POSI TI ONI NG AND COVPLI ANT MODES This invention relates generally to

preci sel woossdieoni ng heavy objects, and nore particul arl pcraspi/agosel y\_
positioning a test head of an electronic automatic test system for docking
the test head wth a prober, handler, or other peripheral for testing

el ectroni c devices. BACKGROUND OF THE | NVENTI ON 10 Manufacturers of

sem conductor chips and assenblies use automatic test equi pnent ("ATE") to
verify t heTESTHEAPTOCTUATIONI MMWE’H{MTWMN\HD ECSMBDD@NTt o]
custoners. ATE systens typically 'nf&h@ﬂﬁ "test head" and a "tester body."
The test head houses portions of the es§ systemthat are preferably
+located as close as possible to the device under test, and connects to the

tester body VirgisQRGn@bn RRAEs g&@{a&r@ to Efgcmifgﬁckfﬁ]gnﬂig h%ﬁ“égé@é’ﬁer aﬁ%;/drses the

;e3ep (6 Tp [a-WD 02139127 PCT/ US01/ 46399 TEST HEAD ACTUATI ON SYSTEM W@
4

test head connects or a peri eeds a

vseries opageylpdrdo PIGCItSﬂé pAaiEoglyg pdent h@ad q @@teieﬁgomaﬁatoméwmsw tests

t he devi a@@qn%:ﬂae&éﬁ Béditwitlah bR, Rand@ebEOREshPheh Efl tdRHiAE BRELMIOT t N Nake
it inmpracti.c to nove the perlpheral to the test head. |In nost

manuf act 8¥Y'fG facilities, therefore, the 20 peripheral that feeds the chips
remai ns stationary, and i position for docking

wi th the peripheral. %%&%Lﬁﬁﬁ@?ﬁ?%@ noves the test head to
t he peripheral. Fig. 1 shows an exanpl e of a mani pul at or 100 for supporting
a test head I 10. A mani 8U| at or, of tﬂl st %dl sclosed in U S. Patent
Appl T at i on NMangrchreys shsemigopducios ghips, el*‘rl leéslserﬂﬁ?m?/mﬁﬁbl_mm W TH
SUPPCRT EMPB%L(“I%TJES% HiESARe perfbingdhce 81 dn@ﬁ@b}befof&me eviatesle Bl paf erence.

To curr el T Ristim R AR ST epe s el tex et Spd nBEelR RO R TR L
Fig. |, heaidriuped mirdonsldddhestagippstea thatta%prefw@xﬂy locatedlai close as pasgbterto30
i nt er nal tﬁeod[etvh@ uhﬁ%ttié?%ﬁ é:%a:l?ects tgq:ltnﬂf% e hea° ?eoc?r {ﬁ:‘e%&ﬁ% f& t‘éﬁﬁl% head

upon a tw's i zont al
menbky 1ql@c@@nﬁ dawmtbgt%éb@ad#@nn@s ortfdlecksd g pariheraboTheperipherphd | ower s
the test rhaad s@ieslof a8wbes8 Md AYE s¥tdm 16y RaER, 20hs WINDSisfent RBtsARNI pul at or
100, anddgreferabl y includes outriggers 126 to prevent the mani pul ator from
ti ppi ng. 9°VIC®SWO 02/ 391 27 PCT/ USO1 /-46399 The mani pul ator 100 preferably

i ncl udes act u@bﬁﬂt&uﬁtmﬁffe@ﬁgmﬁ%&dxﬁamwah»mmsses)aftednaakmtsmpgemal td4, I|inear
bearings 124, and. earl act r t head to

t he perl Ovregl?ep Wg 8?@&% %%h%%fles mﬁ ‘facH% gkflgcr%[mesﬂ;}1 8}sef fead is then
dock2 wberiphetad thes féedh the chipstyigmaing eﬂayow wed ﬁhegestrlneacmsmvednnt@msﬂlon

orientat f&r!io%ng%thttﬁébe pHegad. Mani pul ator s commonly provide a range of
"conpl i ance aﬁws a test head to be rotated about one gr nore axes

as the test héafevissFalied s phampplatoremerssile trstheed to thederiahgyal ile Tonpl i ant "
because thevd a&ﬁdxahipﬁbﬂal th&fiphlbipr COORrisespotinga fesitead 1a@pA ahipglalohef t est

head, whyc0,AUtd B818Q6%): % Pad ARpRaN3E N o84 b8 ekl feRUBDMARIE &St

head to
25 TEST MANIPULATOR WITH SUPPORT INTERNAL TO TEST HEAD,” which is

hereby incorporated by reference. This manipulator is expected to be used with the

Tiger™ test system, which is currently being developed by Teradyne, Inc., of Boston,
MA.
As shown in Fig. 1, a manipulator 100 supports a test head 110 from a region

