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the ° 815b3ﬁggf§a;ce| s simlar to the two-point docking assenbly 1340 shown in
part in the Vertical Plane Handler Position in Figure 13 (and partially in
cut 2way in t Fea genesdl sepse; Aecking steneiegUirst “AFERRANESINGRTeST Of RB° BB Bfyioms

appl i cat { - qobitka 9 i Geel with ©4llg¥ment receptacles” on the other of the two items. In the ‘815

patent, guide pins are included as the alignment structures, and guide pin receptacles and gussets

are included as the alignment receptacles. In the three patents due to Chiu et al. and Slocum et al.,
alignment in all six degrees of freedom is provided by a kinematic coupling, which provides six
25 contact points between provided surfaces where “no more than two of the contact points are
colinear.” In these patents “kinematic surfaces” on one of the two items to be docked serve as
alignment receptacles; and “kinematic mating surfaces” on the other of the two items function as
alignment structures. In the preferred embodiments which are described in the patents, balls or
spherical surfaces are the kinematic maﬁng surfaces or alignment structures, and grooves are the
30 kinematic surfaces or alignment receptacles. As is indicated in the patents, many other
combinations of surfaces can be utilized.
The docking assembly described in the ‘815 patent is similar to the two-point docking
assembly 1340 shown in part in the Vertical Plane Handler Position in Figure 13 (and partially in

cut away in the view in the lower left of Figure 13) of the present application. In Figure 13, only
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coupling techniques to provide the final alignment between the two halves. Guide pins may also be

utilized to provide an initial alignment. The guide pins may be provided with a catch mechanism,
25 which captures the guide pin in its hole and prevents it from escaping. The catch mechanism

appears to activate automatically in the ‘764 and ‘202 patents; whereas, a motor driven device is

utilized for each of the three guide pins in the ‘182 patent. Also in the ‘182 patent the three motors

may be operated separately to effect planarization between the docked components. In all three

disclosures a linear actuator is used to finally pull the two halves together. The linear actuator is
30 disclosed as being of the pneumatic type.

The above discussion is intended to provide a brief overview of certain available actuator
driven docking techniques. It is observed that the docks may be actuated by a variety of different

devices.



-3 An alternative approach, referred to a "mani pul ator-driven" docking, is
described in, for exanple, U S Patents 5,600,258 and 5, 900, 737 due to
Graham etw@b2/25Pbi s al ternati ve approach provides one or POT/@ES@@as3ed and
controlled axes ("controlled axes") of the manipulator to position the
test head. For exanple, and as described in the nentioned patents, the
vertical, pitch, 5 and roll axes are cqontrolled axes in the G aham patents.
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( C
mani2Bul AN btrusRreciibrdyich jadlerpibroitcixes as 30 discussed in PCT

i nternational A patigRy sg@t@ﬁ' ih Gich @AndRanisHiSEEY i S5perhte ahE Sliefdnddat MANE PULATOR' and
in US. Provisional Patent Qopl i cation No. 60/ 1&}6, 196 " NTER BALANCED
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where notion is provided by a docking system as described in U S Patent
No. 4, 58%] i9aldngihe mapipaisior pxes \aefspes inH2 Meriatehd fokingg system. Typically, an

25 actuator-driven docking system is a latched docking system, and a manipulator-driven docking
system is a non-latched docking system. However, the other two combinations are possible.

In the design of manipulators for large test heads, it is desirable to have the test head
essentially freely movable in up to six axes or degrees of motion freedom to facilitate ease of
controlled motion. This is true for manual manipulation and safe powering of motion axes as

30 discussed in PCT international patent application No. US00/00704 “TEST HEAD
MANIPULATOR?” and in U.S. Provisional Patent Application No. 60/186,196 “COUNTER
BALANCED VERTICAL DOCKING MOTION IN A DRIVEN VERTICAL AXIS TEST HEAD
MANIPULATOR?”. This is also true in docking/undocking with a device handler or prober, where
motion is provided by a docking system as described in U.S. Patent No. 4,589,815 due to Smith,



