WD 2004/ 076117 PCT/ US2003/ 032973 LASER BEAM TERTI ARY
POSI TI ONER APPARATUS AND METHOD Rel ated Applications

wQ 0@d0761NDt applicable Technical Field [0002]pPdhis2003/032973
invention relates to | aser beam processi ng of
el ectronic circuits and, in particular, to a system
and net hod enploying a | aser beam and substrate
positioni ng system having coarse, internediate, and
fine positioning stages for positioning a workpiece
and a | aser beamrelative to each other. Background of
the I nvention [0003] Lasers have | ong been enpl oyed

for various ablating, drilling, and m cro- nachining
applications, such as etched-circuit board ("ECB") via
drilling, integrated circuit ("IC") fusible link

ablating, circuit elenent trimmng, and
m cro-machining of silicon, piezo-electric, and
ceramc circuit elenents. In each of these electronic
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reI ative to each other. For exanple, ECB via drilling
t ypi caelajed Agulieatipnisong posi tioni ng noves of noderate
ecisipn, whereas IC fusible [Iink ablating requires
[00 ortﬁﬁfg%mucgﬁ[%g noves of high precision.
Accordingly, different positioner architectures are
typically enployed for each application. [0004]
Tradlmmu;ﬁﬂmi oni ng systens are characterized by
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stage positioning systens because the | ower stage
supports the inerti aI mass of the 1 WD 2004/076117
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maehlnm a}gallcaﬁdns;mbeasﬁtcﬁed-etrbwo boafd ("EB") Oard!mIHﬂg, integrated
stages increase the time required for the
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per stage Is not su
cnrcwt processmg applications, a posmoner system is employed to position a

workpiece and a laser beam relative to each other. For example, ECB via drilling
typically requires long positioning moves of moderate precision, whereas IC fusible
link ablating requires short positioning moves of high precision. Accordingly,
different positioner architectures are typically employed for each application.

[0004] Traditional positioning systems are characterized by X-Y translation tables
in which the workpiece is secured to an upper stage that moves along a first axis and
is supported by a lower stage that moves along a second axis that is perpendicular
to the first axis. Such systems typically move the workpiece relative to tool, such as
a fixed laser beam position or laser spot and are commonly referred to as stacked

stage positioning systems because the lower stage supports the inertial mass of the
1



noves i ndependently fromthe | ower stage. The
wor kpiece is carried on a first axis or stage while
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carry at least one fast positioner. ystems employing such fast positioners are used
for nonlink blowing processes, such as via drilling, because they cannot currently
deliver the beam as accurately as "fixed" laser head positioners.
[0008] The split-axis nature of such positioners may introduce rotational Abbe
errors, and the galvanometers may introduce additional positioning errors. In
addition, because there must be separation between the two galvanometer-

controlled mirrors, the mirrors cannot both be located near the entrance pupil to the



entrance pupil to be displaced farther fromthe
focusing optics, resulting in an increased conplexity
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to control a laser beam deflection stage, an X-axis translation stage, and a Y-axis
translation stage to direct a laser beam to target locations on a workpiece, such as
an IC or ECB. Although the tertiary positioner system is configured with a single
laser beam deflection stage mounted on the X-axis translation stage and a single
workpiece mounted on the Y-axis translation stage, other configurations of
positioning systems, such as ones in which multiple laser beam deflection stages are
employed in combination with stacked, split, or planar positioners.
[0014] A system control computer processes a tool path database stored in a
database storage subsystem. The database contains the desired processing

parameters for cutting holes or profiles with the laser beam in the workpiece. The
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[0019] The galvonometer-deflected mirrors include position sensors, which convey
an actual position of the galvonometer mirrors to an adder that subtracts the actual
position from the mid-pass filtered error data to close the control loop and direct the

galvonometer driven mirrors to the commanded position.
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I nventi on. 3 is a conbine