30 internal to the test head 110. The manipulator 100 rotates the test head upon a twist gear
114, and swings the test head at the end of a horizontal member 116 upon a swing
bearing 122, The manipulator 100 raises and lowers the test head on linear bearings 124.
A base 120 supports the manipulator 100, and preferably includes outriggers 126 to
prevent the ménipulator from tipping.
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10 becone coplanar with the mating surface of the peripheral. Wthout
conpliance, the manipul ator would have to finely adjust the test head to a

copl anar wopig@nbati on Wi th respect to the peripheral by preerfaghy 6399
controlling the mani pul ator's actuators. For an exanple of a mani pul at or

that automatically controls its actuators to achi eve preci se docking, see
U S. Patent No. S, 949,002, entitled "Mnipulator for Automatic Test 1 S
Equi pmrent with Active Conpliance.” Near the peripheral, the test head nust
be noved WI t h Tye eaipudater 108ofrbfetdbty inelitledwacht@s dudhhes 1Wbtsp(he(fshbwn}lcﬂl ude

fragile shashiaphe ﬁ&%%' G198, ARG AAIRS% D CRLS) s ween the

test hea es Car gnnment
pi ns for t@hh@ldltﬂ@ﬁﬂiqu@ w@htallﬁggmtﬁb%tewlﬁhd forideekipgr Ffbmqshlneadmﬂmmg docki ng,

20 the aldb&%ﬁ%ﬂl ik PeriphEshl lﬂ/efi {%dﬁ'djﬁs@lng @ﬁeeﬁosit{b% lioeRBhRby BURbikAgs Wi thout

bendi ng or breaking them IS an expl oded view of the test head 110
'of Flé headani ch il ustrat es how conpliant novenent of the test head 110

;Jsefl Ih n the Tﬂ\%ﬁﬁllﬁ(bfsﬁtﬁ)gnﬁ?ﬂﬂ%’ 9f6v¢@fh 1laﬂg@@ﬂﬂc@mpdano%s “%E@“ﬁ‘”ﬁ ftekt lﬂaa]ng tthet

es ea S ose 0 WO I ast en 0

L T her o leyBe Biardl SR ARG BPTe Pien B g I hoql 30 PRapheb ARk b ST £ o

t Ihe magl Ak adnge 1sl‘Qib|mp1nrant ‘tHeeause slivapst demt htbfaﬂy&bmbhé‘s with éorees dpplied teel dI : n
ace | cCa

P oant oo (R BREE STic BRI BT tonl{16 ARIShe Sfline SRELABr ARTFRENAR 2 1Y

224, 18nd be¢dnegoplaner wetbtthm@aungmfapmﬁféle p@ltlnhee@l Without eeippliance.dhe he central

bl ade Zl%anilﬂi'ﬂ‘at&f @&ﬁﬂthh%‘tdﬁlﬁ@i bdj g 4ast hdad !d%?&pﬂ‘&féf biiQfatidlvitd ve to 30
t he test head | t hou t can, em)\éﬁ back and_ forth on rails to center

the test f?ﬁ@%ﬁi“b e RSEIR ?lﬁ X HEcisgy gout S GHRAMPHIOY § 3G13I0ISo oY Mert 224
has a cl erdrapleef amlﬁlﬂmbr thanfiiahglcdll g vsrtalditsadiitors @cﬂﬁd‘lﬁévelpkwﬂ& 210. The

angul ar - Raghiee sBo U T EpRer e oh e s B R TN . The test

headliloEqarpmmtwnha’toda]d'e@nmplapq:fr’bm mately S degrees in each of the 3S

I(:Fr\ljg'l[’]f’ :afgg' glfgéleﬁak lpgﬂélixe%l {Hé‘%%]s.@ P%&d{ﬂé?ét Be nﬁ)gzggwgléeat-ggﬁ %)g{ {hg (Eéét ons are
02/ 39127 hmfrar@sbqpm@@% lmqluciesflaﬁeh@}eanmyc @assmblips that eparbeslamaged bnead be

3}1 I eﬂt ed cbl?ll‘é@hﬁjbét%el‘}ﬁi&tt@% heid %ﬂd&hé;péf?ﬁeﬁmcgeﬁ@ﬂm;e tﬁéo@mheg@mamés s for .
|1 C Cco | ance. | Vi de urin e IS nove
into posf’qﬁgrﬂﬂe 8?11538’8?3?@@%@‘?{@ ]ﬁlg thla %‘eBFH}?Pefagsﬁ) aﬂ‘% nits

conpl andle dlgngenepisumast ichrabdd toenteetite aligmoest! ualyiagheithew menchngl ge of
rotation | | e for providing conpliant docking. In the past,

breafifi
mani pul ator s have used springs to bias each axis toward the center of its

conpl i ance rafige 2 iFpgexoded igw ohthedest head HinidagHl, whichsPrstiptestionsi ng a

conven: l ‘é&%bh%rﬂ h&ﬂmﬁﬁhfr@m@ tsPheRd-116Qkdd 1ﬁ@hb’3Tz§316a 1640 st%hﬁbarpée AhigwBEpul at or
suppor S e

d 31 e.fork arns, springs 320a and
3005 bi adsghRYAMA ﬁ@ig 16 45t %ﬁddﬁtlwlar@S?Eefmwetmﬂ?wéP éﬁﬁ’eﬁ‘%’é&' of a
conpRb andsstanao @ithal sidegoftah@-shaprdistiffeder 12, Aarektralrbizde M\b&lxtemhsefromr’th@ul at or

roughl y gﬁnﬂi at&};ﬁ)otlﬁ% thg%ﬁ'la é@s@%ggpf 1§?§$§re NG HefiSh i‘a%%‘%g%%ﬁfg‘{]}fctal the

peri pher (one co t her
expands) bearinges) @n&ellwoghbqamg@a& mieehpnically souplesthe santral blada2i Oi¢p ther f aces

of the test h&QQQOWa Hﬁﬁéd@&?fn@éﬁ 9211 ﬁf?d‘?ll&v@ﬂﬁé Rar heaWIQU té Berdiged whgad i s

undocked fromtfle ei)rl er al rjnaf Z%Oa axﬁ)ge 320p, restore the

ori ent at FeREGHO thgesenialbl Osf&wttr@nim@ie@ bas a Weedostion elaléve tenge. 111