-4 U S. Patent Nunbers 5, 821, 764 and 6, 104, 202 due to Slocumet al., or
U S Patent No. 5,982,182 due to Chiu et al. Such freedom of notion or
"conpl i awoweizen” is of particular inportance in the prpCBESIEISHOCKI ng
the test head with the handler. The two axes that provide notion parallel
to the floor (side-to-side and in-out) and the axis 5 that is

perpendi cular to the floor(up-down), are illustrated in Figure 14. These

three axes include the x-axis (side- t”g"si de) 1315, the y-axis (in-out)
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mani pul &ip@fo'iclﬁs andjlﬁspd’sédlﬁduéemfh hﬁvdaJc(BltroPB)bp mcoﬂisiOratlﬁg 4 5ad aﬁﬁfomesemsor Holt. It
may be eco o place one or the not i on axi i nsi de
the testl8§ ﬂues é‘fvog'ﬂngrﬁé'a? CORE 5’8?%‘3@ gcgﬁetaé‘flp(‘}?l F?/(ib?{j( %‘P Ve Tes ﬁeexad and
cabl e asm@rRptsivéland A6W6t provids Lsithple waﬂi&&fn\@en‘aimato @ietrixe thmsjrstym\m m{sb iobms are
integrated wthin the test head structure. In Fig. 13 these 30 are shown as
t he 2pi t JRRAIIRFION4310( Theta X of 5 degrees) and the yaw axis 1320(Theta Z of

S degrees). [hhge é6¢ bf BXpifch 1RO sk RkeroMtiolal m%ﬁor@51t @bagfoe/ﬁso plac @t s@sshown in
Figure 13. In contenporary systens, it ma ovews3 (fmgrl?blte g pl ace
the pit cRIEHRISSORAL ey RRTSPEX YntBItOéglyfhs Ceg ¢ feghh SHAUECIESi s wit h
at | easty; §fhide HeQRfisAb aiPdabied (18Xt 126 Bedn abﬁieveﬁh@tufnfb&t mb‘d%&de)mpu@dﬂﬁs by adding
approxi matel y 5 degrees of yaw notion inside the test head. .This is because
WD 02/ 25imiiast ppwmtauspightsg ©ggable pivot manipulators, it has been achieved by providing a variety o
25 spacers to vary the length of the inner cradle back on projected cable pivot manipulators as
described in the U.S. Patent No. 5,450,766 due to Holt.
It may be economical to place one or more of the rotational motion axis inside the test head
at or near the actual center of gravity of the test head and cable assembly, as shown Figure 13.
Observe that pitch and yaw motions are integrated within the test head structure. In Fig. 13 these
30 are shown as the pitch axis 1310(Theta X of +5 degrees) and the yaw axis 1320(Theta Z of +5
degrees). The roll axis 1330(Theta Y of + 90-95 degrees) is also shown in Figure 13.
In contemporary systems, it may prove to be desirable to place the pitch axis with

approximately +35 degrees of motion, the roll axis with at least 90 degrees of motion(external to

the test head), and approximately +5 degrees of yaw motion inside the test head. This is because



-5 the scope of the structure required to inplenent these axes at or near
the center of gravity is significantly less than the structure required to
i npl enentw@ hzseInxes if they are external to the test heRdIHP91/49630
exanple, using the "CPPJ" (for pitch) and the Split Ri ng Cable Pivot

techni ques described in U S. Patent Nunbers 5,450,766 due to Holt and
5,608,333, also due to Holt, 5 respectiyely. It has been proposed to

i npl ement this concept by placing a spherical bearing near t he center of

ity of at head. An ext t
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test head which is usually near the physical center of the test head. If the test head is one meter

25 thick, the implication of placing the tumble pivot axis at the center of gravity, therefore near the
physical center, is that the manipulator would require a vertical motion range (stroke) of at least
one meter(100 cm). If it is possible to place the tumble pivot axis within 13 cm of the DUT
interface, the vertical stroke of the manipulator could be reduced by 74 cm (100 cm-26 cm”),
thereby reducing the overall height of the manipulator or enabling longer main arms for greater

30 load capacity from a given bearing structure. However, as indicated above, imbalance forces are
created by moving the center of gravity of the test head away from a known physical point.

Further, these imbalance forces cause the test head to be in an imbalanced state, such that it is not

freely moveable in all six axes.



