ogﬁgeogb tprior to
tmggBrMQQ)ﬂs@dseillatetatiI'ﬂgih frequerm'ies s ltiee vOkage andlicharge on the piezo
onan e fre uen S v near the. resonan
o ues IS AREE W TARESS & HNGROS I fuF 1. 12.
seI ect ed face fI exural node. The hi gh frequency ringing
nust be as efficient as possible in convertin

" quadhestieite depirtedin TGS, MO, paAd ausdbis SmAle functingality of a
tr?dbeérgéf s%tcf‘lh?\ t‘?\%’ Lénas 'uggr pTéEosélectrlc) is stressed during the impact,
charge and voltage build up on its electrodes, essentially storing the mechanical
energy of impact that has been converted by the transducer into electrical |
energy. The particular circuit operates so that when the voltage reaches a critical
threshold, a switch is closed to connect the capacitive piezoelectric element to an
inductor. The inductor is sized such that the LC time constant of the closed
electrical circuit (the electrical resonance frequency) is very near the resonant

frequency of a structural mode — in this case the selected face flexural mode.
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requires a very low |l oss oscillation, so that the

ri ng-down has very |ow danping ratio, very high
waee@biotess§ act or typically | ess then 10% of criPCT/EB2004/026461

preferably | ess than 5% of critical. This, in turn,

requires very |low "on" resi sthnce switches and very

low - no | oss elenents such as |ow | oss inductors and

no resj rs . in the. primr nnect i-on h, .H ah .
por ¢ Do EleRToqbricy TultiodRiug: 683 TviR0: 5bPssbledn somverting
“rRi-gratiesérnergy i s piedolcaphitdr iR@Ithgidrictgy 6fthd Ssdllition. This
to the charge necessary to drive the switch control i
reguires B ey éw éﬁﬁ? Qycitationcs® thaj dhe ingtdavwehpas ygonowsdamping

. it . Lo F: G
rofiRE A0 AR AR ibiGAR P R RRERLEHTEH, frofdickRpRss
thand % aif criticaladdisXipeahe ceduireberese o ton” tresisfaneecswitches and
AR08 Sl foh o oot eSS Bons i e
pEAaAScdrthdBoRindlih vol t age conponents, and therefore

must™ have hi gh breakdown voltages but at the sanme tine

very |l ow on resistances for very little losses. So in

I [ f four . "
o oo Bt R TR AR S Ak iRieT AVRERSRE Blaty argsitc
loges WAt tgpiceBpanasiictoss fadud ® thehande AGcdysapy te 8rve tHe switch
circuitry, and which connects an 3) inductor L1 in

cantegl cheviEy Lriany gipelrioel wstam elamenisivubas eapasitpes hat act to
B8 h88beh it ORI BRI rBRpURy o Rlrating

imglamtt r odes reaches a critical level (pre determ ned
threshold level). Having the switch turn on fast is
i nportant for reducing | osses because at 120 kHz if it

t ur mpyQ8alnRIiBhE \EXb¥cIdX BE sddn o tepRzb %&%ﬁri?gé% is on
m cro-seconds to turn on, the loss in piezo vol Tage
theegrdereobd@Qwiesystem could see 100v to 600v). A lot of these components
are going to be high voltage components, and therefore must have high
breakdown voltages but at the same time very low on resistances for very little

losses.

So in general the system consists of four components: 1) a piezoelectric
transducer 21 with some capacitance, 2) a switch Q3 in FIG. 11 that is controlled
by 3) control circuitry, and which connects an 3) inductor L1 in FIG. 11 across the

piezoelectric electrodes.

It is very important that this main switch turns on very fast when the
voltage on the piezoelectric element electrodes reaches a critical level (pre-
determined threshold level). Having the switch turn on fast is important for
reducing losses because at 120 kHz if it turns on relatively slowly, if it were to
take a few micro-seconds to turn on, the loss in piezo voltage before a true
ringdown could occur can be quite substantial. In essence the piezo charge is
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ri ngdown could occur can be quite substantial. n

essence the piezo charge isbled off prior to fully
w@oemseed4ssig the i nductor. This severely |im tsPChES2004/026461

initial and subsequent volt s of the oscillation. An

ideal circuit connects the iYrductor onto the piezo

with [ittle or no drop in piezo voltage fromits

bl8¢l ' I"fg%sf \;(\ng ﬂﬂﬁ/l cﬁﬂéin%ﬁhﬁ% m%;gﬁrr N Gi*hlé Qe\;el?'sl IH g?'lte' lﬂﬁlal and

perati on
su‘aseqbest \a)litagiegg;elthé bseilatdm An&v@al amdult bemnecﬁs) m inductor onto

cl gse vol tage switch so that jt has ver ..
thBies v BLRIeN HET B HORsRa Tandls cRURRRTLfrcult state
pﬁbF ‘EdJiHe IM%E@Q of kr@/&h.taﬁﬁg NhRefh Y 'i}?obéi&%rtréé‘é?gfeén

di agram of rcuit 1s shown in _
reanhe@aénmrrtgraslh@kt@vet aihd therciapidlyl ciogea@ higb volipge Iswitch so

th{aﬁié%% %g\é\ltggﬁqésngric? Lﬂ‘éﬂ?g "emmfﬁ%gé gﬁg%ﬁgipgér? éaréwpvoltage

les@nddtgminbt Yy the tiiggerteviene switch is between the
pi ezoel ectric and the inductor (high side) while 10b

is a configuration in which the switch drainis

nom ﬂgé b%c?.tdi%rgﬁpgf tﬁb%aﬁlt%%ho@ﬁ% ﬁ@?@ Eganﬁ% SHbWing the

of t config shown i n
cdrdidi cim':lmg dewng ithoa swltt:b tco) pelnladmt dine mductdresleiment tchingd terminals

TR BT 8, AT A B i
lstﬂé?wééﬁ e %tek@el@%trfcoéﬁd)% mﬁb@tép (r{@ﬁ)ﬂd-é') Qvl'ﬁl'erbe Fs é S

connect ed 0O a plezoe ectric device ,
carifigeratioenovhicih éheswitcle deain rlsmoumalbeat(grogndu(kﬂsv SIde) The

at b e e RGeS A 8 bn 8RR FGT TS I fhe fotowing

seRItiOREE opéiation Wik besdittingd %/al@ng’ @éfémea@uhé %Iérﬁent numbers
series wth a representatlve capaC|tance

fosipelin thatyigure s Ehe opgeation eftbe msincipat pomponﬁetwfrtba icfreuit is as
foﬁ gesonly serve to represent the piezoelectric el ement
37 >t uni ng purposes. This representation neglects the
coupling fromthe electrical energy to mechani cal

Piezo (P1):

The circuit is connected to a piezoelectric device P1, with the high
electrode of the piezoelectric device (positive voltage under stack compression)
being connected to inductor L1 (FIG. 11). In FIG. 11, the piezoelectric element
can be represented by a voltage source in series with a representative
capacitance, C. In actuality these elements are not part of the circuit and only
serve to represent the piezoelectric element for tuning purposes. This
representation neglects the coupling from the electrical energy to mechanical
energy and really only reflects the effects of mechanical forcing on the
piezoelectric element (mechanical to electrical coupling). The capacitor C is
sized to reflect the piezoelectric's open circuit capacitance; while the voltage

source inputs sized to represent the open circuit voltage excursion that the
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energy and really only reflects the effects of
mechani cal forcing on the piezoelectric el enent
w@emshansgal to electrical coupling). The capakCT/082084/026461
is sized to reflect the piezaglectric's open circuit
capaci tance; while the voltagg source inputs sized to
represent the open circuit voltage excursion that
piégéélésﬁie%&ﬂa b6 upRek ﬁ«e%%%n}é%ﬂraﬁ ngnm sgén Eﬁ&ﬁﬂt esnamon
e open circuit condition (not ttac
(notrnpg evtteclnerd»elA frare tcoepiétezvetieldor the mezm@lectmclwmdd lnclude

ana ues t.0 nechani cal Q tie uc

el8efige] aidog SieIM ectanic Aectirs soen BecpbenS onddictta of
thaSideddle@hic JelicBNES WellRds @ ¥rafi¥forier ora gy@mmamg the

mechani cal and el ectrical domi ns. uctor (LD The
meglagiiicalkand eleciricatdematised to t he p| ezoel ectric

elenment . t is initially floating (not connected to

ground) since the switch, @, is open and so no
Indluctem¢L M)t ows through it. Upon the triggering event

and the subsequent closing of the main switch (@),

the floating side of L1 is connected to ground and a

cl osed ¢ s. created hetween th ezoel e
ol entlte ekt ! Pdioensricd ol Belchi FRRsTi Y ot s

mma‘llil flbaﬁrgé%'(&ﬁ%hﬂébt%kﬂO@BQﬁd)téflﬁéeetheBWﬁch E3tigdpadn and so no
cl osed circuit, with the piezo acting as the

cusgrtdiawentbeoughit. abipongha driggeringdeneni aee, thfaﬁubﬁﬁwent closing of

n
rBFRRRESE L F Ragt e W 45 RO AR5 loses
ciesuit iberéatedibetdond Hrepitabelgotric @émbhteanl@m@ mdus:tdro now
create a highly resonant electrical circuit, (low R

d
C(Pr@ﬂﬁcé%ﬁl ?@)’f‘”?ICW i f '559%'?9‘5'& q@\P@ﬁ\t@Wf@ eT'é'étqr?%tgﬁ aaaosed
LIQBCéuLc'u?tt ?hé Bfe%oten:?l c‘éﬂ)'ac 3%&?\? & af fuctance,
O thPs T easo ein nust

plrezo ah ace ucto _
amchthee sevigs tesistamrcd efsl 1 as vstlaascaniaon résistance of tag matin switch