L hedicr)] gefieliMithesd (SHsbgmt chlibe ?xieedi baek pﬁ@fmﬂﬁomﬁgﬁ) kd enter ﬁlﬁ&féﬁm@a@f)yt he It est
ea as |ven ri en er test he s extrenely

eawy. veR IR RN o B USRARR indelf 2 s b &% e have

recogni z cedmplewiy sursduingh the2@nivaldddded i dihe clohranbeare aliews the teyt aadty Oof t he

test h I
st heady b RRDSLSRHHANBlt eSS Ao beal balnBUC R | 2102
head t en@pqceﬁ@ﬁwtbe {55 heado O-cen b sotpted oVeraREroREmaslyetidegires ibeaghed theand t hus

tendsso %Ifnﬁﬁhoﬁdl diroed ARG tidha, bliAblE 2SI thBAdThdsk dirb@tldnlﬁgfe ﬂlﬁ%ﬁité@[) e bi ased
inits co L ang e wt e springs wou need to be

ext r enel §rg§)’?(ft’fvf ﬁgg? E‘FO‘E"F]@if&?ggmfl&Pﬁj ng 25 noment of the test head and
the offsetting forces fromthe cables. However, we have recogni zed t hat
stiff springs cause novenent of the tegt head to beconme stiff, and thus

non-conpliant. Another solution is needed to satisfy the demands of gentle,
conpliant docking. 30



35 WD 112/ 391 27 PCT/ US01/ 46399 SUMVARY OF THE | NVENTION Wth the
foregoi ng background in mnd, it is an object of the invention to

conpl i ant\wy @0te7a heavy test head with a peripheral, w theulydgisbdo
i npaired by large turning nmonents or offsetting forces. To achieve the

foregoi ng object, as well as other objectives and advantages, a system for
positioning a test head includes a plurality of |inear actuators. Each
actuator has a first end nechanically coupled to the test head and a second
end nmechani callt is geaeiplipdedimable thatppesttheddbe dtientddestvaliethel cedter ofdtsanpl e, a

mani pul at | flrst . 0, trol,. .em apRki £s. i nputs to the
act uat or s‘ﬂn rhag/%er Fé%ﬁribogo natgﬁ_gf(ﬁifélgwggie} Célglp l_é%}s/cl‘%ésﬂj r8_¥1%§(ilc 1g§,? Eea?lg?, and t hus
‘f or cont rvdheni thetest lehad iy mdvesosia pastionffor deckings tCentesisgreattnaiiy of ¢ test lwad

support . JﬂﬂﬁnFk@%h@gﬂ?&e%ﬂgkgﬂ%dg@%hgﬁhe Eé%’f nENAPLR halsGh M6 I RRsidal ON

wi thipn a compli \nge of the test head. It y al so be~a non-centered
‘posi t?on,a"é\m‘f']?@é’ﬁﬂ’é 1pg coinpliant daekin@st head with the peripheral. In a
second node, tIieheRidt, iRinifyB68 Masd 0RE splngsab biad @adthaxid ORard the cehter of

ei r .extensi ons

actuators, The,actuator tend t intain t ] but conply

wi th ext dPSRMBHEosEnE, Tk oingateBisARPIoAgh fOF S BEPDEAGOL AR e Gr 1 ven
i n conpl ifarke@munphiptilatr e Kodrarals 3 64 amb3 Tibtdf afroami@rd stoasugpbetakes head and

provi de y i . 1 ] ! . i i . WO

02/ 39127%@7/%%%%‘%3@%%8é&lﬁgﬁgé%%%@@m{%ﬁ&qﬁ%&? S Shal

obj edf's, texihart e thanenteronfel complinnsergngsd alppgthic dength olothe dpillarecome
appar ent fromwpeome nd@iAldto N rolkhly RERNEH kABLAASG0 aRY bRRsANR: At@whAgs. I n
which 5 Fi g 1 is a perspective ébew %@ﬁgam ulator for holding a test
head usi AR P PeRiral-dheERImEs 34303 pishiong comarestasotie gHer "Fig. 2 is
an expl odsgandspin @ﬁnhlﬂihﬁcd Wil tlﬁ%ﬂ?é&fbrw tokallgw the ﬁnﬁi@ sudfacss éf the ragt L\Li eﬂ,
schemat i I .Lhe for n COny L.ona nj ato 10 iC
shows ho&vle\é%%\é ﬁ %H%xga}é?scogxaeegtﬁ ggtgﬁrl e‘@}el%fl ﬁlﬁ%%%h%ag nt Prg%ac}(g%}gﬁinpth? ators using
spri A§s; peiigheral, the saringgBAaand 3R0mrastost the@aidniatenief the testheadstdde ter di ng to

the invenkh@Por &8 cHS8Bantk tihdene mani pul ator acid test head of Figs. 1 and
2; Fig. 5 %ls gnﬂll scorrgtari C v}gtgw of the test head actuation sféstem of Fig. 4