Accordingly, as test heads have becone | arger and nore conpl ex, there has
been a corresponding increase in inbalance forces in each of the critical
noti on awee 02229t s desirable to have a neans to all ow t hee®USHMAFHNCes t O
be neutralized so that test heads may be mani pul ated and positioned

effectively, while providing for the safety of both the operators and the
equi pnent. 5 SUMMARY OF THE | NVENTI ON The present invention relates to an
apparatus and a nethod for balancing a test head relative to an axis such

that the test head is substantia ess relatjve to that axis. The

i nvention fuRrOREHDED, S frst B ‘%I a@ﬁL%:Bmﬁhfﬁ%‘?é‘ﬁimﬁg?e@mBlfe Xy figrediag beep dag
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1(b)Sis a perspective view WI@%M%QEWWEN@&HI ed to a test head in
accordance W ff) ppr;s@nﬁﬂx%hﬁﬁ{ refakes %’5@ ﬁaﬁfﬁp%’d TRBho@For bRBndihES R hehd AT ON.

Fig. 1(c) is a perspective view of bal ancing unit coupled to a test head
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odi ment of the
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vi ew of a baI anci ng uni tBRIEFpDEﬂCRIP'HGI\é@F THEDORAWEYGSs nounted in a

cradle in accgrdance with anot.her .e . ar
i nventi on. ‘8‘ g?)a’)s aPS“%“ﬁ%‘? Uk of Pé@g&"&ﬁ%&c O‘g’?q{t E%Slt ﬁegadunl cg%lgﬁcgl%étg to
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per spective v*‘@w}/@ 15 3 DESPHHET ﬁ‘ﬁwlj’ﬁiatbgl Cf"g’%dt Q?Stﬁ%ag n\‘?‘\(}’foé nce Wlth
supper t eshothét &RmpRry EhidR@nt OE@E bitgent ﬁwaﬁr@@r dance with anot her exerrpl ary
embodi nent of _t he )oresent i nventi_ on. %ﬁ a de ail.ed c%{a of a
pneunat i ¢ cyl Fi8dLF) 3 PEERSHIRRER O\ﬁi‘ltbﬂa i pa‘?‘i‘o adeyt ‘?ﬂ‘}dﬂﬁcr‘f@ nCSfWI he
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driving p®eham: sRehpkY URbsEmant PP Bietpr&Bnt is@MsAr and a nechanical lock in

accordance with an exenpl ary enbodi ment of the present
20 Fig. 2(a) is a perspective view of a balancing unit coupled to a test head which is mounted

in a cradle in accordance with an exemplary embodiment of the present invention.
Fig. 2(b) is a perspective view of a balancing unit coupled to a test head which is mounted
in a cradle in accordance with another exemplary embodiment of the present invention.
Fig. 3(a) is a perspective view of a balancing unit coupled to a test head which is supported
25 with an internal bearing in accordance with an exemplary embodiment of the present invention.
Fig. 3(b) is a perspective view of a balancing unit coupled to a test head which is supported
with an internal bearing in accordance with another exemplary embodiment of the present
invention.
Fig. 4(a) is a detailed cut-away of a pneumatic cylinder in accordance with an exemplary
30 embodiment of the present invention.
Fig. 4(b) is a detailed cut-away of a hydraulic cylinder in accordance with an exemplary

embodiment of the present invention.



invention. Fig. 5(b) is a perspective view of a conpliant driving nmechani sm
including a position 5 sensor and a hydraulic |lock in accordance with an
exenpl ar wenbaztdnent of the present invention. Fig. 5(c)PCHUSsHpeEctive
view of a conpliant driving nmechanismincluding a position sensor and two
conpliance centering actuators in accordance wth an exenplary enbodi nent
of the present invention. Fig. 6(a) is7a perspective view of a conpliant
driving nmechani smand a pneumatic 10 balancing unit in accordance with an
exenplary e diyggjent of the presept inyention. Fig..6(h) s a [ spective
Tew of 5 conbi SRS PrsreGRoh ant SHAG ket el Mhulila SpREAARTT |
accor dangfsoyhidh RedbRe] 162k @iidcardynce FAdcin ERehplas einbedipesd iie frevesnt i on.

Fig. 7 is a perspective view of a conpliant driving mechanismin accordance
with yet™¥#8%her exenpl ary embodi ment of the present invention. 15 Fig.
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enbodi mepdlanoing uhiecqupRa espethenvenédrdance with another exemplary embodiment of the present

20 invention.

Fig. 9(a) is a perspective view of a first compliant driving mechanism coupled to a
pneumatic balancing unit applied to a first rotational axis, and a second compliant driving
mechanism coupled to a pneumatic balancing unit applied to a second rotational axis, in accordance
with an exemplary embodiment of the present invention.