OB ahH AyS fesieghos e A i . dbedhfaarBhER eod ol
désigh iis b creavs & Bfghly ReBriapt 8lecaicRt cirdlit oWIR Bha iR RIRZYNping) to

operation such as 1n swtching power supplies. For our
allow coupling from the electrical oscillations into the mechanical oscillations of

the piezo and face. For this reason, the inductor must have very low series
resistance at the frequency of oscillation of the LRC circuit. This is typically in
the range from 50 - 200kHz. 1t is essential to use high quality, low loss inductors
rated for high frequency operation such as in switching power supplies. For our
systems, the piezoelectric capacitance is on the order from 200-600 nF (with
~400nF most typical) and inductance values in the range from 1-12 pH are
typically used to set the oscillation frequency (with ~6 pH most usual) as given by
the formula = 1/sqrt(LC), where f is the desired electrical resonance frequency
(formula works for lightly damped systems). In our system we have chosen 3.3
MH power choke coils from Vishay IHLP5050FDRZ3R3M1 or alternately coils
from Panasonic PCC-F126F (N6), which for a 8.2 uH value has a DC resistance

of ~11 mQ (and a very compact package). The tradeoff to be considered is low
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systens, the piezoelectric capacitance is on the order
from 200- 600 nF (with ~400nF nost typical) and

w0 paaot@sce val ues in the range from 1-12 nmH aPE&T/US2004/026461
typically used to set the oscillation frequency (wth
~6 nH nost usual) as given the formula =
1/sqgrt(LC), where f is the desired electrical

SBRINANE RS IRY, ARTHE VRl Gl Yoo e

indbcteace value it Itymt:éﬂys;iﬂ eondtibh i freqteRas FiBlMim@brtant to select an
. al ternat coils from Panasoni ¢ PCC-F126F (N6), which
InfstO5 WIch tef the ReERsaTbeT BRI eNaN ot resomﬁ%sﬁ'amat
very conpact package). The tradeoff to be considered
is |l owesistance vs. package size. Both these weigh
abou$ingegaturatien effectSiaanda Inmmtahmmncmvimmga(s'ime the

tyvpi.cal | function o freuec ISI nt, to
ot Ba et S Hit R HERT b hodsi & indBr e W not
sdtiRAY NS Yo, THE saiefRoM ¢hahgesUhd effabf\%%tmmgyéﬁ@ Imuctance

effects can be inportant upon swtchi n% since the

valye aeﬁtgfee%\nC@@pll%‘tgéjhecwgmmcesé 2"} @léer!Hd%\s@Séhﬁ
mégﬁé’ﬁé 518, g&n&%il ée{xtﬂe > éi{h w@nﬁgﬁ uc%ance This

tura 1on C uni ance
carslead tordiffiguides irytwm@ihecr@ts@ﬁamd:m vihich fs;ncmﬂ @mﬂsudé\t

s Lo iy B it b e s o
thy!éa‘fur%?éh lrﬁi%‘ét&r‘qo%fﬁg‘t ‘ég bé %@ éﬁ‘écﬁ\%‘ Ilrﬁﬁst%"ﬂ?
which 1s now a e dependent, to exces

CUrr&;’ﬁegncﬁwnmlmng: hit isydaesirabde tdwehd:cmmn mddnturammeh ofininhizes
saturated inductor.does .not at as an .effec
g ERf e RopsEetes RS s Sefiibn 47q oYeieretiBsses in
theesiréabl e to choose an i nductor which mnimzes
nonl i near effects conplication tuning, such as
saturation and hysteretic losses in the core Main

?mgt‘i! Ehfﬁél .The main switch is one of the nost
nts of the circuit. When a predeterm ned
threshold voltage is reached, control circuitry turns

on the nosfet, i
The main switch is one of the most critical elements of the circuit. When a

predetermined threshold voltage is reached, control circuitry turns on the mosfet,
Q3, by raising the gate voltage of this N-channel mosfet. Above a critical gate
voltage, (~5-10 volts) the “on” resistance of the mosfet drops dramatically. The
mosfet changes from an open circuit to a low on-resistance connection to ground
for the inductor. Resistor, R4, is sized so that the gate is nominally at ground
even in the presence of a leakage charging current from the mosfet, Q2 . When
the control circuit fires, the gate of Q3 is rapidly charged up to the threshold
voltage and the “on” resistance of Q3 drops rapidly, essentially closing the
switch. Since the charge necessary to fire the switch is derived from the piezo
itself, this firing charge is completely parasitic and should be minimized to
maximize initial piezo voltage levels. To this effect, a primary requirement of this
mosfet is a low gate drive charge and low total gate capacitance. The mosfet



@B, by raising the gate voltage of this N-channel
nosfet. Above a critical gate voltage, (~5-10 volts)
W b@s5/005s8 r esi st ance of the nosfet drops dr ameP¢T/ab1094/026461
The nosfet changes froman open circuit to a | ow
on-resi st ance connection to %‘?ound for the inductor.
Resi st or, is sized so that the gate is nomnally
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piezo 1t this firing arge is
5 O&mltai@htarw isrogoaithe premadyrioss mmthamsrmforralecsiribaii griesgy in the
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own vo ore inmportan
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vefibiNae Dl htsspe RREARALY Inbresiting HE B 3pyrgg resistance
15  ard®@ @’Fédt@ben% theswitehd on during the electrical
- oscillations by the diode D3 which allows charge to
flow onto the gate when it fires but not flow off the

oo Pl on RREGH Tbsrd b YR8 Rpl dyelihtod there are
cunfargly thvorbasglines,dhaé ARTI0MY DitotrhAd¢andddRbwenTeéhtdiegies, and

acitance and the resistor R4. After firing
thd ﬁ%lﬁéﬁ@?@@ Yisheysiiganexo Thebamparakive propartienarg Rhawn

20 beigli! the voltage threshold is passed, dramatically
|ncrea5|ng the drain source resistance
Device Vds Max Gate source Ron at Vg Diode
Charge =10V Forward
voltage
APT30M75 300V 57nC 0.075 1.3
S14490 200V 34nC 0.070 Ohm 0.75
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and in effect opening the switch. Several high voltage
nosfets have been sourced and eval uated there are

W@ osendissy two basel i nes, the APT30M/5 from AJREITEN04/026461 -
Power Technol ogi es, and the $S14490 from Vi shay
Siliconex. Their conparative %ropertl es are shown
bel ow. Device Vds Max Gate source Ron at \Vg D| ode

TS o S tsiinl IS s uln'd el dne | S5 deSiBianee

whie still hawhbﬂmgh womwt@amay gFopndry Iﬁigh v@ﬁagé eysighi) tiee

\Mglle still  having vol t age capabi

PIRTEIFET SR BPYPERrIhe T GINMED Fatm S Midios 6ohalics rated for

5@@%,%Tgﬁg@g5§né%om ST Mcroel ectronics, rated for 500
volts an

Control circuitry: The control
circuitry is designed to raise the voltage on the gate

of EE raEHdLy when a critical threshold vol tage | evel
Contr, n the piezoelectric. Rapid turn on (and

high gain in the control circuit) is needed to prevent

hi gh energy loss during the transition to the on state

- tobhsicontral tirauitsy is desigried togatdecthpemitage gat theegate of Q3
he circuit . and

oty i Aol hreshp o 1BRe Tae) S rachBd i B R tectric,
RbFﬁituh‘i ohgahahid gﬁn iR EdKtrd| féﬁfcumgehe’édea tb Wréesht High

stays on regardl ess of the piezo voltage
e@&r@uﬂ@%ﬂ@rmg ﬂ'!ﬁ tagmsition fQ)ﬂ'\eaDrpétﬁiQ)dtQ!Jeﬂ@Wrﬁ traasigpn{imts the

S @%@&%@@8&%@ AT Tl Rfoglipat g

as follows: |S|n|t|ally open so the
Another feature of the control circuit is that it is latching, meaning that
once Q3 is turned on it stays on regardless of the piezo voltage excursions. It
stays on for a period determined by the leakage of the Q3 gate drive charge
through R4. R4 is typically 3 megaOhms.