15 Fig. 6 is dndpEeyiéipsbsysione theneedde amovids pamnlignt dagkingnighe testdigad 4 and
5; Fig. 'habgivenhielo Mvewhalibngdie The JigdPagsitchd at dx@emsySicany Ofeifhigs. 4- 6,
whi ch shows the relatjwve orien I.QPS he actuatars used to position the
test neadprmrnse 50 oG e aanutb L R s S Gyt o Gocki ng a
t est 2Aeadnisadigonmat dfithe calterad@adiyn thotestiead fiosnthe tovatién of the spherical

bearing induces a large turning moment of the test head. In addition, cables attached to

the test head tend to shift position as the test head is moved and rotated, and thus tend to

offset the balance of the test head. If the test head were biased in its compliance range

with springs, the springs would need to be extremely stiff to resist the large turning

25  moment of the test head and the offsetting forces from the cables. However, we have

recognized that stiff springs cause movement of the test head to become stiff, and thus

non-compliant. Another solution is needed to satisfy the demands of gentle, compliant

docking.

30
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WO 02/ 39127 PCT/ USO1 /46399 DESCRI PTI ON OF THE PREFERRED EMBODI MENT
Structure Figs. 4-7 illustrate fromdifferent perspectives an actuation
syst em 400 Hp391%7 posi tioning a test head 110 accordi ng topthesemnent i on, as
used with the internal ginbal manipulator 100 of Figs. 1 and 2. Referring
to the top view shown in Fig. 4, the actuation system 400 includes a
plurality of |inear actuators, for exanple, pneumatic cylinders 414, 416,
418, axed 420. The pneumatic cylinders are nechanically coupled to a
support plate 410 at resp a cylinder nounting
bracket 4|2 at respectlve%gégﬁﬁﬁéYdiiEﬁ@ﬂi$ﬂ@glkgﬂort plate 410 is fixedly
nounted to the twi st gear 114 of the manipulator 100, and the cylinder

nount i ng brac is. fixedy unted tQ the .test head 110. The central
bl ade 210 extgfﬁﬁ}th@%l?%ﬂw&%ﬁaﬁﬁ%mlavg tipen ShipHO (e SRR 1Of the test
head 11Gonfitiatidy dock 4 heave Yest Debdrwsitldd ferfi@ralf withaax deipk émpatreduyMaipg t hei r

‘pneugatucIﬁressureS(%§%%g£n%gffect of changing the relative position of the

t est “"hea HIRMeRt PHRe 1 s mani pul ator 100, within the
conpl i ance r dhigecliévetthe fvreginghagert.lasivell Eaﬂ}nexmbjdcheesmdtadaantages,w i nders
414-420 %@émafopﬁg%iné‘x%ﬁ%&%f héad ulicgfxfets%?l%gg{f(ﬁgﬂgg z{oﬂlaid?se Eéﬂ!h uappor t

plate 410 usin evl s : 1aft 424
ext ends h#s @éﬁrlﬁtae@riémpcfhﬁ@pﬂ ¥ %meﬁl fi@ thedeny haadangka segend @ryhmmi@mcalé)hd i's
t er m nat@@pied téa kiysporOfdr ﬁféﬁcestE@@fdrle@mh@ré h&abﬁi@d{@bﬂﬂa@ﬁﬁaﬁé&dat o the

cyl i,nder i cket 412 u5| cl evi.s O her

Lypdd ofe ongeﬂsyﬁ S M T O

be used. eamactpﬂeurmﬂltlmsdw ¢dmdenmgarcesmmmlttmnaiﬂﬂye avidichd bdlgiviertothed~est 0 AG &

Company sBhorE>Thh 845 oCRRARM, b, DA ANTR BN, AR SRR TRt €1 v S0mm
BY e ma N

(3.5") St er s er a Aave two
pneumat | Qomph@u@fsraaa@ bf thapgst b@aldg Itgaypalse be aaomel@isu@depoatlom,h@hwh tesds neumat i ¢

i nput w # d the shaft
422 of tafrlll*eén gﬁé@?ﬁ&eaﬁ Q\I'}%fr'rt]ﬁe E&%@ﬁl pﬁf’é‘@%h&doﬁ@ UcBe LGP sPsBerB XibBd

%Ey 05|E|ve pressuree at the
secdrd p‘f%ﬂﬁﬁgﬁ igpytip the agtuators. eE%@%qtu%t@Stt tpimadpta HREERSIONSpPHE t ends to
retract dongly haﬂatexﬁe&ﬂallfa&es ifped arifie 2Phai. The acwhtomh bethigepfieUMAat i c

o of or sy RBPAUE % Sy 19001 Foof MBS Rtk KR PR s DEY of “Che

cyl i nderresistance toxeevepwsi in tpth difdvionnput s t o each pneunatlc cylinder are
preferably driven froma source of conpressed air or other fluid via a
valve manifold 43 6. The valve maiufold includes different segnments for
controll ably applying pressure to each of the different pneumatic 6 WO
02/ 39127 PCT/ USO1 /46399 cylinders 414-420. Each segnment can preferably
assune at | east three valve