25 Fig. 9(b) is a perspective view of a first compliant driving mechanism coupled to a
pneumatic balancing unit applied to a first rotational axis, and a second compliant driving
mechanism coupled to a pneumatic balancing unit applied to a second rotational axis, in accordance
with another exemplary embodiment of the present invention.

v Fig. 10(a) is a perspective view of a compliant driving mechanism on a vertical axis in

30 accordance with an exemplary embodiment of the present invention.

Fig. 10(b) is a perspective view of a compliant driving mechanism on a vertical axis in
accordance with another exemplary embodiment of the present invention.

Fig. 10(c) is a perspective view of a compliant driving mechanism on a vertical axis in

accordance with yet another exemplary embodiment of the present invention.



Fig. 10(e) is a perspective view of a conpliant driving nechanismon a
vertical axis in accordance with yet another exenplary enbodi nent of the
present iwe@emei2en. 5 Fig. 10(f) is a perspective view of BCT/ORpIII&II
driving nmechanismon a vertical axis in accordance with yet another
exenpl ary enbodi mrent of the present invention. Fig. 11 is a perspective
view of a test head nmani pul at or havi nghga plurality of conpliant driving
mechani snms i n accordance with yet anot er exenpl ary embodi nent of the
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accordance with an exenpl ary enbodi nent of the present invention, Fig.
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present invention. Fig. is an assenbly drawing for a prior art test

head. Fi gur eFig4llig aﬁﬁTSPqCPYPsYIP‘&tOf aipsidiead mﬁmwﬂ%t%wvasgé*splurzm iof gpRliant
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of the present i1nvention. DETAILED DESCRI PTI OF THE I NVENTION In the

foll ow nlgidléPIal | ed descriptions of several enbodinents of the invention,

ref gpence is Rpreci at ed
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devi ce twitlben ¢xesplery dmbodhmmnoﬁ/ﬁltprewesmmiom-o the test interface. This

creates | ow fr.eq | cyi i ki E?pg
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reason, many prefer to use at.c
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bei ng di ssip ed jn thei ssaqciated .friction, on the other hand, the
mani pul at or li/\’léF“é@%’@@?’@@?&)@ﬁ&@“&ﬁﬁrfﬁﬁ% ?estl ng, then the |east

resilient pOFFl &tes4ﬁﬁ‘ant1h&tﬁu@ﬁmmnﬁ<ﬁl aped. nci pal |y absorb the vibrati ons
The WO 02/ 25 2 PC& SQ1/.29530 9 electrical. contacts IP? e?odnt egg
bet W8en the te8ireh ap flowrbartvin 2640 Cet‘(‘-’;’él} Varons frgiP Ye ] e

POgo pi Nge piecenP P&RSN. ar e delicate mechanical structures t hat coul d becone
damaged or DETAILED DESCRIPTION OF THE INVENTION
In the following detailed descriptions of several embodiments of the invention, reference is
made to the previously listed figures. It will be appreciated that the figures are intentionally not to
25 scale. Rather they have been drawn so as to highlight the significant features of the invention.
During the testing of devices, the test head, obviously, remains fully docked. The
handler/prober is equipped with mechanisms that automatically position each device to be tested in
turn with respect to the test interface. This creates low frequency mechanical vibrations in the
handler/prober that couple through the dock to the test head and manipulator. The energy
30 associated with these vibrations must be safely dissipated. For this reason, many users prefer to use
a latched dock and to leave the manipulator axes unlocked during testing. In this case the vibrations
are conveniently absorbed by motion of the manipulator axes with the energy being dissipated in
their associated friction. If, on the other hand, the manipulator axes were securely locked during

testing, then the least resilient portions of the system would principally absorb the vibrations. The



have their useful l|ives reduced through the absorption of such vibrational
energy. In a non-latched docking systemit is desirable to |lock certain
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test head is docked An addi t i onal con' deration is that an unbal anced test
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positioned effectively a
device handler/prober. In the case of a pneumatic-based counter balance mechanism, the eventual

25 leakage of air means the loss of the counter balance force.