The control circuit operation is as follows: Q3 is initially open so the
voltage at the source terminal (top) of Q3 is essentially the open circuit voltage of
the piezo. At a critical voltage, determined by the Zener diodes, D4 DS and D6,
which will collectively start to conduct at the sum of the rated voltages (plus the
diode drop associated with D1) current will start to conduct through D4-D6,
charging up capacitor C3 and turning on transistor Q1. It is important that D4-
D6 be low leakage since small leakage prematurely through D4-D6 can cause
the capacitor C3, to charge up and turn Q1 on partially or prematurely. R2 is
sized (typically 100 kOhm) to limit the voltage rise associated with the leakage
current of the Zeners, D4-D6, and allow a discharge path for capacitor C3
(between hits). The transistor Q1, need only be rated for low voltage since its
source is connected to the control supply capacitor C4 which is maintained at no
higher than 28 volts by Zener D2.
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vol tage at the source termnal (top) of B is
essentially the open circuit voltage of the piezo. At
w@2@siotd4sl vol t age, determ ned by the Zener dPCT®s200426461

D5 and D6, which will collectjvely start to conduct at
the sumof the rated voltag (plus the diode drop
associated with D1) current will start to conduct
t hrough D4-D6, charging up capacitor C3 and turning on
transistor Q. t is inportant that D6 be | ow | eakage
si nCkhescmitiol IsepplygmpaicitomCy) is! qhat‘gl;’ﬁ!d)ug kiubMgBhe @tial high
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ge c rrent eners - D6, | ow a
char@e: hmegef qmmlmatelyd@@emamsqur @e@ﬁy@mehlntb? rarfpe of about

A0 Dbl e RS L o0 P B sopecior

C4 mogged orrh@fbapbbmbr €4 i98ized auole thattwhen higbstinddiad tthe main
vol ts by Zener The control supply capacitor C4, is

svatedr @8 gatp (aen R} gwitchasi an)al dLHT'@ﬁ itG ShakgRiné thp as yat
ur@zha@?dor '3%9?1 I&B{égigpﬁﬁé g%é#a 8?1 (%gn@ ‘?&Eﬁ'\ tHSS’;a*Pé( voltage on

resi presenit
Q8o the fullset cmdlm uThéiedreal4 t/sined & badarge ariaughdb supply

ly 200 h .
g st 23 U 3 GRcted iy Byl Sordne el b WFis
pérgéltlé%"tﬁé ﬁl@%b%ﬁakﬁé ahd %Ffe&t'i\%lfﬁﬂfé?é 198 p@fzo' \ﬁ)lt%ilgéeﬁis

he capacitor I'S sized such that when it

deamb&:todmaweocma@ svaalhas posgihleQet gat @n@meemeeyzecrlsg@femétgge

rigtdn 03 e SefeciOG AP, IS Sahlelediind Bl aPEs s A3, By for

soheé bRBR laRgddnain rhbsfets) I4l7n9rwa:s)ndededm|n ﬁdmtneé ﬂﬁeecé{élacﬁor Ca
is sized to be | arge enou to supply the, g?gte charg
pegk \wtage wijch nﬁellmé@@@u tURI%Ie@%IDZ 3 ﬁ@tea$ hig %p@e&t'sﬁble while

kq%g) V\éfth%al?]e %Jltl ('refgoostf%’tgH@ t’f’ér‘?ﬁ @I@ es r a d%\{v%%]é Ve %\j'r circuit
washes@lB vatts pﬁasmmdu@pjgetapsacltbr Can é[ﬂsﬁngdrmw that at these

cq\g&é{ieq]?g@]u}g, _ %roﬁgfpwgfes ulcggttﬁe plezo vosltage byeor(x:le % small

fraction of the total open circuit piezo voltage.

When the critical voltage is reached and switch Q1 is turned on, this in
turn pulls down the gate of the P channel mosfet Q2 , rapidly turning it on and
connecting the charged capacitor C4, to the main mosfet Q3 gate. This, in turn,
charges the Q3 gate up and turns Q3 on rapidly. A Fairchild BSS110 was used
for the p-channel mosfet Q2. The mosfet version of the circuit has much lower
leakage through from C4 to the Q3 gate. This leakage occurs when C4 is
charged but switches Q2 and Q3, are nominally open. This leakage of charge
onto the gate of Q3 caused premature partial switching ON of Q3. Using the
mosfet in Q2 eliminates this leakage and leads to clean switching. Once the gate
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some of the larger main nosfets, 47nF was needed. n
practice the capacitor C4 peak voltage which is

wo possvedshy the Zener, D2, is set as high as PCT/US2004/026461
practicable while keeping the control nosfets and
transi stors | ow cost and | owPBoss. n our circuit we
chose 28 volts for the supply capacitor C4. Testing

o8 L e 5 s B RS B Pt oy

S\fvttaﬁés paclodpdrigftérothal g @Rafdd 1§48 HrameF thryghh fae. Wien
the critical voltage 1s reached and swtch s turned

on, this in turn pulls down the gate of the P channel

oS Blecion CRRind, BBy TR SERESA A Hirualy
and initially, arc bpeg ecti ch@fgegate A8 Iawnparagitis Icsses draggmg the
[ Fai rch'éld BSS1 0 was, used for the p-c¢
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eie‘é’ﬂ'ﬁfal b\ﬁﬁ@fﬁ%nﬁéﬁté’ léﬁhnélu&ﬂ?’ ﬁéro%@ gﬁ%ﬁle%o%‘fcﬁ tafts! llSOSaCHl(?tlng at

| eak age occurs 1S C t SVVItC
vew, high eqoencias. gr hebertclThas td ewkdg ee:yf rapidiy gasamniddosses

tefio B8 faiich BT Gter HRIRLIE GoRel by, oS 1 BRuSlRE 1ow on

rdsigidficd and |aec§irfchuﬁ% I’é‘dl]n% thehfRstthst ad B@We@tﬁa‘ﬁ switch and
charged up, it stays charged since it charges through

d@@%ﬂj haye aﬂm o gapasifive é'h%@ begakse that waule fowerthgataltage on the

e TN O N e R

oscillatiad. | y an open ci rCU|t charges up. As | ow
parasitic | osses dragging the piezo voltage down
reaches sonme threshold |l evel that is user

cont ;¢4 had4ble %‘Pﬁb@%é éﬁiﬁ{g/ntg‘%é £eq8 %W?é”s%wfé’lﬁ out or under

i nduct or acr oss e piezo starts it dscillating at
elestricahcghirdly swilenin ad chidrge the inductoessta proviget drialde funing
L l@llqcléy to avoid |l osses during the transition from

8@ W'Y rcuit to closed circuit. t has to have very | ow

on resistance and a circuit is required that fires

that _and powers that switch and doesn't have a | ot of

capaePmevdrayitginavearseibockingt osedlation! dhey autematicallgtall into
af¥skfBtion frequency determined by feedback gain or delay gain in the circuit.

It's possible this would allow locking to the piezo vibration.

It has been found useful for the system to have some external interfaces
that allow probing of the voltages and signals in the system during operation.
Various leads/sensors/probe points (external interfaces from the board ) allow
one to tune and examine the system states and conditions throughout testing
and operations. The signals can be carried out by external wires, etc. without
disturbing the system, or can be brought out wirelessly. The interfaces to
external electronics (wired or wireless) can also be used for monitoring/telemetry
and also for reprogramming of the system performance or diagnostics and data
downloading.
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pi ezo. The energy used to turn the switch on, is

energy not available for the oscillation. t is
waleasnadabe to have the ability to be able to tBPeEUS2004/026461

switch out or under electrical control, switch in and

change the inductors to prov@%le vari abl e tuning

frequency. Sonme circuits have a sel f-1ocking

oscillation. They automatically fall into an

oscillation frequency deterni ned by feedback gain or

del aphad slettiichhéirdtiitr sldinents (exel2f 86 tHeepibhbslevRid slement
all ow I ocking to the piezo vibration. t has been found
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uring operati Varous senso pr 0
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cdrbé \RGtebn Bive @%Feﬁﬁél Hoaf¥ (@ élloxﬁ?@r an!éyt é&é%s db Wié’ [:#’d:tﬁlﬁ‘y for
the system or can brought out wrélessly.

changing Higeer tecyet@@recbthar tugling of thei circuity. réléeraatahv rtbe dogrd 18

0y AP B B b TR AT 38 ool

platedaskaingbl g d Grahoa mg‘lgﬂﬁ@§ 64@1@015 agathed tbothethe%id%ﬁimns
FIé]ext er nal e piezoelectric el ement coulol ed to

s 145 8@ db CgLAGe o 166 YRR i SpIRPIBtsREReTIRlY 16
odh Bo BBt it} 1eBiE 22 i Piug SOMARRI20 8 that electricel
caringletion ieenade ol agseniblg of theoremovaide patelip the mdthxcﬂy of the

o258 AP e RO 8, L S 228 R
Flk‘:‘?scféégn@%bﬂﬂtrﬁé‘élérp"é&b d3ahfbi} é!et%'ch@w Tf@és@ﬁ@%e@‘ﬂﬁﬁs%sate an

to the circuitry for changing trigger |evels or other
eleatnicabcittuittioard |1Bonoumtyzd N asemavable solenplaltm af dystandeffs 45

cgl%?g\%gﬁ 5??%1 §lfespja% E él"i‘steerte%‘lar{c? cr:or?rgec%ed & {Wevab{a%ody 11 by
fasteners 47, an electrical connection is made between a connector on the
primary board 49 and a connector 20 on a secondary “connector” board 19
which is permanently mounted in the head 11 by standoffs 44 and electrically
connected to the transducer 21 and face assembly 14.