wittpreferarical todhel aetempanyiah dsbwirigsdi agr am of a | aser beam
defl ection stage enployed in the tertiary | aser beam
posi tioning systemof Fig. 2. [0028] Fig. 4Ais
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Sin@gseixtegpner of Fig. 4A
[0026] Fig. 2 is a combined pictorial and electrical block diagram of a tertiary laser
beam positioning system of this invention.
[0027] Fig. 3 is a combined pictorial and electrical block diagram of a laser beam
deflection stage employed in the tertiary laser beam positioning system of Fig. 2.
[0028] Fig. 4A is simplified pictorial representation of a working envelope for a
prior art positioner employing linear and galvanometer stages.
[0029] Fig. 4B is a bar graph showing the moving, settling, hole drilling, and total
hole processing times required by the prior art positioner of Fig. 4A.
[0030] Fig. 5Ais simplified pictorial representation of a working envelope for a

tertiary positioner of this invention employing linear, galvanometer, and FSM stages.
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[0030] Fig. S5Ais sinplified pictorial representation
of a working envelope for a tertiary positioner of

W koog/o7aivent i on enpl oyi ng |inear, gal vanonet er PCHOS20p5042973
stages. 5 WD 2004/076117 PCT/ US2003/ 032973 [0031]
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conflgured with a single laser beam deflection stage 84 mounted on X-axis

translation stage 86 and a single workpiece 92 mounted on Y-axis translation stage
88, other configurations of positioning systems are possible, such as ones in which
multiple stages 84 are employed in combination with stacked, split, or planar
positioners. Skilled workers will understand that DSP 82 includes substantially
identical X- and Y-axis portions, although only the X-axis portion is shown and
described herein.

[0035] A system control computer 93 processes a tool path database 94 stored in
a database storage subsystem. Tool path database 94 contains the desired



identical X- and Y-axis portions, although only the

X-axis portion is shown and described herein. [0035]
waeu@ystam control conputer 93 processes a t ool PEEUB2003/032973
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laser beam deflection stage 84 over their position profiles while maintaining their
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[0039] The position command received by low-pass filter 103 conveys low-pass
filtered position command data through an adder 105 to low-frequency controller
106, which in turn drives X-axis translation stage 86 (shown in both pictorial and
block forms). The low-pass filtered position command data are matched to the
response bandwidth of X- and Y-axis translation stages 86 and 88, which move and
settle more slowly than the higher response bandwidth positioners in laser beam

deflection stage 84. Low-pass filter 103 is preferably a fourth-order low-pass filter



[0039] The position conmand received by | ow pass

filter 103 conveys lowpass filtered position command
walaia/otdirough an adder 105 to | ow frequency coptT/v52083/032973

106, which in turn drives X-axis translation stage 86
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conwhandaed posiéind. 88 i ncl ude position sensors 107, one of

[oo%‘{ﬁi C%‘%Eé’f %(i% 1Aﬁd %ﬁftrag@sg tgrgen%@%f@dslﬁ&ig@h téfgg%@ésltlon sensor
107 RSmMaRk Wl ayReshdditshing eomimdndsprodeced bymiesay lelemeetj104 and

command dat'a to close the_ control Iootgl nd dire
produces 8 law-fiesuency stageRpsitiy eFok sighals eyed to a mid-pass
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mir o&ﬁ@?\ ééggr M AeflEL N Ma@bfggfﬁ@ owhln b-Btl‘l‘ia pictorial and block forms).

uéncy stage error received by m d-pass

Thé Mud@@s@ﬁﬂemﬂwmmdepdm drelmatchadgodhe re.ﬁpoasedqandWIdth of
data throu
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Iow%?&ﬁ ﬁﬁr s %E'egﬁérﬁgﬂ iMDI®82 8§ dadchamgriweedmore second-

own in both pictorial_ and block
ordfaﬁfllt@r%? havTﬂgecmltladH daswirig fatiose Benasiseiroid-pagsdilterat0f produces
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M ehemelmng)us praferatynipipigmeatecin. DBR3A 8¢ arﬁrggﬁgggled delay in

cor]:vlely¥n%rthleogrr r c?aqa otn adder 108 to the signal processing elements for

driving laser beam deflection stage 84.