configurations. In the first configuration, the segnent applies positive
pressure to the first pneumatic input with respect to the second pneunatic
i nput of withe/39¢xpective ' cylinder. This generally entailsCcrosidueidvng
conpressed air to the first pneumatic input 5 and conducting exhaust air to
the second pneumatic input, and results in the shaft 424 extending further
fromthe body 424 of the cylinder. In the second configuration, the
connections to the first and second pneumatic inputs of the respective
cylinder are reversed, [ iZes the second input
with respect to the flrgiBlnpu§ﬁaFTﬂ?ﬂﬁgpt%ggﬁggﬁgﬁgﬁgft 424 tends to
retract into the body 422 of the cylinder. In the third 10 configuration,

espocti ve cybitier oBESBBRERREES e BRBTIRC Rt Sultestf o

-

nei t her appepntiemd cvosideratian of thd ensuing ddssriptibeandtdnawings, je sthiche—pneunat i ¢
cylinder maintains its previously established condition indefinitely. By
control | ably. applying pressure, the pneumatic cylinders 414-420 can be 15
act uat edigo!l isereaipeetive tiewof ﬁ@@?@lppi@owm heldingrafestdwpd peing an ivgrgd, or to

orient the tqgﬁmﬁpﬁﬁmﬁbuﬁﬂMgﬁmﬁﬂ{ AsicaRgl e within its conpliance range. Once
t he desi ed orientation, |sieﬁ Hﬁg %Eﬁ fondltlon of the cylinders can
be hel d Srrslseﬂ’?texﬁg’dﬁ Kiewort ﬁfj’srtlFFé‘ friBi8aTt o bl ock pressure to the

cy: [ ngerlsg(zl ises simplified, belieghatiodegw ofthe H\'ofﬁraﬁﬁsufagcdﬂv@ﬁﬂﬁgdd niah@glamprratl C
cyli;nders act air [ ext endi an retractlng in
ot ance. wi YHCB SR AP pReRinch B tech 4Rt TR e SREbH TRt 1 ¢
cylinders do wmngsmaugssarlly provide "soft" conpliance, homever i.e., they
can not JAECARTAG) lv)e“b@famayﬁf&a&aahmon sERUR e R Hanlo, & gghatively

smal | vol tne of  air, the ed forcé_ requiredto exte retract the

cyl i nder shafvih B&?néarﬁi"‘uétﬁl %@Fﬁheﬁ‘% Bigati 43 high. The pr eferred

enbodi neFig, REdhasERdrit Mesy @ﬂtﬁbke@ﬂhdahraemgdibrt fister6f [p. A5 pneumati c
432 i fferent .pneunat accunul ator 432 is

acc I partic )

o1 ovldedt B s i B e G b autlon STHEROTBTERAGHE Gy | nder 414. 420 s

t hen a dfig. Aistadbask viefw d’)ﬂlhe tqzstnhwdmk:hmhmykystu&eof Kigd U46 49ich tivevsahe uat i on
system 400 i rs;432. Each
accumul at or 2%%H9§§n H&ﬁh@Ofﬂ% Pg?%%?%gggﬁgbﬁﬂ§ﬁ§quh&%pfﬁ?he respective
portion Kigi§ W@rﬂfé%théﬁ@hﬁ‘glngrs'“ﬂ?étlli‘é’é'fqdﬁgﬁodﬂn%&teﬁt kspritpa@eriphopglt h 30 the

vol une i ncr eaggehdidghs thomeenti®qui red to nmove each shaft is reduced in
proportion to the volunme of the accunulator. As the accunul ators can be
made arbitrarily large, the force required to achi eve conpliant notion of
the test head can be nade arbitrarily small. Fig. 7 illustrates a back view
of the actuation system i.e., fromthe vantage point of the manipul ator.
The twi st support plate 410 has been omitted fromthe figure to 35 provide
a clearer view of the arrangenent of the pneumatic cylinders 414-420. This
7 WO 02/ 39127 PCT/ USO1 /46399 arrangenent of pneumatic cylinders 414-420
has been carefully designed to sinplify control of the novenent of the test
head 110 relative to the mani pulator 100. In particular, first and second
pneumati c cylinders 414 and 416 have | ongitudinal axes that are aligned
substantially in parallel. Third and fourth pneumatic cylinders 418 and 420
have | ongi tudi nal axes that are aligned so that they cross each ot her
within the perineter of the test head 110. ldeally, the |ongitudinal axes
of the third and fourth pneumatic cylinder s cross at a point in space that
precisely inter sects a central axis of the test head, i.e., an axis that
extends through the spherical bearing 228 at the center of the test head

. 110 and through the center of the twi st gear 114. 10 This configuration of

cylinders has significant properties. For exanple, if the first and second
pneumatic cylinders 414 and 416 are actuated equally in opposite directions

_ (one extended, the other retracted), the test head is caused to rotate in

the twist direction and does not substantially rotate in the theta or
tunble directions. If the third and fourth cylinders 418 and 420 are
actuated by equal anpunts in the sane direction, the test head 15 rotates
in the tunble direction, but does not substantially rotate in the theta or
twist directions. In addition, if the third and fourth cylinders are
actuated by equal anounts in oppositesdirections, the test head is caused
to rotate in the theta direction, but does not substantially rotate in the
tunble or twist directions. Therefore, the configuration of actuators
illustrated and descri bed above pronotes substantially independent control
over 20 the test head's novement in each of the conventional directions of
theta, tunble, and tmnst Cperatlon The actuatlon systen1400 preferably

T N M . g, I —— .