This arrangement allows for the simple removal and tuning /maintenance/
repair of the electrical circuit and board. The connector and the connector board
permanently mounted in the head allow the simple removal of the primary board.
Additional connectors can be configured on the primary board to allow for
external monitoring/diagnostics during club swings and impact. Alternately, such
information can be wirelessly transmitted to a receiver and stored for later
examination. Alternately the data taken during the impact event can be stored on
the board in on-board memory for later dumping/downloading upon a command

prompt. The telemetry transmission can occur over wireless or wired channels.
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pl ate assenbly shown in figures and 15 attached to the

head and in Figures 16a and 15b detached fromthe cl ub
whead/oicise sol e plate assenbly can be confi gurBdr/ws1004/026461

| eads 22 or plug connectors so that electrical

connection is nmade on assen‘cﬁ?Q? of the renovabl e pi ece

to the main body of the club. Such an arrangenent is
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el ectrically connected to the transducer 21 and face
Al IProddduréhi s arrangenent allows for the sinple
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B SRR RO el I A8t i

oredisretenteddamiowe configured on the prinmary board to
all ow for external nonitoring/diagnostics during club
swi ngs and inpact. Alternately, such information can
be Wy el gsshyidd aeem 6 RBRI S hQr st
| at er) exam natﬁ_e;%. N?g&tﬁaét%r?{lﬁes’ldﬁlg?g%eﬁ guﬁéné)% Po
t he forgiag mashining operationsttosetiinmer diametenmddithread 370on the

on- hoar d .mennr r. later, d i ng/, doywnl gadi.ng U

cormAng PrgDe ohfle e et g oA Eal S Aol i arthe
overjobatic @4t the sthdkegiliGhfags vhenGii dontsut Wth e fabet

can be stored and nonitored includes swi ng speed,

i npact force, ball face inpact |ocation and intensity,

cl ub,\hea rap i J I [

or "2y o S BB | PEaddfplBs fib3ate b nRERR6HA 18 Bnape
ass aamdithet welththe fiecalgnianthe Hoaynd 1c oftkri remevethe swpporting

ssad
ol Uty b A RSt ("

3) Screw on cone 12 until tight

4) Insert piezo stack/piezo endcap assembly 15 into cone to make
contact with the face. There may be a supporting element made of piastic
or other flexible material , designed to hold the piezo in place/position until
the endcap of the cone can be screwed on and the piezo can thereby be
preloaded and against the face and locked into position. The leads of the
piezoelectric 22 must be routed through the holes in the housing walls 32.
These should have an appropriate grommet or strain relief to avoid

abrasion during impact induced motion.
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resulting vibration of response of the ball-head
systen). Assenbly Procedure n assenbly the sequence of

wer@snse4san proceed in many orders of which onBCT/8S2004/026461

presented below. 1) Formthe face with appropriately
configured ring. Perform pos§1for gi ng machi ni ng
operations to set inner dianmeter and thread 37on the
i nner dianeter of the ring. Also formand polish the
dinple 33 at the location that the stack wl|

i nt e aceThb@ndtap AGNs @dn Yerblveblthtd A6 c@ne Relirved didaTy
threaded piece into face ring thread to hold its shape

and FHeTAGiRY withiBe pigzoelrntic Piaskigsagmblyinen! ienpiesoine

oo PRSEY U4 ol FOREE BBl e BESSURAARE v

as s ebtsakirighofi cantactdvetween e tacecarichitie piezd endeapsdering impact
o et ABPNSRBS LIS OB RS iR Re M oon oo
i n pLia&gbBAvddr Pid dHtidabs o ehepre8RseEmblieasd it fetle AR the
screwed on and the piezo can thereby be "prel oaded and

agai fi@fe endcamtseaighin seetik@d i nt o position. The | eads
of the piezoelectric 22 nust be routed through the
hol es in the housing walls 32. These shoul d have an

apprepri aThe gcpweh cdhesdrideap 13kitiedn lorked o glatier with anset
during inpact induced notion.5) The endcap is then

scr eRe@W #PEXY RE Ot angthod i #XaliQe i nterfacing with

the piezoelectric stack assenbly) until the piezo is
securely seated and prel oaded agai nst the face

suf f Vi enThy [eanisoafdhe piezniiethenfsotiered ontdatsnesthcarirector

face,_and i e ndcaps dur.i j ct. (ar d 1000N

comPBa8: 12 et et e RnReR! oler i isiing ME e Py

be (removable) board 18. The connector board is permanently attached into
the head with epoxy or screws on a standoff 44 The connector board is

positioned so as to interface to the primary board without interference.

8) The crown of the club head 43 is then bonded to the head body 11
in a 160 degree C epoxy bonding operation.

9) The primary board 18 and connector 49 are attached to the
removable sole plate 54. And the entire removable assembly 17 is then
inserted into the club head and screwed in. The system is now
operational.
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used between the endcaps of the piezo assenbly and the

face and the cone endcap to aid in seating. 6) The
wa@eosmans cone endcap is than | ocked in place BET/SH04/026461

set screw, epoxy or other nethod of fixation. 7) The

| eads of the piezo are then | dered onto a small

connector board that holds the connector 20 for

lelt er ' | A P abl e) board . The
ﬁéﬁ“ I;I-%iﬁhﬁ dithbrit: Pt T%?H&J lched into the head

Wi th epoxy or screws on a st andoff 44 The connect or

board ,|s .positi oned so as 0|nterf ce.to the rlrmr
oo RGN SERNS. 2 AathSs pHa SRR RCRARG fafR-ba
fri ﬁéﬁ'cﬂﬁtrb&éﬁ@ L rRRBARAib2tibAS \Afé%aﬁegéﬁ)éd' Mn @hlé%@ctlon an
egree C epoxy bondi ng operati on. primary board

alterdateoembodiorent Yisingea ptgzadpe othes) tra@sqltmmmbp@ |asface of a

ot BLBBiitet, Efvbh Fofl i et AR Eo BT 6 reRsbliGR, By

var§ingatWe @FRicaY ¢ fital stiffnbes tabedandwdndesdult dfahe ball—face impact is
Stiffness Control n the forgm ng sections, a neth

effariedipantsalacdand snitls i genarally BRRI SXBMRle 0h ﬁ”d‘é‘ﬁ??b‘l’ontm'
D e e
seuttivergretdescsded ar tecme wif acblemeietmcdrwfsdacglod:dupdedl ko a face but

utter, driver, 0 to, effect stiffness, c
Ve g5esiib toc? SURJeTLT aRY HsSineerciupled B 2 motion -
a§¥dri‘gf ébeﬁﬁa trafSiueeH ISt bESsHVertg Hé%héﬁiobr ERERYy to
Inpact 1s effected/controlled and so this is ?enera y
elentricakangigy arfd vee vesadte. exhibits|elester-amachaniegl coupling.
solid-state transducer nmaterials. The concepts
presented in this section are described in terns of a
GeherdflFrpridié c transducer coupled to a face but apply

nore generally to a systemw th any transducer coupl ed
to face notion

The general concept is to utilize the aforementioned electromechanical

-y

coupling of a face-coupled transducer to change the effective stifiness of the face
under prescribed conditions. In essence, one controls the stiffness of the face to
produce a desirable effect from the resuiting ball —face impact (with the controlled
stiffness). The stiffness can be controlled because in a system with electro-
mechanical coupling, changing the boundary conditions on the electrical side
(ports) of the system changes the effective stiffness of the mechanical side of the
system. For example, it is well known in the art that the stiffness of a shorted
piezoelectric element is lower than the corresponding stiffness of an equivalent
piezoelectric element with the electrodes open. This effect can be used to
change the effective stiffness (longitudinal i.e., in the poling direction or shear
mode, i.e., transverse to the poling direction) of the piezoelectric material and
piezoelectric element. Since the piezoelectric element is mechanically coupled
to the face, this change in piezoelectric element stiffness results in a change in
the stiffness of the face.
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as long as the transducer is capable of converting
mechani cal energy to electrical energy and vice versa

WO 2@5/080d88 bi t s el ectro-nmechani cal coupling. CGeP€r/ab2004/026461
Principle The general concept is to utilize the
af orement i oned el ectromechanf8al coupling of a
face-coupl ed transducer to change the effective
stiffness of the face under prescribed conditions. n
essence, one controls the stiffness of the face to

pr oduganp ofésd frabdducer fans m%eﬁambamdlgﬁmbténﬁ&damehts
-face |ggact with the controlled stiffness)

PERS PRt §80Ke (CBRcaRin(l rd)l thedrarsckigeeis meghayiselbheaiinied to the
f&!eeﬁtsr&h'?ﬁ/}ég'??ﬁtgé i) ﬂn”tﬂ s‘ﬁ?fﬁ B\gt htf r?s%ﬁﬂ{&%?&%anges the

condi t1ons ricar st por
bepawermf:ﬂrmfgee tim éheetdsecofi the aastfcéh)eseuplédtdmbomments