Yet another consideration is that in test head manipulator systems having pneumatic
compliance mechanisms, it is usually necessary to balance the system immediately prior to docking
when the test head is in close proximity to the docking mechanism. In some systems that are
presently known, the t'est head must be free to move throughout its compliant range in order to do

30 so. It has been experienced that in such a balancing procedure, the test head might suddenly and
unexpectedly move a significant distance and with great force. Such motion could potentially cause
a collision with the docking apparatus and causing damage to the delicate electrical contacts. Also

human operators are potentially at risk.



with safety to both operators and equi pnent. 5 One techni que that has been
proposed is to use one or nore cylinders, such as dual-action pneumatic
cyl i nder syovw212p% set the inbal ances. Such cylinders have P@OUSIW29%3 et s and
a piston that fits between them The first air inlet is known as the
extend inlet, and the second air inlet is known as the retract inlet. The
pi ston noves in accordance to the diffzéence in air pressure onits two
sides. A connecting rod attached to the piston is coaxial to the cylinder
and passes through, on nd.10 tq exert linear for,ce and notion on.a | oad.
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“break away force”. The break away force of a pneumatic cylinder is the force required to

overcome the static friction and get the piston moving within the cylinder. The static friction
(stiction) can be considerable and vary with time, use, and temperature. The stiction is often much
greater than the dynamic or moving friction. Accordingly, to effect a change the control system‘

30 desirably adjusts the air pressure difference until it at least senses a change in position (i.e. motion),
and then analyze the motion to adjust to the desired result. Due to stiction (static friction), the air
pressure differential to start motion may be and frequently is significantly greater than load

imbalance combined with the dynamic friction of the pneumatic cylinder. This can lead to a very
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action pneumatic cylinder) in combination with other elements and a novel control scheme for

balancing a test head relative to an axis, The first end of the balance unit 110 is connected to the
test head 100. The second end of the balance unit 110 is connected to a support structure (not
shown) for the pivot axis 102. The purpose of the balance unit 110 is to facilitate the movement of
30 the test head 100 about the pivot axis 102, when the test head’s 100 center of gravity does not
coincide with the pivot axis 102. In the exemplary embodiment shown in Figure 1(2), the balance
unit 110 includes a dual-action pneumatic cylinder 128, and its associated components, as discussed

below.
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25 The pneumatic cylinder 128 is simply a source of force used to push towards or away from
the test head 100. When an imbalance force is detected by the force sensor 120, the pneumatic
cylinder 128 is used to exert a counter force against the test head 100 through a connecting rod 114.
In this exemplary embodiment, a pneumatic cylinder 128 is utilized, which requires an air system.
It is anticipated that a counter force could be accomplished through various other means, such as a

30  hydraulic cylinder or electromagnetic device.

The pneumatic cylinder 128 is connected to the connecting rod 114 through a piston 130.
The connecting rod 114 is connected to the test head 100 through a bearing 116b. The connecting
rod 114 is arranged parallel to the force rod 112. The axes of the cylinder 128 and connecting rod

114 are orthogonal to the test head’s 100 axis of rotation 102. The axes are arranged so that a force
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P mechanism be calibratable and adjustable to facilitate system construction, set up, and maintenance.

A controller(not shown) may be provided to operate the inlet valves 132 and 134 and the
lock 118 and to receive position sensor 136a and 136b and force sensor 120 feedback signals. For
example, at start up, with the test head 100 not docked to a handler, the pneumatic cylinder 128

30  would normally be unpressurized. Prior to any control actions, care should be taken to ensure that
the test head 100 and apparatus are not resting against any foreign objects or structures that would
interfere with the forthcoming balancing operations. The test head 100 is now already in either a
relatively balanced state or, as is more likely, in an unbalanced state. The lock 118 is then

actuated, if not already actuated, to lock the test head 100 into position. In some instances it may be
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25 = K x, where F is the change in force and x is the change in piston displacement. It is desirable to

attempt to make K be small, so that the force does not appreciably change over the range of
motion. K will be determined in part by the total volume of air with respect to the change in
pressure per increment of piston displacement; that is by V and dP/dx, where V is volume, and P is
pressure. As the piston 130 nears one end of its travel, V becomes small, dP/dx becomes large

30 exponentially, and K therefore increases as does F. Accumulators(not shown in Fig. 1(a)) may be
added as described above. The accumulators serve to significantly increase the volume of air V
available, while limiting dV/dx and dP/dx to acceptable values. This provides what is known as a

“soft spring” effect, which is clearly desirable.