input, the controller applies a control signal to each segnent of the valve
mani fold 436 for controllably pressurizing the pneunatic cylinder s
414-420. wo ee3v3or (not shown) is provided with each cyl i ngeru§aresasuri ng
t he extension of the shaft 424 fromthe body 422 of the respective
cylinder. For each cylinder, the sensor neasures the cylinder's 30
extension and reports the result to the controller. In a closed | oop
fashion, the controller nodul ates the respective segnent of the valve
mani fold 436 to co i t i of the cylinder
reported by the seE@%ﬂﬁbg&gﬁﬂQﬁigﬁﬁagﬁﬁﬂﬁﬁﬁﬁﬁgﬂggitﬁﬂﬁégfhe user input. 8
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The inputs to each pneumatic cylinder are preferably driven from a source of
compressed air or other fluid via a valve manifold 436. The valve manifold includes
different segments for controllably applying pressure to each of the different pneumatic



Operati ng Mbdes The actuati on system 400 has at | east three nodes of
operation: (1) positioning 5 node; (2) conpliant node; and (3) |ocked node.
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25 internally. Mreover, the invention described above could be conbi ned
with the prior art of U S. Patent No. 5,949,002 ("Manipulator for Automatic

Test Equivpoensoiw t h Active Conpliance"). According to thiscyakidision, the
particul ar arrangenent of actuators disclosed herein could be used to
actively apply forces to the test head to bal ance external 30 forces acting
upon the test head, to facilitate docking. In addition, the actuation
system 400 is pictured with certain elenments on the top, bottom right, and
| ef t. | tarsdngeinentod ppadentis cpdohdels #4400 bes eneatefsliyodesigned iqpsiopliffed as
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| i near agitaédibAsg. Sin addition, if the third and fourth cylinders are actuated by equal amounts in

opposite directions, the test head is caused to rotate in the theta direction, but does not

substantially rotate in the tumble or twist directions. Therefore, the configuration of

actuators illustrated and described above promotes substantially independent control over

20  the test head’s movement in each of the conventional directions of theta, tumble, and

twist.

Operation

The actuation system 400 preferably operates under the direction of a controller.

The controller preferably includes a hand-held console that allows an operator to specify

25  input for moving the test head to a desired position and orientation. In response to user
input, the controller applies a control signal to each segment of the valve manifold 436
for controllably pressurizing the pneumatic cylinders 414-420. A sensor (not shown) is
provided with each cylinder for measuring the extension of the shaft 424 from the body
422 of the respective cylinder. For each cylinder, the sensor measures the cylinder’s

30  extension and reports the result to the controller. In a closed loop fashion, the controller
modulates the respective segment of the valve manifold 436 to controllably guide the
measured extension of the cylinder reported by the sensor toward the location indicated
by the user input.



12 wherein the linear actuator s can be driven both forward and backward in
the 13 second node in response to external forces applied to the test head,

for proviw gl conpliant novenent of the test head rel apéwgsdiRecidde
support. 1 2. A systemfor positioning a test head as recited in claiml,

wherein the control 2 systemfur then assunes a thin d node wherein the
plurality of linear actuators are locked 3 in position. 1 3. A systemfor
positioning a test head as recited in claiml1, further conprising a 2
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to indicate a tumble rotation, and forces a sum between them to establish a desired tumble

rotation. In this manner, the controller is able to control the rotation of the test head 110

in each of the conventional directions of theta, tumble, and twist.

We have recognized that pneumatic cylinders are not easily controlled with great
30  precision. The difficulty in control arises primarily from the tendency of internal seals
within the cylinders to stick when held in a constant position, and to quickly break free
and over-extend as pressure is increased. The controller accounts for this characteristic
of pneumatic cylinders by permitting the feedback of the controller to be satisfied as long
as the extension of the cylinders falls within an allowable range of the target value.
35 Providing an allowable range of acceptable values allows the cylinders to quickly settle



7 the second end; 8 a second |inear actuator nmechanically coupled to an
upper right region of the back 9 surface of the test head at the first end
and to awoippsn2right region of the nounting plate 10 at pdEusacen® end; 11
a third linear actuator nechanically coupled to a lower left region of the
back 12 surface of the test head at the first end and to a |ower left
region of the nounting plate at 13 the second end; and 14 WO 02/ 391 27
PCT/ USO1 /46399 14 a fourth linear actuator nechanically coupled to a | ower

right regbsoahe ideg, Baxekd %&iﬁéﬁsﬁ aetBodfrepdligivblelveiBastinatthé besifeir st end and
to a | ower rlght region o the nmounting plate at 16 tile second end, 17
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20 under the 1nﬂuence of applied, external forces. Owing to the increased air volume

supplied by the pneumatic accumulators 436, compliance of the test head is sufficiently

“soft” to allow the test head to be moved with relative ease.

In locking mode, brakes are applied to the pneumatic cylinders 414-420. The
cylinders cannot be positioned in this mode and they cannot be moved in compliance.
25  The actuation system 400 preferably assumes locking mode after the test head and
peripheral are docked, once the desired position of the test head is established and no
further movement is desired.