[0042] Galvonometer-deflected mirrors 64 and 66 include position sensors 113,
one of which conveys to adder 111 an actual position signal of galvonometer driven
mirror 66. Adder 111 subtracts the actual position signal from the mid-pass filtered
error data to close the control loop and direct galvonometer driven mirror 66 to the

commanded position.



filtered position error data having a constant tine
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nded position. 0044] Retunn to de

[0043]1, FigiBis aWa p@f@rw PmtesimaRtel saear eYegidh stage 84
Reférrgﬂ%g §|t§|| %Stt X (ig §QIVHH5He dérg;ﬁ'ﬁ{ enPe2MPQ- biis mirrors 64 and

conmman ocatl on on
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comrand from position r of i
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g PR Lo en BGF 17 U o oph APRodtion R0 2% 104"
preféifedembpdivhente which ﬂslﬂrectéﬂ)ttﬁﬂECB \ja dsillingowiscuit element trimming,
referred enbodi n

an mmronga@lmnmggagp g;@ '9'63 Fhl@lg rregggﬁény g{%fglee 'H RURf3%h FSM 120
o BAFORITE St B o, BF1 L 401, il aven
and Y2 axiEhnkrdre 6drdncb®6, through objective lens 78 to a target location 121 on
workpiece 92.

[0046] = FSM 120 is deflected by electrostrictive actuators having a higher
frequency response than galvanometer-driven X- and Y- axis mirrors 64 and 66.
FSM 120 is preferably deflected by lead magnesium niobate ("PMN") actuators 122
that translate voltage into displacement. PMN material is similar to the more
common piezoelectric actuator material but has less than one percent hysteresis.

The preferred PMN actuators 122 have a limited displacement of about 5 microns for

9
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expand, thereby tipping or tilting FSM 120 through
of laseylieam Parveerpprajedgd opto ernlﬁ@ﬁj%m&hm m 9‘3‘?‘19 lens
78. Alternatively, FSM 120 nmay be coupl ed through a
‘flexure to three separate PMN actuators 122 havi ng

[004&8]r StHigRgFeqUadtaheas 1 Aoperates at highler freqaegties lzand apelerations
center aligned wth a center éf f. FSM 120. Th%
thae@@bmomﬁigr- driven- apd \aris minors a”ﬁié@hjﬂup@ﬂwa" MN

oML 2 BB 8B 55UER 8 et 00 o
imgedehes abt yhingdhpeeianed at 5 ldoBledzg(Plé&"&w,fand desdpover three

oot G rerd Tk a3th SE SRS 1 tBe BN SS Ser Ak eegM 20 as o
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nasgéﬁé%%f’ape“@vﬁ&@@ ok &5 0i538] PPPORTROGRUA st age 117
[0099F" AVih BferBhES €S tHd SoB\RNGESFibRACIGH FirRlqBEALY 8ffge performance,
the positional error signal developed by adder 114 is conveyed to optional adder
115, the output of which is conveyed to high-frequency controller 116 for driving
PMN actuators 122. An optional FSM position sensor 132 provides to optional adder
115 an FSM actual position signal for correcting any residual FSM 120 positioning
error. Optional FSM position sensor 132 includes a position laser 134 that generates
a laser beam 136 that reflects off FSM 120 and onto a position-sensing detector 138,
such as a quad-sensing diode array. As FSM 120 is deflected, laser beam 136 is
deflected away from the center of position-sensing detector 138 as a function of the

deflection angle. Position-sensing detector 138 responds by providing a signal or
10
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beath O8rinamallecirips poesailationse Tdts beamypayarent distributes the energy
of I5sey ﬁiq%ﬁ QbSQﬁE %‘rlgfbe[cf%gé%iahhive?fecﬁvné‘y%é I, QRGET aﬁtsa‘?%g the tool

| _ ertiary’ positioner syste
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el ectronic circuit processing.throughput decr easi n
cart helptdomrol theuprosgss windayy andethgerly, gﬁ&gﬁﬁ t eo'&%ﬁ‘i g%ﬁ@” ithaged
S Jf18 and by decreasing the processing tinme at each
PQlocation. "It al so enabl es new processes that were not