100 to the desirable position. Unless the test head 100 has encountered an
accidental hard obstruction or sone other accident, it should remain in
its all omabbz220nge of notion. Indeed it could very wel | PERUSHAE™SIOr abl e to
nove the test head 100 back to a predeterm ned desirable position 10 if the
test head 100 is now in a position necessary to performdesired function.
Accordingly, as shown in Figure 15(a), ,on a continuing basis the sequence
of operations in an exenpl ary enbodln%ﬁt woul d be as follows: 1. Lock the
| ock 118, as _shgwn step 150 Ad nde nl et sures
unti 1 the Tordanyyins Reve ERicwRol bales Bt pttEmi oic? kniy b pARTHRE

val ue, @BarfgbaUdbeeR nﬁa@t@&hel@@tzmaﬂdwéxfe@ahe ﬁneuhiaﬂlmmnddnem oGtenilid Sybjestoshown i n
step 1504, 4. After a tine esst an tc{:ﬁ for |f|ca8 ﬁ ﬂ{aOf air
to be | dekingpaisaand e cyalg magebe rea% PgHotiGHIE ta%bee pgrence, AtR PR 8Pk 1505,

Thi s sequaae st MBretalitsuffRtht ahflﬂﬂl upPEkdé @fép@hﬁﬂ@t@ﬁtehfrmmh& WREire tlﬂa(}?cl@asses
directly through 20 its center grawty we sh refﬁfr to th Sgs t he

"norfral TedueRfadng: I fypical pgiation t&? 93’ ke aPﬁ’Elaf“f r‘?Péﬂf 1334 ji“eEYr 58t
1501, 199%inutR0R18NH 5104 o¥@ticn86is notidedisaly EReRAtle sith| bﬁm&ﬁlﬂ%ﬂﬂé(t@t dadst eps

shall .be'referred to as the "force canceling sequence." Sti iferring to
Fi gure 1080 the desizgblg posiden. Hnless tho tegihipad 300 e engopntpisd ap pepidertal hard 5t t ached

to the fQLARHLDL: 530;11% o‘flh':? Qccﬁcﬂﬂtt 1ttsﬁ'&lld %ﬁuﬁ%@ts 'aﬁo&a%fé%raﬁgé HeloBenddeem The

stop coIIars 122 and are | ocated such that when the piston 130 in
t he pneauldiverscyell lmmdesl@BIe t@mewh@teétdlead H® heelpie %RIP‘F*‘%FF%HUEQ desifable positicg; | |

b e %‘ ui q SL ant hefaFl iy }Sn’l%%/clﬁ Q:ﬁ)ggludﬁf nebd36ary BFferbii des-ﬁ]a@ fk@drance " A" between

stop ['ar s I'sS sone reasonabl e anount | ess than the
t ot al st r oke Mcotdmlypuas shown i@ Bigurg 156d) non heonfprngreasis hecsplivanerset opoRtionsHgys

t he sto %%‘lé@ Islné’%gdl ﬂt n@&;ﬂ%\famwthe pi ston 130 from travelling to the

ends of ing the load off of the force rod 112 and
force 30 sens]oer{)theltwkélb& agstewarin stag 13MHe process. They sinul t aneously

Sver et s oo KEhE Bl ORS: frBlyred i RSl Be MG ofMRF I T | 1O

systemis in‘ n i'sen age one or e ot her of
t heiswo st op cobtedetsrniizéd vatue 1834hovauincstdpe 15@sand 1§03 gai nst the Iock 118 with

the force ro d .f sor porting and neasuring the

i mbal ance for ce%lns?bg /‘%%2@% é@?%lfefdé% -16 Additional control

f eat ures, not4.shdena tihe Fsgthaethi( fay a sigpificdnt amolhe df dintottiedosa fromshs ydinden  For

exanpl e, push b ons nma g) vi ded to | ow an operator to initiate the
D54, 380 FRY T VR Er s i

control sequenc 1501 or step 1502 |isted above.
An i ndi cat or Tﬂlgwquaﬁu hitbwaeheaeld dehdt WOW@behaveass iDthe agit 002 pdsees dirbelyftimough r od
112 is | ocked; i tor av0|d attenpting to 5 nove

t he,
t he ZPranllﬁlfF%FFb?ftgrﬁvnﬁ’wgeé% sre#%bté’ tglﬁggﬁ?a‘ﬁ‘i’% UHETki ng while step 1502 is

bei ng perfor nRdin exShisiryasteh, tBdihe wauirell for Sehsa60ndd0,i160Rbnd I0dlvanizes f or ces
on the test head 100 and the_system gld erronefuslélattengt to
conpens ahan 4 #hcordse hhis sequencs of wehs pafl be Tef5TiEL 10 45y R HENRFINE SEFEG: s

Still referring to Figure 1(a), two stop collars 122 and 124 or “motion limits” are attached

to the force rod 112 such that the lock 118 is located between them. The stop collars 122 and 124