The transition between positioning and compliant modes preferably occurs
automatically. For example, in the preferred embodiment, a sensor is included with each
30  alignment pin to indicate when an alignment pin begins to be inserted into an alignment
bushing. When the test head and peripheral are completely separated, the actuation
system assumes positioning mode and remains in this mode until one of these sensors is
tripped. When the test head is brought to the peripheral and trips a sensor, the controller
switches the actuation system to compliant mode. In compliant mode, the operator

10



15 WO 02/39127 PCT/ US01/-1G399 18 wherein the ternms "upper," "lower,"
"left,” and "right" are relative designations, 19 and 20 ~ wherein the

| i near astoew®isy are operable in a first node wherei n an g4 /e88HI@o0Of 21
the linear actuators is controlled and in a second node wherein the
extension of the linear 22 actuators is not controlled, the |linear
actuators in the second node changing their 23 extension in conpliance with
external forces applied to the test head. 1 15. A systemfor positioiung a

test headji thepbéiien bfthe ket Rralido anbem@iothdr ARgAmédt PirdRALER ¥spBetlvenear
actuator s are eafh alaéggedﬁfo tQatt |Ocﬂé%l tludl_ nal1 axes. for (g by their

li near FUSHREBHPUSAESS aud i make the tt hrd coplanay vah theperip elﬂ{jm needitser

- peri met exccaf, ddekirigash beeachpletedlfnd téstmgshebedior positioning a test head as
recited in claim15, wherein the first and 2 second linear act<iators are
each ali at longitudinal axes fornmed by their linear 3 notion do

* not cros'gngg’citﬂé‘%er witlun the region fonned by the outer perineter of the
test 54 head. Havidg d&cspsd e dnbodpnsit] nummsrogs dteiesive bmdodiagntsesi ted in claim

16, Wherveairi 2 tc%ﬁbte%%}dt head has a central axis that extends fiomthe

n,.
central re‘g‘tﬂ%‘hs est head 3 and through the back surface of the test

head, and 4 tz‘h%detssrigﬁ ahoive tie lincasactifatark @ 1441 8 dredngl enarmtadiwith pmlmegticft uat ors
cross t ;L?liﬁ&‘é}ﬁ.r Fhisa¥iRrety 2 eidih%&é,?%ve@&?‘bth%r t}?eesso:fli%&;réa%fzﬁa{o% cdiQR t1orung a

test he s.recited_ in claim erein_the e IS noveable in a
ni nbl e HPBdPs Wl}fﬁ%é}@é\?& it AgUetRES, elastranicliear Biotarh fagteerkia@dPinipn 3 sane 3
ili5r ei\;cz\)th | Qfietods, ﬁﬁanyﬁotﬁwﬁttypgbfz 1dieaR) ®a¢kdrivabl8 gcmatog St Hye%dliaSylgr@l@i-sLe@@Iuéda, claim

, erein et ea i S, hove in,a theta direc n by actuating
the 11 oG Systets sbmtiioe B bvdn PSRRI pdads o lBpP o 1EE bl o \2S, o homm Tor
posi t i orticligwa cowdtbetdadted durimrpdsetbning wbdd tm aliow fahsgif€imoveientt dst head 2 i s
noveabl e, i.n.: | | ' f1l ' . ctuators
in oppogclot ll%ltf}%&ééé% ‘gﬁg‘i&%pﬁ%‘ﬁ%@ﬂ@tﬂéﬁmg’f‘ﬁraééiéu{afﬁ&%ﬁ? ge§§1‘1?€§1§%1 ghead as
reci t ed hydrauligicyrlinders, pd ttlﬁ:@ropgmqipmcstﬁﬁ Bydraglic cylinders. The elasticity of the

15  bladder or bellows would provide the elasticity needed for compliant movement. If
electronic motors are used, the input current to the motors could be held constant upon
the transition from positioning mode to compliant mode. The electronic motors would
tend to maintain their positions, and could be driven backward or forward in compliance
with applied forces.

20 The actuation system 400 is described above in connection with a test head that is
supported with an internal gimbal. However, the principles of using linear actuators in
positioning and compliant modes are applicable to other types of test heads, for example,
those that are supported using fork arms. Therefore, the invention should not be
construed as being limited only to configurations in which a test head is supported

25  internally.

Moreover, the invention described above could be combined with the prior art of
U.S. Patent No. 5,949,002 (“Manipulator for Automatic Test Equipment with Active
Compliance™). According to this variation, the particular arrangement of actuators
disclosed herein could be used to actively apply forces to the test head to balance external

30 forces acting upon the test head, to facilitate docking.

In addition, the actuation system 400 is pictured with certain elements on the top,
bottom, right, and left. It should be understood that these orientations are provided as
conventions and can be varied. For example, the actuation system 400 can be turned
upside down or transposed right-to-left and still operate substantially as described above.

11
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6 a control system for controlling the positions of the plurality of linear actuators,

7  the control system assuming at least two modes—

8 a first mode wherein the control system varies inputs to the plurality of
9 linear actuators for establishing a desired position of the test head, and

10 a second mode wherein the control system maintains substantially

11 constant inputs to the plurality of linear actuators,

12 wherein the linear actuators can be driven both forward and backward in the

13 second mode in response to external forces applied to the test head, for providing
14  compliant movement of the test head relative to the support.

1 2. A system for positioning a test head as recited in claim 1, wherein the control
2 system further assumes a third mode wherein the plurality of linear actuators are locked

in position.

3. A system for positioning a test head as recited in claim 1, further comprising a
sensor for each of the plurality of linear actuators, each sensor measuring a linear
extension of the respective linear actuator and providing an electronic signal to the

W N =

control system indicative of the linear extension.