GRESRET A2 d 5% v sk cnac e TRs g frapSaCer irectly
cﬁa é’@tr%cétfffrfes@oﬁf%‘facbs‘to|b%‘fﬁrh HanTﬁlg%q%Waﬁ@rﬁWn%s the
el eme

tiffness of an equl val ent ectric
deﬂ@ctmre@'tmedese opder. impact hff ﬂ'leonertmh chapled edses (Coacepts 5-8)

chifode, e PaiansShes: SEiess Rtk fabBestp & soiainh Begveen the
fadeembabn rzmddaw ekticd Masefl (fdrfBomder 8athRCE thé réMbidebbf the club
and_pi ezoel ectric elenent. Since the piezoelectric

héﬁ@)reﬁhangmetbﬁaynamw stiftnass| afdhe GaaenE nphike, quasi-static stiffness
(Iﬁgz.ngﬁlé i 569? ltrf%e |h8rt%# 8?%%9 $hhEERESTe (@Tﬁq{f olifled. They

ness 0 ace. n any
htar/ammobffmnt oﬁabe sysiehaai vaal 0w firdguegciesixiticntieis is little inertial

R B Vb b s o 28 e B ot
h t
0fABEPsichn bf‘@heslh'ifpfafcf‘ﬁﬁl%s@ileg oW e RIS tgﬁg %(Ee)l %Wlln ytH@

behavi or of ace e case of’
tranaglicar stiffibeds irctitese (cOnoeplptresulitstin, a changmirdbessdiffdess of the

st BB DierPy Fhie Bratiden PR ot 5y o
nﬁmgw@imw 140 998Ut ey G the Clonesptel 1 BhanfRe gsét ieéhange

i mpac n the inertial coupled cases (Concepts 5-8)
the effectlve stiffness of the face under impact by varying the stiffness of the

transducer.

Transducer Configurations

As mentioned above any of the previously described transducer
configurations can be used as the basis for this impact control concept. For
example, one embodiment uses a piezoelectric stack coupled to the face as in
Concept 2. In the mechanical design presented previously for Concept 2 and
shown schematically in FIGs. 2a and 2b and in detail in FIGs. 13-19, the face DC
stiffness (to central ball forces normal to the face) increases approximately 25%
from the short circuit case to the and open circuit scenarios. An alternate
configuration to using a stack transducer is to use a planar (potentially packaged)



10

15

20

25

changes in the transducer stiffness result in changes

to a coupling between the face notion and an inerti al
woraws/0{d468 Concept 8 this is the renainder of PEEUSI0H026461

head) - changing the dynam c stiffness of the face if

not the quasi-static stiffnedé (DC). This is because

these inertial coupled concepts are not DC coupl ed.

TR Ry B 357 K0 el bl oo e

fadeeand dwdrebpesupled toviads atien thghﬂwnﬁ? o fRE &elsion and
to have effect on the systemat the i ti mescal es,

beodinge r The fagedeenyling, atlf@‘eessmm’@efetm@wa& stifness iecthe ball

fapeb %%ﬁ?yei?‘e‘%?nﬁ%ﬁ%@?#”ﬁi%%*eﬁéﬁe§®%§285%“ SRl Rpptons
(bren ciregibot stiart ooewlt)0. 5 mil | i seconds and 1 kHz). Thus

any of the Concepts 1-8 can be used to change the
effective stiffness of the face under inpact by

%@fﬁ@rdj@ Opktdtipss of the transducer. Transducer
nfi1gurations nmenti oned above any of the
previ ously described transducer configurations can be
used-as ' rothis | nt conce
ex an'pTI%e ﬁ%ﬁ% ?@én%%w}ﬁeme%%ggng %lg%ﬁ@aggwn(@a%c%@gltlons must
beadgibeaintd (thstrélRel based bn@@h@@ﬁésp&nsé dr ipehamioh af tiasystem.
_@&1%%%1 gr esent ed Er evious|y for Concept 2 and shown

pp deterningd ppggd OQéh%H@”%U%ﬁfdtﬁeH (44 ypltageor charge
uﬁblgﬁ’loa?j%q}%r it & f)ﬁ%l@ ifdd by Qﬁ%ﬁdéﬁ&o‘éﬁpgéﬁéqr@?} E)é%rp/gle

forces no ace) | ncreases appr oxi
fdgepsirainorface deﬂecrtmml gensas eAn @cchlerometerman also bm used to
ternaeco figuration to usjng a,stack

d?f@iﬁﬁ@%@@\b e He R EL et PRt el e e SySesih

) pi ezoel ectric transducer (or other solid
state transducer material) bonded to the face and
thereby coupled to face notion through coupling to

e BT R SR ol BB B B R o
cggﬂlgllﬁtﬁ?%@%nbmmﬂ@ mnsfoheFm esarmpRAthetdle6tHtal ddMHRdAbNs can
be controlled based on impact intensity — making the system stiffer under more
intense ball impacts and less stiff under softer ball impact. This can be especially
important in conditions requiring enhanced feel, longer ball dwell time and an
increase in topspin or launch angle such as in putting and putters, or wedges and

short iron shots.

In putting it is known in the art that the key to reducing skid is to give the
ball as much topspin as possible before it leaves the putter face and it is
advantageous to minimize the distance that the ball skids before it starts to roll.
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(open circuit or short circuit). SystemCircuitry
Qperation To enable the control, the transducer

web@sirdssml boundary conditions nmust be det er mP@EUS2004/026461
(controll ed) based on sone response or behavior of the
system ThIS can be deterni n@d based on the transducer
itself (i.e., voltage or charge under | oading) or

o e A e AR PR B e
WRRGEAEIHGIHAToC AN irdtamt. The beR dhé P réls LRI tB StsGhitiBl Seask,

decel eration under inpact and trigger the system
Caiesig Hitagropel foryrrddiano e elkb fagaifs Badest sasngrigoeeild have the

o481 AP Ut SSBHLby EP b g o

traveiimgcanicihe aragie Imethmpttlﬂt@ftiaeéi réltaﬁ\gﬁfitmihat gné@ﬁon Since golf balls
t stem stiffer under

a}%q'?@%%gv p”?#,%& qligss irine ball,caia FausR deviagian in the

rérldggﬁlaﬁlrﬁghgﬁ ﬁ%ﬁ%ﬂegs?gg%rgﬁé%erdtlggﬂ,& F’éH c'th ({8% Egﬁnu?lt that

thereallda sempiessasb al impact reduces cmmgmressuon tdeﬂecilmn pAisoftegface
i ron shots.

R RoR Y5 (e AR PSR RSB P when
pﬂoﬁbeﬂ? t@hetHd Geditld effsct Bt %ﬁ@éﬂ' r@d@éeé)@éﬂs cohprosdian e

| eaves the putter face an I s advantageous to
dﬂﬂeqtlﬁnz:@dt oriingizes dakneht angd rollieenglitionss Ifial exeetrde in putters, the

ohPirifioh Bt hekne 5 ot Sorf PLBRRUELIR s PRRTERARR efience
inereasestcontrol ok ihalistahbeandefresnsls to its initial

shape, causing it to propel forward fromthe club
-face. A perfect scenario would have the golf ball

r ebopRg 'e%tlbrﬂje?or‘flf‘létﬁﬂéf%bth@ﬁ bah 8R4 ¢ d&%%aﬁ’é’n%@ﬁgf 3 he

direction the putter iIs trav Ing an e ang
tremendous infleiencé ani the chr@ctldaratvedbmtgca_’ncbnmanﬁen_a gotfdielll will propel,

'%‘QF#‘ Of gﬂnggﬁ%ﬁ) a&Hebj?g%ﬁR %nlﬁgoclzorr{p gsrech 8lt,|r||r?gn fcheI #ny:gac? event.
The effective resilience of a clubface striking a ball is a combination of the
resilience of the ball and clubface. To maximize control, in putters and wedges it
is better for a substantial portion of the effective resilience to come from the
clubface, not from compression of the ball, to reduce compression deflection.