25 are located such that when the piston 130 in the pneumatic cylinder 128 is centered, the stop collars
122 and 124 will be equidistant from the center of the lock 118. The distance “A” between the two
stop collars 122 and 124 is some reasonable amount less than the total stroke of the piston 130
within the pneumatic cylinder 128. Thus, the stop collars 122 and 124 prevent the piston 130 from
travelling to the ends of the cylinder 128 and taking the load off of the force rod 112 and force

30 sensor 120 thereby distorting the process. They simultaneously serve as positive motion stops for
the test head 100. Observe that if the system is in imbalance and the lock 118 is disengaged, one or
the other of the two stop collars 122 or 124 would be resting against the lock 118 with the force rod

112 and force sensor 120 supporting and measuring the imbalance force.



in the docking mechani smso, for exanple, that the system becones | ocked
and/ or disabled while docked. Also it would be desirable to sense that the
test headvQ0924282in a ready to be docked 10 position and POTN&VE9I53Ive
sequence perfornmed just before docking. This would ensure that the
sequence is not perfornmed while docking is actually taking place and al so
that the inbal ances are optinmally corrEgnsat ed for before docking
comences. An alternative control cycle, which will be referred to as the

"l ocked sequence,"” is sible apd useful in select lications. In the
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head 100 not the control l'er woul i i

the test head 100 to stop in the desired locked position rather then attempt to bring it to a stop by
pneumatic action alone.

When preparing to dock using the normal sequence, the test head 100 is manipulated to a
ready-to-dock position with the lock 118 disengaged and the test head 100 balanced by the

30 pneumatic cylinder 128. Depending upon the system, either the operator or a sensor will provide a

ready-to-dock signal when the ready-to-dock position is achieved. Upon this signal the force
canceling sequence is invoked to ensure that the test head 100 is balanced as well as possible. When
the locked sequence approach is used, the test head 100 is manipulated to the ready-to-dock position

with the lock 118 engaged; and when the ready-to-dock signal is received, just steps 1502 and 1503



cases the force canceli ng sequence may now be executed. In the | ocked
sequence case the procedure to place the test head 100 in the desired
central weaveamis finally executed and the | ock 118 10 pa@ma§@E®9Ision t he
nor mal sequence case, the lock 118 is left disengaged. As explained |ater,
in some applications it is preferred to | eave the | ock 118 unl ocked while
docked. Further information on docking 55 al so provided later. Figure 1(b)
iIIustrates a systen1mhich is identical to the system described with

referenc he exce n that. in. Figure 1 rings
1 T6a and el et e it 45 B irde Nat iy P o 00
at a si nghe 100iehdy tolbd d6€xad,! fasshly balrandéugaﬂdere&(t@movdoma[1lan@s ttiblekiand 116b are
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about controllin air. and others issues. 20 Fig %é%g il Iustrgﬁgs a
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except i OtBstthE@it tHeNodkl 08 fr&nalﬁ&a)ppﬁedhﬁdﬁﬁhl Lds6s th@ Kk 1 rewing Iappuaa lawgk@s pressure
sensors 146a and 146b are used, as opposed to the I ock 118 and the force

sensor 1yndockingtntil f “Bpagef-dockl signalds PW”Ld?Fl cithrebys e PRFRIPY Pt & whEd POl gur e

1(a), thesa\ed B! canééh e&ueqiéé:ﬁia}pﬁ’cfw belebia. & &B%ckéd‘ﬁqﬁ&ﬁ@@dse i %é@dlﬁ@
descri bed above or the 1ocked sequence descri bed above. ure 4

provi desto@lage e t@Sh@étlﬁ@ inethe d@ut:d eanérpl logadion tﬁfﬁn@lheemw%aﬂdu l%‘ékﬁ g unit
140.4 Her gaéeﬁ el cﬁnﬁ&@ﬂ&‘eﬁ daSe Qﬁeﬁ@@l@ﬁ@ fféfttdlf!;%ng gédSt on 144 of a

dual actl rau ICc cy 140. ilTustrated 1n Figure 1(c),
hydraul i ¢ cyl Aw@ianned@awrs lrraogxe@pghcamnadh%plrefe@red Ifﬁeleméhmmk ¢18 wnjockerhiwhile 28