[00831EVi BeshyS&tamg! HSM vaidtareectd fgtrebidealpasitiosinggerars including
as a third positioning stage provi ges e urate .
galpametsniengraaraics @llgwsigal\eRRIM iRt EeR K- ﬁ@%tcf'r@x's mirrors 64
[ i de .
an 565 SR A ARG o REAIEN oA move tmes
ThigfalsmBprades positishingeavsiiradebe sk thatsystesn corrects for

tertiary positioner syst eH1 80. [0052] Artificial SPot .
galzanemglet dnagesisagy, ofresPo N dolefgyires Ss gly@pgm er-driven X-

and %ia&isorﬂﬁfors 64 and 66 with + 5-10 micron high-speed accuracy can be
substantially corrected by FSM 120.

[0054] ECB Via Drilling: As the power of laser 102 is increased, a corresponding

speed increase is required for trepaning and spiral drilling. Galvanometers are
limited by their operating bandwidth, which is typically about 1-1.5 kHz. Because
FSM 120 has at least a 5 kHz operating bandwidth, and a range of motion at least as
large as the hole diameter being drilled, fast trepaning and spiral drilling positioning
commands can be directed through position profiler 100 while the commanded beam

position is kept constant.
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15891 tHis f)ﬂor éﬁ%txah'i;ﬂé%%bﬂ‘&e@"ﬂﬁatﬁtﬁefgﬁlvaﬂdrhéterl stage executes a 500
positioning commands can be directed throug osi tion
mlcmmn‘nolvenn JlCIDmAlhsd%@ﬁdw(emSB)nhﬁﬁ@eZPr@éﬁrﬂneﬁ&|S€#B’§Q ?lgme and a hole

o s e RO R SR R it s 20 s

to 390 RS ti oner stage is often referred to as its
‘working envel ope." If FSM 120 has a suff cien

[005Ar gtdn omtra:shdfl@r%rw@swsr%% perfermpacR P Bé%fﬁ*?@}ép‘a-‘f't"aner of
new t.ar get
g AR S ArRaBR Al Bl SRR 8F e woring

envieRspt 152 dilan P wdvkihgremvelaipeot 60. aligs 5B4shmves 8 botat processing
fully rep03|t| oned. Gl vo sta es 64

time HGRireau ol [poEIveI 99 MNOTORS MG AHEP PTGt dogatoR 126 to hew target

B

that fid §ilgshorReRr istaye ex&ffiéd a BOOUNibeors eowe intie0 ms, has a 0.0 ms

th ghput ad
otk s e S 98 i R R B S 9 e P

ha?8%! 125 RE o WIRM eVl afd B#Ptotal processing time 162 includes the

following components as shown in Fig. 5B. A 125 micron FSM move 164 starts

is

concurrently with a 500 micron galvo move 166. FSM move 164 reaches the extent
of FSM working window 160 in 0.'2 ms while galvo move 166 continues. FSM move
164 plus galvo move 166 causes new target location 158 to be reached in 0.6 ms, at
which time a 1.0 ms drilling time 168 begins while galvo move 166 completes and
settles and the FSM corrects for the positioning errors generated by the completion
and settling of galvo move 166. Therefore total move and hole processing time 162
is 1.6 ms, which represents a 16 percent throughput improvement over the prior art

positioner system. The improvement is 47% if the settling time is 1.0 ms.
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as $hld b@ggf%%f&lﬁé gélﬂg b?&?k& g%%/(%%éﬁ)é@%/;tﬁt?%mlrrﬂr about one
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settling of gal vo, nove 166. Thereforc? I ve
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[0061] Of course, other vendors or other types of mirror or actuator designs are

suitable for use with this invention.