4, A system for positioning a test head as recited in claim 3, wherein the control
system forms a separate negative feedback loop with each of the plurality of linear
actuators and each respective sensor, the negative feedback loop tending to drive the each

S U R S I

linear actuator to the respective desired position.

5. A system for positioning a test head as recited in claim 1, wherein each of the
plurality of linear actuators comprises a pneumatic cylinder driven by compressed air.
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8. A system for positioning a test head as recited in claim 7, wherein each pneumatic
cylinder has a first pneumatic input for which applying a positive pressure tends to drive
a shaft in a forward direction and a second pneumatic input for which applying a positive

N S R N

pressure tends to drive the shaft in a reverse direction.

9. A system for positioning a test head as recited in claim 8, wherein each segment
of the valve manifold includes:

a first valve configuration for applying positive pressure to the first pneumatic
input with respect to the second pneumatic input of the respective pneumatic cylinder;

a second valve configuration for applying positive pressure to the second
pneumatic input with respect to the first pneumatic input of the respective pneumatic
cylinder; and

a third valve configuration for interrupting a flow of pneumatic pressure to the

W 00 1 Sy B W) e

first and second pneumatic inputs of the pneumatic cylinder.

10. A system for positioning a test head as recited in claim 1, wherein the support
holds the test head from a central member that extends from a mounting plate on the
support through a back surface of the test head and to a location internal to the test head,
wherein the plurality of linear actuators comprises:

a first linear actuator mechanically coupled to an upper left region of the back
surface of the test head at the first end and to an upper left region of the mounting plate at
the second end; ‘

a second linear actuator mechanically coupled to an upper right region of the back

O 0 1 O Ut B W =

surface of the test head at the first end and to an upper right region of the mounting plate

[y
o

at the second end;

[SY
[y

a third linear actuator mechanically coupled to a lower left region of the back

[om—y
-

t

surface of the test head at the first end and to a lower left region of the mounting plate at

fosny
[9%)

the second end; and
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17 wherein the terms uppel,” “lower,” “left,” and “right” are relative designations.

1 11. A system for positioning a test head as recited in claim 10, wherein the third and
fourth linear actuators are each aligned so that longitudinal axes formed by their linear
3 motion cross each other.

1 12. A system for positioning a test head as recited in claim 11, wherein the first and
2 second linear actuators are each aligned so that longitudinal axes formed by their linear
motion are substantially parallel.

1 13, A system for positioning a test head as recited in claim 12, wherein

2 the test head has a central axis that extends from the central region of the test head

3 and through the back surface of the test head, and

4 the longitudinal axes of the third and fourth linear actuators cross the central axis

5  ofthe test head.

1 14, A system for positioning a test head so that the test head can be docked with a

2  peripheral for testing electronic devices, comprising:

3 a mounting plate;

4 a central member mechanically coupled to the mounting plate and extending

5  through a back surface of the test head to a location internal to the test head;

6 a first linear actuator mechanically coupled to an upper left region of the back

7  surface of the test head at a first end and to an upper left region of the mounting plate at a

8 second end;

9 a second linear actuator mechanically coupled to an upper right region of the back
10 surface of the test head at a first end and to an upper right region of the mounting plate at
11 asecond end;

12 a third linear actuator mechanically coupled to a lower left region of the back

13 surface of the test head at a first end and to a lower left region of the mounting plate at a
14  second end; and

15 a fourth linear actuator mechanically coupled to a lower right region of the back
16  surface of the test head at a first end and to a lower right region of the mounting plate at a
17  second end,
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motion cross each other within a region formed by an outer perimeter of the test head.

1 16. A system for positioning a test head as recited in claim 15, wherein the first and

2 second linear actuators are each aligned so that longitudinal axes formed by their linear

3 motion do not cross each other within the region formed by the outer perimeter of the test
4  head.

1 17. A system for positioning a test head as recited in claim 16, wherein

2 the test head has a central axis that extends from the central region of the test head
3 and through the back surface of the test head, and

4 the longitudinal axes of the third and fourth linear actuators cross the central axis
5  ofthe test head.

1 18. A system for positioning a test head as recited in claim 14, wherein the test head
2 ismoveable in a tumble direction by actuating the third and fourth actuators in a same

3 direction.

1 19. A system for positioning a test head as recited in claim 15, wherein the test head

2 is moveable in a theta direction by actuating the third and fourth actuators in opposite

3  directions.

1 20. A system for positioning a test head as recited in claim 19, wherein the test head
is moveable in a twist direction by actuating the first and second actuators in opposite

3  directions.

1 21. A system for positioning a test head as recited in claim 14, further comprising;
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5  each actuator in response to the respective reported position.

22, A system for positioning a test head as recited in claim 21, wherein the control
system is constructed and arranged to respond to differences between the reported
positions of the first and second actuators, said differences being indicative of twist

W N =

rotations of the test head relative to the mounting plate.

23. A method for positioning a test head so that the test head can be docked with a
peripheral for testing electronic devices, comprising:

applying inputs to a plurality of linear actuators disposed between the test head
and a support, for controllably varying an extension of at least one of the plurality of
actuators to establish a desired position of the test head relative to the peripheral;

holding the inputs to the plurality of linear actuators constant; and

with the inputs held constant, varying the extension of the at least one of the

[~ B R I N S R WS

plurality of linear actuators in compliance with external forces applied to the test head.
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