In contrast with this desire for more compliance in the face to increase
control, in putting and shorter golf shots as the velocity of impact increases the
amount of control could potentially decrease with a more compliant face due to
the intensity of the impact and force of the stroke relative to percussion point.
Impact induced deformations can contribute to ball trajectory errors and stroke
inconsistency especially in non ideal impacts at high intensity. Essentially the
increased compliance can lead to a loss of control in higher intensity impact
scenarios.
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rebound direction called conpression deflection. A

reduction to the anount that the ball is conpressed at
w0 paoiedsseduces conpression deflection. A sof t PET/U82064/026461

reduces interface | oading and decreases the ball

conpression. Therefore, when®®roperly tuned the

desired effect of the system reduces ball conpression

defl ection _angd o m,z ch and ro ondi t

For S8 naPast e Bontic the, Shclcans RELP soafSh b §rore
desiratlé Y& hdvé afdiusiasd hifich Was fbwerlttifResS oleRdr lmpact intensity

resilience increases control both in distance and

eyehis Ut bigher stiffieesssin higlwsTimpast inteny ayents.t he bal |
and face materials has a trenendous influence on the
direction, velocity and manner a golf ball wll
pr opll thel mreferredbembpdinmgntfwieen thedPiebd écm stdrisd Eendigon and

af GU0P 55 EenGrAmO gt g} st ToWPichihg bl BT npontSct with the
cl@xﬁfgﬂen abwep Tihet f‘éecddgﬁéd i E@b@écet\bﬂw ARy c@é?ﬂment of friction, an
wedges

cl ubface. To maxim ze contro utters an

apprecgbie tnceeageoin @r‘érlq)bendwptlmlzqmntofdualldaumcti'econditions result.
effective resilience to come fromthe clubface, not

from conpression of the ball, to reduce conpression

def | Rehéfdnd dwslPhiinkasiabied fhetélUI@fa@é%inre@(tét%edTEbﬁortumty to hold
onpliance in the face to increase control, in putting

tmﬁq*aelbfl% m%puwse of fypparting topspivelt it alsp mpwmﬁbaéﬁ Ionger dwell

it anount of control could potentially
llneglrr@ase Wt E a nore conpliant face due to the

intensity of the inpact and force of the stroke
rel agive to ussi pai nt . ac i nduced

def o %?ﬁ‘%ﬂ@'oedﬁ OW QQ'th'F‘PaFféVB' H‘#ttﬁfg?'ﬁ Shorted Pigzo
eﬁé‘ﬂeﬂﬁ@ﬁlﬁbp e SradiRnpY¥ b2 fee ltC: d; H%%UIti!n§Qﬁ|more dwell

i npacts at intensity. the 1 ficreased
timerarid less skidding entd the gieéms‘!additﬁonaﬂytthlelparformaglber

intensi t.y,li t scenarjos. To, i ase ntr | of .
chiBRIstiE R Rits RESL BhhARse e S8 ER Bl ER TS afolfiawn in
tHeOaﬂﬁﬁyﬁfn@roVéld@&@ﬁdi:y\/\'ﬁbﬁélst@ﬁé%bﬁ%bnﬁélérﬁéé‘ess in | ower

i mpact intensity events but higher stiffness in higher

i mpact intensity events.
In contrast stiffening the face in higher velocity impacts can also increase

accuracy and consistency by reducing elastic deformation induced errors.
Additionally the variable stiffening effect presents a significant range of
performance characteristics out of one golf club using only simple electrical
circuit variations. Whereas the same range of performance characteristics in a
passive golf club design would require several identically designed golf clubs with
varying clubface material boundary conditions to perform at this range. Thus the
idea of a electrically tunable or fittable club system is possible Wherein changing
a resistor or trigger level can be used to change the club behavior to match a

particular player, or playing condition.
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n the preferred enbodi nent when the Piezo is in
shorted condition and an increase in the anmount of
WO 2008/016358hi ch the ball remains in contact w tPCT/H82004/026461
clubface, "Dwell Tinme" is coupled to a clubface with
hi gh coefficient of fricti orf’ an appreci abl e i ncrease
in control and optim zation of ball [aunch conditions

éif SISO Seiveh bt e Ao s KRG EpBEgurse of

adt fﬂaérﬂhpQGt e@nR i Beiny domtrelie® Anemmtélpate atiffieegethange can
nproves feel. For exanple in | ow velocit

be ﬁ@lafdﬂtgewam f%eglhyt tBe yses PERDIQ e ShakiBeirberablingea Kind of
fitfihg/BF ?rfeecc:th t{i 'il'?éjbge h\?%) abdr %‘[ %é(]gctctﬂgtrﬁ&ét %ersﬁ*émet Stftthess
I nN"Tnore an SKI e green.

€ss onto t
se%timig andraveyit $€h|$ tlmsefécmmnymmle aqkwaoh’eoilmle csystem the stiffness

n8|ﬁé¥\nﬁ"ﬂto an en ed feel cont r ol (d?s?f
%Sﬁ G WS4y ? YT ﬁ%P@O “9 gupers r§§é’iﬁcy
célf&fi'tl&rPBif thadetife (WeitPRE AR, &fc) TRBISMcht? dtRéeelkBtrical (sjettmg

hi gher "vel ocity | npact’'s can al so | ncrease accuracy
deies can dawpniigurasios eagy esasaceesdefarimsianca al theuenrd of the
errors. Additionally the variable stiffening effect
‘esents a significant range of performance
characteristics out of one golf club using only sinple
electrical circuit variations. Wereas the sane ra

of phrchematic of arietestas embpdineni Whichvses &@meﬁoele@ﬁlc itself
agﬁ,%é@%ggs&qgghgg,{,siﬁ;;q@absu dentically designed gol f
clubs Wt a

varying c cé material boundary
conditions to performat this range. Thus the idea of
a electric

Iy t bl fitt /St ' .
o oS STRRSTaRR DR At BefRyosebaDe s ZaRe qHie SIRRt s dp harder
et BBoiNARSk ik EA0BUReShoHledin Rha 1iadi 8oBRAids. aThe

particul ar player, or playing condition.By making t
trapsduner caupied taihedacekistelecinicalhtarinestediior chaggeies voltage

cour se. of.. i npa the, i npact re £ i . N
sl By pessniat [ RREouR ¥ baehell Tl sgpeipg creuity
kéém;‘ thelgiefbadelrit gty dtpolrseE resBehtillyt shdrtieg #piezoelectric.

t hereby enabling a kind of
In this condition the piézoelectric transducer exhibits short circuit mechanical
properties. If the sensor output voltage reaches a critical level, then the circuit is
triggered and the switch (normally closed) which connects the piezo to the
circuitry is opened, essentially opening the electrodes of the piezoelectric
transducer. Upon triggering the electronics, the piezoelectric transducer then
has open-circuit stiffness and the face to which it is mechanically coupled will

now have higher stiffness for the remainder of the impact.

A circuit which implements this is very similar to the circuitry described
above for the friction control application. The circuit is modified by replacing the
inductor L1, with a resistor, R12 in FIG. 23, and the switch M1, which is an
n-channel enhancement mode mosfet in the friction control circuit,, is replaced

with a new mosfet which is an n-channel depletion mode mosfet Q12. With a
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fitting of the club to the user. The user can sel ect
the nost desirable stiffness setting and have it set

wa@rooslessfact ory or in a user controll abl e systroT/Us1ve4/026461

stiffness can be set by the user prior to play -
dependi ng on the user's desiP8s or condition of the
gane (weather, wind, etc). The switch or ot her

el ectri cal t|n devij an be confi,
d5REfio cidkia A Shnek EosRE 01Z; theraratisantieheinghp sHoR cireui
cOISABOR Y eCtH sviftdW @‘12@ sl%ssab oFEIBvehg Ghe Véﬂé% é Bethe mosfet
pl ezoel ectric itsel as the i act sensor own in
gategwies it trlg;gma)athempletm ropee masfeicepensatheiieuithdiereby

l.ectr ctro ar der act o
dBeBATELTE trdnPshit A BIRRrP Y PR aiSHon SRRC IRRERRG, Thagrouitis
nbwaspEsUSifduit( anod:cﬁﬂrdl @lrt:lble opérfigs it6 |ehecidtherahbl raise the gate

connected to charge or voltage sensing circuitr

veltags,ag in the feicliom Eeriiplsiresd. uaemalirge dnﬁ\éers@mfe?vﬁgmve circuits
afd ESidrYinkBeRrst t he piezoel ectric high | ead at ground,
essentlally shorting the piezoelectric. n this
condition the plezoelectrlc transducer exhi bits short
circyjt .nechanic ert f the nsor
Vol t dhe PESRTRE s it teciese i Begaslpt B repghes =

tHré'élﬁlélarv%ﬂaﬁé dehbsy Zérﬁ’er(d]%@mrhé \/%Jltgéé‘i'l)se%eéause the piezo
connects the piezo to the circuitry is opened

isdforead thdls9hargeﬁhr@glthhe sewistor,d3s2, a1d theeefore not perfectly

SAoBd7 IR ovidks P SN Bl R bbal B g ol risg et ocours

whRRIthe ipied is fetdetf Nese piogo weee trafestidrteth ititd voltageswould not
mechanj cal ly coupled will now have higher stiffness

rifi ANGHBe BeRETWRYIC Bt PRELI, r$BEE thewpiezdsinitiallyi sinted by the
rﬁ@b?rﬁﬁ &h%ove cpg.?‘}’?hél '|H?t|%ﬁ%cfogea ?h§ \/Bl‘fét;)é Wi rise as long

cr'i bed riction con |ca i on.
ag liee forcing dcouss abdirdteexh par wmnv bagre"agert ﬂmanlthleﬂ: ¢time_constant of
with a resistor, R12 in FIG and th
t%?lﬁﬁemse"s CWQ@{JWGV‘EW&#&% %&g'aﬁ%éwgﬁﬁﬁ I}%QB”‘G

chhétght, Me YOG WilChStGHEE much SirceRh&%&8lstor appears as a short.
Above this time constant (i.e., for relatively rapid forcing) the resistor appears as
an open circuit and the voltage rises. The piezo essentially does not have the

time to discharge through the resistor during the course of the event.