[0062] - In addition to all the other above-described advantages, this invention
permits a relaxation on the requirements for the linear motors and galvanometer-
driven mirrors (jerk time, settling time) using the secondary or tertiary system to
correct for errors. This can substantially reduce the cost of the linear and
galvanometer positioners and also reduces the dependency of the system
throughput on the acceleration limit of the linear and galvanometer stages.
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whllg8 In DBk with WaFiRe: CAMRoRPaR: Sadid PGS SR 3l toonents.
For%ﬂﬁgﬁ, Ak éﬂﬁw&*ﬁﬁﬂbnﬁ@ﬂ@d as aNewsy §lvahesg jurictions, but are
e to enp

poSSI e oy ‘gal vanoneter deflected mrrors in
prefenally imppEmented@asscodedrprogtamsl y i f enpl oyed ahead of

' 02 apd. i i,ngl e- axi ' | i
o0y A Db FRREST 3 s a Rl i hfges v be
maa@&ﬂhé& s of the &t&e-dE&drieet drapsdiients optiny ention without
sna gal vanonet er-defl ected mrrors could he

depaningfrerh thecundarlyingaprinigae theneah Agpereinglpahwili ke Apreciated

061 . : h ,
thatfys Geption & o5p spPledio E iR beafn Anifia pRERicHls otper than
thoé%if&ﬂdqmeélébt%hic cBRfpdhent proceedingl dFhe scapd oft this invétion should,
above-descri bed advantages, this invention permts a

therafoeex dei daterminedoniv Bythefallaving elaimge | i near notors
and gal vanoneter- driven mirrors (jerk tinme, settling
tinme) using the secondary or tertiary systemto
correct for errors. This can substantially reduce the
cost of the linear and gal vanoneter positioners and
al so reduces the dependency of the system throughput
on the acceleration limt of the |inear and
gal vanonet er stages. 13 WD 2004/ 076117
PCT/ US2003/ 032973 [0063] . Skilled workers will
appreci ate that the FSM systens of this invention can
be adapted for use in etched-circuit board via
drilling, mcro-machining, and laser trinmmng
appl i cations.
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[0064] Skilled workers will recognize that portions of
this invention may be inplenented differently from
W b@4ongphenent ati ons descri bed above for pref eP@EUS2003/032973
enbodi nents. For exanple, the invention is not limted
to low, md-, and high- frequency stage enbodi nents,
but Mg Glaidiude additional stages, such as a very-
hi gh-frequency positioner stage that is responsive to
a very-high-frequency frequency portion of the )
posi t1. oAn cpmardtds fod directinge 1BSEr begmitewan bdarget éaratign on a
whol e or in part with. discrete conponents, sone of
WONKRIEER IR ERSRPNSEAP AP eIHY FRIINANT, €OMRIISIH| e, t he
adder A ' ' ' ' ' ) QidBkpiece
put & 9P Ha il AR pSSRORSE e U echg BHEFsnBnG Mlthe doMpic
and ©i@a8ader hearh Irklatiee thone amothertih osspdrsei tng oki-freqirenayheortion of

art that many changes may be nade to the details of
the RS ItIPRASOMEEE; | bed enbodi ments of this invention

Wi t houityiq ! ' tiomet B@qérwl%dtm N |gdidt RpledfeRe workpiece

thergéjo .Id%%@gwéjltﬂg)lo%/,r it wll be apgr eciated that )

" and thiedasenvieedmaelative & soe anotherdp respansedod midHiequensy, gortion of
appl.,j cati er than those found in electronic

ons qth
the&ﬂ%lﬂﬁ‘e‘?ﬂm'ﬁ\aﬁ‘gegg‘iﬂng. The scope of this invention

shoul gy ht-lﬁ‘fricﬁ/f/iﬁfr? odifosai o e aadcny 4t lewst bige of the workpiece
fol | o' ol almns. IV 2004 076117 PCT/ US2003/ 032973
and/theChaenbedm rélatise pacae@notier inirespansedo:a highdreqangy portion of

towgrd a tar gt | ocation on a workpiece in response
theipps 'oﬁo%qu'@ﬁ comand, conprising: a | ow bandwi dth

positioner stage directing at | east one of the

wor kpi ece and the | aser beamrel ative to one, another
in re2pdheapparaius ehckinddmwhigbihe Riah-sandwigh positioner stage

. pbasition, ¢ o m d- bandw dt h positioner stage

'nCIb‘ﬁPg@tf%ﬁbSt%fgﬁﬁggy{'%gne of the workpiece and the |aser
beamrel ative to one another in response to a
m'd-freﬂ_uency portion of _the positifon c0

J . mand;. and a ..

hi gh-Ban i apnargiysiof cler2.J8 Muchiinediast Sigesngnaigor i pesitioned
. of the kni 0 ' .
in GG LPGIBILE5Es (2AfcbA T 5% BERM SbAlad By i posiion
corhiankosid hetoabpositions oPat |ast thp pew-abnd nu-beinawidth, pasitioner

whi ch the high-bandw dth positioner stage includes a
stag@st steering mirror. 3. The apparatus of claim2, in

which the fast steering mrror is positioned

4. The apparatus of claim 2, further including a sensor for measuring an
actual position of the low-bandwidth positioner stage and in which the fast steering |
mirror is positioned in response to a difference between the actual position of the
low-bandwidth positioner stage and the target location defined by the position

command.
5. The apparatus of claim 1, in which the mid-bandwidth positioner stage

includes at least one galvanometer-driven mirror and a sensor for measuring an

actual position of the mid-bandwidth positioner stage.
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in response to differences between the target |ocation

defined by the position comand and actual positions
wo@ooan7dienst the | ow and m d- bandw dt h posi tiPCEDS2003/032973

stages. 4. The apparatus of claim2, further including

a sensor for measuring, an . actual sition,of the . e
| ow Banthe aPpaiaids of gakn %strh\dé'cgﬁag&ﬁsﬁﬁ?%ﬁﬁng RUMPG s positioned
. steeri ' [ it i . dwidth
in GhiiFisp 3 o Mielefog Patesh 4§ 3P st BobERRARS, plaandui
'posltionweb g atidthectairgetdoeatiost definealnsy theepdsitigrecomoeand. on
defined by the position comuand. 5. The apparatus of
claim1, in which the md-bandw dth positioner stage
| ncl "Pqe?h?tapbﬁl%iﬁs BPEIaRA 1Y ANSTRSEIudinG| &/ f8ryDRighFrecRRmhcy
a sensor tofF nmeasuring an actual position of the .
positioteb st ditdetingsitieastenesofde warkpiece 2004he taserbeam relative to

PCT/ US2003/ 032973 6. The. ar at us .of cl aj m5j ' o
onerdnothain 1eeBens p avemroR RSy JhisySntl Bodlich §Etthostton
Cor.@mghgference bet ween the actual position of the

m -

andwi dth positioner stage and the target
| ocation defined by the position command. 7. The

appar at of claim further inc in . -

very-thi Jgﬁe ﬁp@a[?gHg )9% b'ﬁ_@fgi% il%Wg}crﬁs¢1§jéwgqeﬁ'lecig¥lgtr]hgp%?|t|oner stage
inclh&%iin%tﬁ?e& BeatRe lpiapgedand dtickddremifidueation,ed splitasis

to one another in response to a very-high-frequency

configaratione pr pqlanarcanfiguraiodesi ti on  command. 8. The
apparatus of claim11, in which the | ow bandw dth
positioner stage includes |inear stages that are
ar r angletthk appafatas ot élaant, i whidh the, hightxinidividthi positioner stage
configuration, or a planar configuration. ﬁiﬂﬂThe
includpaadaatsterriag aniror that deflgeisrhe irsafikgam giang W,axes.