The circuit thus has the effect that impacts of sufficient rate or intensity
that raise the voltage on the resistor-shunted piezo, trigger the circuit and open
the depletion mode mosfet effectively opening the circuit and putting the piezo in
a open circuit electrical situation. The system thus stiffens the system upon
sufficiently intense or rapid impacts. The system can be tuned by selection or an
appropriate shunting resistor, or (primarily) by selecting the appropriate triggering
Zener breakdown voltage.



with a new nosfet which is an n-channel depletion node
nosfet QL2. Wth adepletion node n channel nosfet 12,

WO b@soi@stiit is initially in the short circuitPCT/US2004/026461
condition i.e. the switch QL2 is closed. Upon | owering
the voltage at the nosfet gaB@ (when it triggers) the
depl eti on node nosfet opens the circuit, thereby

di sconnecting the resistor and thereby the
oi o2 dBEARAVEBNRTecRyEtem 1,80 BPRSING Al SRKPONRIING in that it
r
AR Bblver o) AORKIGPhal S eE bultRfieh ffom e Cidfes! difiE oce-
ceypleditcansgucer N@Ift dtyshalrld bemoted et tde ﬂrwggenngcslgnal coubd be
The tr,i

aEATRB fehlah Bietate stivar. 1b BidhioRife tesharkdefiapuid Be more
combliegteds Eéﬁhé@ié dveR deRaRfingd %9% prodfamidoid ﬁ1|éﬁoﬁ>?§cessor This

because t iezo is forced to discharge throu
W@ngqtzﬁssomguldmcvwledffm enefgxp@r:tfamed pydhe mrewtry from the

3G Y, 252 ERAIRBRLLH B ot o Bbiagh e o resit o
atfiﬁmgasyas&errﬂenespmdi Mndémr’eddterirﬂmfed/@d)rﬁcﬁﬁmy\paﬂtldura@&o an
er would not gccur. Since the piezo

h t
'ﬂdéV'ﬁ?‘rlé?\ﬁO&er%?CB#@%?eé@ﬂB@aﬂﬂ sapakifitiesr Thigis the ﬁ@n%emtoéla
(takPhdidle! sﬂ#ért alub¥Xiesirads méﬂﬁni’é’{ﬁe"’\g&wéﬁt lfrloni Lrﬁﬁa&sderlved
Ion as the orci ng occurs at a rate on
frgrreagetert g@fertsmwm@ ilhewrogrammaing eﬁsetrihell;sg&amsrthe club

opgfibf B e B SO helTha RERr oFtE St nee

chévectaritiss @hdawpgbmﬁe@s Far karhble é&rﬁé&mb%ﬁhéb@or slices.
constant (i.e for relatively rapid forcing) th

resistor appears as an open CI rcwt and the voltage

ri se I I
i scrav AR TR RRE ks B el of R Ty, il fow be
appareey trdt. mameadditionaltvatibtisndage pdswlﬂfefamt thiahidose described
acts of ﬁIUffl cient rate or intensjity that raise the

th%”?lﬂﬁ@ Al {livstrativg of the IRyRNive FAFCER's; Aqqog'@l@glyt fhe scope
h&idf W ﬁoﬂﬁ%é’ﬁ’rﬁﬁe& BE e BbEYE e@cr&gﬁe HHF&% bﬁfftﬁé%ﬁéﬁﬁ%' y

opening the circuit and putting t rezo’ i
appendead heﬂeé@anddlaélrequluabnm The syst emthus stiffens
t he system upon

We claim:;



sufficiently intense or rapid inpacts. The system can

be tuned by selection or an appropriate shunting
woeassi@ss or (primarily) by selecting the appPOpUSEN€026461

triggering Zener breakdown voltage. The above nenti oned

systemis self sensing and séDf powering in that it

draws power from no external source but rather from

the charges of the facecoupl ed transducer itself. t

shoul d be noted that the t¢FQ§8Bi ng signal could be

derived froman alternate sensor. n addition the

feedback | ogic could be nore conplicated, perhaps even

deternmi ned by a progranmabl e nicroprocessor Thi s

n1croprocessor coul d be powered from energy extracte ]

by the ciAdnlt feybheaﬁwhawm ABiiking ayidaee Toriigpacting a golf ball;

m croprocessor could be externally progranmed as a
theelsemc? compesingt t4 ignsdusee fartapnivedinenaeaharical energy from said

predeterm ned conditions particular to an individua
sgdhdeinspadimges olf ball te an afettieg @ergy;i es. This is the

concept of a programmable snart club designed to

mexi m ze phgrcbRAs ééleétf\/%l? $tBBARG afardpphfin %Qm @e@ﬂrMQﬂenergy,

golfer's swing. The programmi ng essentially allows the

ub behavior to be tuned and custom zed to the
I ndi vi dual golfer and his characteristics and

capab|I|t| ar . exa le co ti,ng for, .hooks

iTces. rananiahy SN BuRatRrA G 87 s B i Rer oo ane
the invention, it wll now be apparent that
reSRANGIVertal Sajd Plestricsh gnaray fﬁb@@? Ing $aid hithag SHH’B%% and altering
described therein are only illustrative of the

golibah impaciciorresponrse tacsaid elacliical endegyscope hereof is
not to be limted by the above disclosure but only by
the clai ns appended hereto and their equivalents. W
claim CLAIMS . A golf club head having a hitting
surface for inpacting a golf ball; the head
conprising: a transducer for converting nmechani cal

ener gy fr%ﬁl@c}:}ﬁﬂ%@@ﬁ%&%ﬁtdlé\% 2 wHdrbinialid traRsdicer

el ectii cal

comprises a piezoelectric element.

3. The golf club head recited in claim 1 wherein said actuator

comprises a piezoelectric element.

4. The golf club head recited in claim 1 wherein said transducer and

said actuator both comprise a common piezoelectric element.

5. The golf club head recited in claim 4 wherein said piezoelectric

element is affixed to said hitting surface.



a circuit for selectively steering and applying said

el ectrical energy; and an actuator nmechanically
waeowpledsg o said hitting surface and responsi VECT/OSEa4/026461

el ectrical energy for affectiymg said hitting surface

and altering golf ball inpact in response to said

el ectrical energy. 2. The golf club head recited in

claim1 wherein said transducer conprises a

pi ezoel ectric element. 3. The golf club head recited

i n ckai m Thehpiredub el rédicdih DlaifoMWHeF6in shid piezoelectric
pi ezoel ectric elenment. 4. The golf club head recited

oldinéiltds Ebdolehad Al Afirth drgducer and said actuat or
oth conprise a comon Ppiezoelectric element. 5. The
golf club head recited in claim4 wherein said
pi ezoel ectric elenent is affixed to said hitting
surfgce. 6. The | f clyb head recited in claim4 _
wher &i n' s 318 GGz et fegitect el F Wheseipi s piszoslegtric
hitting surface. 7. The golf club head recited in
elamenhia intpreoanaciesi ta Sﬁldeg'éié’lge%urfac‘@ ky afdéntermediate member.
i nterconnected to said hitting surface by an
i nternedi ate nenber. 8. The golf club head recited in
claim4 wherein said piezoelectric elenment is braced
agai Bst sThé dolftdlity bead ré&el indlairhe wiréindadid pheadiectric
recited in claim1 further conprising a structural
elBHIis Brddidagahst @ Hittifpbdadd uct ural member
mai ntaining fiTmcontact between said hitting surface
and said actuator. 10. The golf club head recited in
claim4 further conprising a structural nenber wthin

sai d_.head,_ sai tructyral. nmber, i_ntaining fi.rm
cont St el dup Heresieg BT aL L ftie dandrising a structural
pi ezoel ectric el enment. o ,

member within said head, said structural member maintaining firm contact

between said hitting surface and said actuator.

10.  The golf club head recited in claim 4 further comprising a structural
member within said head, said structural member maintaining firm contact

between said hitting surface and said piezoelectric element.

11.  The golf club head recited in claim 9 wherein said structural

member comprises a conically shaped housing.

12.  The golf club head recited in claim 10 wherein said structural

member comprises a conically shaped housing.