positioner stage includes a fast steering mrror that
defl ects the | aser beam along two axes. 10. The .
appar a8, ushefappleatos 9f claimvhiirc vhidhethieefast steesing mojrror is positioned
mrror is positioned by at |east oPe of, a, voice c?il -

by akleast ene oga rypg;go@qneqqtp t@r,a@p@gpgl‘e,c rig,actuator, an électrostrictive

t | CL : | ead magnesi um
actp. 0 el fesif Hpale adlior 220 el e m 0. i n
,which the fast steering mrror further includes a

Phe. 1 hbt TBEBPRFRS o FIA0T Sl TRECH Helrgphfor frtner

i ] DSife | nHSE ah @A RRBRRN &F the fast steerin
mc@?ﬁ?ér@%%@“ E@??A?e@%pteﬁﬂewgct ual posit iwg‘r%,of the fast X
mirgérenid imgwhichrtbe fastdtedring mirgastis posiioned inlsespanse to a difference
between the actual position of the fast steering mirror and the target location defined

by the position command.

12. The apparatus of claim 1, further including a low-pass filter and a mid-
pass filter that receive the position command and, respectively, pass the low-

frequency and mid-frequency portions of the position command.

13. The apparatus of claim 12, in which the low-pass and mid-pass filters
have associated first and second filter delays and the apparatus further includes first

and second delay elements that compensate for the first and second filter delays.
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by the position command. 12. The apparatus of claim 1,
further including a owpass filter and a m d- pass

wo pdonere1that recei ve the position command and, PCT/US2003/032973
respectively, pass the |low frequency and
md-fre uency ortions of the posi ti on conman

13. .
The 4ép for slirgeiing 8 12567 baam ok Wr@ce%%wgés@f%%oca“'on on
i d- d d
awq”kpue@?@g%%@%%ﬁa%“ PTG SOMMARE cofpsifd, SEoo™t ¢t
and gpreétind dtelbast meoenwonkateaeoamtmdaee:f beamtrelative to one
first and second fi|ter del a g WO 2004/ 076117
anotheT MUSEDOBRE 50 8 J0w-aguR AN PEinCpoion RamETand: o,
Pﬁa?]glrgétg&%@%f o 6 fh%r\%ltk lié?f‘eaér'ld)fhél@nsér MeAKkReRRRe to one

T2 D[ conpri si ng:
anoftier @¢ Fégpdnat tb exaatd-frequerﬁcyt ;brmlmn rdﬁ thepesition cornumangcand

| gapmﬂ:rglq%éﬁletgg} ctc))r?% pf @pﬂ%% %?(iﬂ? n%%ﬁfaﬁca&n relative to one
ano err?lﬂéﬁ'b%n% tb &A% hgfﬂﬁqdefncg'b%rﬁ&f &Pheqrositith ¢dramaagier

eam rellatrve to one another in response to a
m d- frequency portion of the position command; and

gle ‘ enc%lel ﬂ?‘ﬁ%@ fghtg{]v%hlﬁ tﬁg ggﬁcgees%ﬂ%) i3S least one
of dﬁl“gah@{ﬁggﬁ%@%(: rHItﬁé‘rlﬁlj shital @aifhd, tesparoaniting,. aribcorrecting a

|m14 I'n which the processing
roundridssdefsa olel east one of drilling, mcro machining,
dithering, spiral drilling, trepan drilling, and
correcting a roundness of a hole. 16. The net hod of
cl ai Mgldthd methbd bf ElRGnWaL kpwvaih thewilarﬁptecenncludes an electronic

electronic <circuit and the processin nc es t n| ng it
circait @nddbé predessing inghidesdu @'Inéc’ﬂt i 't:eléi he 1eig op circui

nmet hod of claim 14, in which the workpiece | ncI udes an
el ectronic circuit substrate and the processing

i ncl ugdesTR& kidtBo@ oh elatmi 14, ihehidhetheneorkpiecerioduites an electronic
substrate. 17
circuit substrate and the processing includes making a hole in the electronic circuit

substrate.
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