The golf club head recited in claim9 wherein said
structural nenber conprises a conically shaped
whowsiongss 12. The gol f club head recited i n clBETUS2004/026461
wherein said structural nenber conprises a conically
shaped housing.13. The golf @@ ub head recited in claim
1 wherein said actuator is configured to cause said
hitting surface to vibrate at a sel ected frequency
while said golf ball is being inpacted by said hitting
surface. 14. The golf club head recited in claiml
wher83.n sHielgalf tludbt wead ecitedin giaired whersd saidsaxitdator is
hitting surface to vibrate at an ultra-sonic
cdnfigurehtycause. sait Gittiay buFfhed tdeibehte et iat sledted legjuendy while
wherein said actuator is configured to cause said

il ol ﬁé'béfﬁgq”fp% M dPbRE&idHttiRg supigegncy and with an
° arrglbi t uole suf fi ci er?t to?i nlt erlrlugt contact between said
hitting surface and said golf ball. 16. The golf club

head recited in claim1l wherein said circuit conprises

a reactive i dance for storing.said electrical .
ener iy 17hergBl ghirheadieciedin PRI delinsreTE paidAG uator is
wherein said circuit conprises a reactance for_ storing

capiigyred treayseasaid hithing surface thebgaie ft anubtraseniq fsequeney.
in claiml wherein said circuit conprises an inductor

for storing said electrical energy.. The golf club
head recited in claim1l wherein said circuit conprises

an ifeluctie goll cRubCitgRE tdoed i Elafhar whéreitiséid actuator is
el ectrical energy. 20. The golf club head recited in

oGHRARA AP SN LANLD L ARLSES Poli it an

. f.sai it .
=rpFHRRR3Tcierd b HyBEUBLCoBRF ARG Ronaid Rl by gpd said golr
b%gad recited in claim20 wherein said paraneter is the

gni tude of an electrical voltage produced by said
transducer in response to

16.  The golf club head recited in claim 1 wherein said circuit comprises

a reactive impedance for storing said electrical energy

17.  The golf club head recited in claim 1 wherein said circuit comprises

a reactance for storing said electrical energy.

18.  The golf club head recited in claim 1 wherein said circuit comprises

an inductor for storing said electrical energy.
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said inpacting. 22. A golf club head having a bal

i npacting face for hitting a stationary golf ball, the
whead/oo@spri si ng; a transducer for converting PCT/EBE2004/026461

mechani cal energy of golf ball inpact into input

el ectrical energy and for coM¥erting output electrical

energy into second nechani cal energy; and a circuit

for receiving id input electrical energy and . . .

suppl’$h ng 16 PGB IEBIrecited xaiaiend wereisaid cifput comprises

el ectrical energy being a pul se signal responsive to

anHadectos anghectepactan fos staring said eleotricadengrgy.el ectri cal

energy being an oscillating signal.23. The golf club

head recited in claim22 wherein said second

mechani cal energy is a vibration having a frequency of

sai d 2gsci Mhatdditclgb BRall redfed il @aigP ! wHdreinh $a@@ircuit comprises

recited in claim22 wherein said transducer conprises

d
aasvi?i:’tcﬁ"\zfgﬁ !s@fé‘cp@éﬁ%%%?glﬁ\;\rhﬁesaiﬁ%te&ﬂgal%ﬂefr%)g IerésPBﬁge 0 a threshold

recited In c rern sal pr ez ectric elenen

P aBRe R ARl el YRR Sl d seBB Ehor i <i g a
housi ng within said head, said housing affixed

internally to said face and encl osing said
pi ezoel ectric elenent. 27. The qolf cl ub head recited
¢

i n clZdi m Thegndt dub headdeoitest i ¢laim 28 wiisseinesaid paszmeter is the
face to intermttently interrupt contact between said
nmagretugiedfse elegacal \uafage @B8dudedby baidl tedinsdedec imgespbase to
effective coefficient of friction between the face of
saididdactingd head and a golf ball; the method

conprising the step of:

22. A golf club head having a ball impacting face for hitting a stationary

golf ball, the head comprising;

a transducer for converting first mechanical energy of golf ball
impact into input electrical energy and for converting output electrical energy into
second mechanical energy; and

a circuit for receiving said input electrical energy and supplying said
output electrical energy;

said input electrical energy being a pulse signal responsive to the

first mechanical energy and said output electrical energy being an oscillating

signal.



converting the energy of ball inpact with said face
into an ultra sonic vibration of said face to affect

w0 b@siond4es acti on of said face and said ball dupCnySmad/ee461
i npact.29. The nmethod recited in claim28 wherein said
converting step conprises thé4steps of: converting

said ball inpact energy into electrical energy; and
convertln% said electrical eneaﬁ% into said
ul t r 83sonilbedalrdigh brad seciterhia Gizifméd Whereins@iq geednd m

20 wherein said converting steps are each carried out
mesihagical phecgyds ectibiationlhaving a freqhancycal $3id osaibiatitg signal.
said face. 3 . A nethod of altering the interaction
between a golf club head hitting surface and a gol f

bal | being inpacted by the hitting surface; the nethod

CO”DQHS' ng“hbrgblfséll%’hegﬁ reGRPh dbinP2 P Whepsihadid transducer
elenent to said hitting surface to generate a first

CS@E)WS%E‘égile%%ug&hﬂer%ﬁﬁﬁtponse to said hitting surface

converting said first
el ectrical signal into a selected second el ectrical
signal; selectively connecting said second el ectri cal
signal to salgqypl ezoel ectric element to create a

nmechdRi callhef lulp Read irgcitad inj Gy msdt Mheeeinsaid pigzoglactric
behavi or of said golf ball. 32. The nethod recited in

etﬂlmmhismmhmniﬂaﬂymupleddomid femle. effect is a vibration
of selected frequency and wherein said behavior is the
i nduced rate of spin of said golf ball.33. A golf club
head having a hitting surface and conprising a device

res IOQBS' VaheQdifBgs hegf réétéi':l Al diihD94 SR @npriding a housmg
golf ball for stiffening said hitting surface whent

RS0, Ry 0088 s

plezoefectnc element.

27. The golf club head recited in claim 23 wherein said vibration is
applied to said face to intermittently interrupt contact between said face and said

golf ball.

28. A method of reducing the effective coefficient of friction between

the face of a golf club head and a golf ball; the method comprising the step of:
converting the energy of ball impact with said face into an ultra-
sonic vibration of said face to affect the interaction of said face and said ball

during said impact.



conprises a sensor for sensing said force of said
i npact and a transducer in contact with said hitting
wagrosacasand having at | east two distinct | evePGT/052004/026461
stiffness dependi ng upon mhe%%er said inpact force is
above or bel ow said threshol 35. The golf club head
recited in claim34 wherein said sensor conprises a
i ezogl ec t
PR m JReTREr T RLLed o 2 el S SR e
B ezoelﬁﬁtr TR el.enent. 37. The gol f club head recited
MPESSE S Eimequ n said sensor and said transducer
each conprise a piezoelectric elenment. 38. The golf
club head CPEYETIBG Al brIkiRas cRpER-Iio Sleckriosb Raaravamad
sai d transducer conprise a comon piezoel ectric
el enent . 3gonyergjopisard electiisatienengyrintoi said altiaasonib|vipration.
stiffening el enent for selectively increasing and
decreasing the stiffness of a hitting surface of said
head. 40. The golf club head recited in claim 39

wher gon sdhe rhigfhobaBiied i @HWQOW&?élrﬁﬁd Q:onvertlng steps are
plezoelectrlc el enent having a first |evel

e?ézg loaflfekbo ﬁ'hsg?é gﬁ’l%%d"élé&Hb %lé?ﬁ’éﬁt' rﬁ&éﬁéﬁu@é\lf%p@ed to said face.

ness 1 n an I rcul

configuration. 4 . The golf club head reC|ted in claim

40 wherein the configuration of said piezoelectric

element is determ ned by a swtch. 42. The gol ub

head Meci Aemeinodobalianng thednerarion keteaps agcpléclub ‘head hitting
controll ed by a sensor responsive to the |evel of

surfpee endfa gelf balhbeingdmpacteskloy thiet ittingegurfadeathe method

comprising the steps of:

coupling a piezoelectric element to said hitting surface to generate
a first electrical signal in response to said hitting surface impacting said golf ball;

converting said first electrical signal into a selected second
electrical signal;

selectively connecting said second electrical signal to said
piezoelectric element to create a mechanical effect on said hitting surface to alter

the behavior of said golf ball.

32.  The method recited in claim 31 wherein said mechanical effect is a
vibration of selected frequency and wherein said behavior is the induced rate of

spin of said golf ball.
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33. A golf club head having a hitting surface and comprising a device
responsive to impact of said hitting surface with a golf ball for stiffening said

hitting surface when the force of said impact exceeds a selected threshold.

34.  The golf club head recited in claim 33 wherein said device
comprises a sensor for sensing said force of said impact and a transducer in
contact with said hitting surface and having at least two distinct levels of stiffness

depending upon whether said impact force is above or below said threshold.

35.  The golf club head recited in claim 34 wherein said sensor

comprises a piezoelectric element.

36.  The golf club head recited in claim 34 wherein said transducer

comprises a piezoelectric element.

37.  The golf club head recited in claim 34 wherein said sensor and said

transducer each comprise a piezoelectric element.

38.  The golf club head recited in claim 34 wherein said sensor and said

transducer comprise a common piezoelectric element.
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39. A golf club head comprising a variable stiffening element for
selectively increasing and decreasing the stiffness of a hitting surface of said

head.

40.  The golf club head recited in claim 39 wherein said stiffening
element comprises a piezoelectric element having a first level of stiffness in a
short circuit configuration and a second level of stiffness in an open circuit

configuration.

41.  The golf club head recited in claim 40 wherein the configuration of

said piezoelectric element is determined by a switch.

42.  The golf club head recited in claim 41 wherein said switch is
controlled by a sensor responsive to the level of impact of said golf club head

with a golf ball.