The hydr&l&{é“ﬁoﬁ@‘p@%mé’g&fﬁ%ﬁmﬁﬁﬁq ageqpr opriate inconpressible

f1ui d(not nsi 140, the piston 144 noves
i n accor danceFigire A (1) Wdusatatés esyetameniBch is mdepu@l; euthesysiamt deecribied with referencs to wo

si des. Eaghside, ol o %fggceg%@lttﬁ ,}ﬂé geglgis)?h&%m T1Hafl 1dbbte dpfied YHEAG: A7C

connect Bt anot her rou a con r ol
si da5of dndeonmotad toothe teall head 1002t iasingleogs.s ir @ngamsio Fighdb Hag hdarings bl 6aaad h

bei ng ¢ cted.t ne of th flu inlets 154. WD 02/ 25292
PCT/USOlﬁ@gggﬁmmVﬁTgyﬁ@@%ﬁ?%%1%mgﬁ§ r%g(}c fluid i s substantially

i nconpr essi bl Bhe Habkvaicd mechenism thud d&ctised ivadaped fortusaintFigureodiy, ®lb)v&hyetcl42 i s
cl osed. The..forc

iRt RN ORI T e T e
f1 ow mayaibgnd il isale.ed by the sizes of the hoses, tubing, orifices, and
et al S YRk S h gl b SR SRR i
pi ston 1#d eXo‘épt'idﬁQh:ﬁ a'Bighed (d) rasltyamtmd Ik caniiiie inviaded rekdize sdnoe 346aiantdal ances
SR I T R R R ST
t he pi st@8 sykfbdn A10stFAQANRBERre 1(h), tHRlshaNE irl Mgiire 11 (2P cll RSISHK e@hdlithd WIrARIC e
determ ns%gue?lze described above or the locked sequence described above. Figure 4(b) provides a more
25 detailed, cut-away view of the hydraulic locking unit 140. Here, the force rod 112 is attached to the
piston 144 of a dual-action hydraulic cylinder 140.
As illustrated in Figure 1(c), hydraulic cylinder 140 is rigidly attached to the pneumatic
cylinder 128. The hydraulic cylinder 140 is filled with an appropriate incompressible fluid(not
shown). Inside the hydraulic cylinder 140, the piston 144 moves in accordance with the difference
30 in pressure on the piston’s 144 two sides. Each side of the piston 144 contains a fluid inlet 154
~ which are connected to one another by tubing 152 through a control valve 142. On each side of the
control valve 142 is a pressure sensor 146a and 146b, each being connected to one of the two fluid

inlets 154.



the two pressure sensors 146a and 146b indi cates the magnitude and
direction of the force applied 10 to the force rod 112. Operation of the
syst em siwoom2/2329Fi gure 1(c) is as described for the systeRCDUSH/Y6He 1(a)
with the exceptions that the hydraulic valve 142 is actuated instead of a
mechani cal | ock 118 and that pressure sensor outputs are read and
processed by the controller to indi cate1 the force in the force rod 112. 15
When in operatl on the pressure sensors féfGa and 146b are used to detect an
i mbal ance cefro thet st hele air is. ed t her tract
et 135 andbiwec s B mShaRh St B BFF bl S sl o
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Thr ough ¥ipgen :M?“OBﬁ%@UWCQ%@réﬂhPngﬁ?lﬂ@rP rﬂé‘iﬁysﬁeﬁr iﬁ%ﬁ”ﬁ %t he ext end
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control ve 142 1s closed his time the tes 100 is locked with
r espect the W4 PrepRuLERENSeKS 1§6§_@@, 14§b iesicatep éhe gaasnitusle apd flieetion of the forgeppplied The
presgure r a and 146b detect if there is a significant inbal ance
forcszlg fr%)nt?‘%a e&t@%%ﬂﬁead 100 about the pivot axis 102. The pressure
sensors 146a @petationstf thersystetdseowmindiguee i (Chistahdesprébedipmthe sxesenbefdigurn &)
directio f
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i nl et 13that m&stretsmonda]tmmarveaadfanctlm\wedssﬁmbmgh%pomr@!@smmdﬁatﬁﬁ@rfem imthe acr oss
t he pistgn 1%91 The goal is for this pressure differential across the

pi ston 1 Eﬁ)e of sufficient nmagnitude to reduce the force neasured by
t he 15r essur e Bkhas dr spetdGathapebsinbipntas 146esi8d 114ﬁararauqad &d@t@m an mebdlang@xi mum

|1 ble i | At. thi d,
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be noved_]j dir ct ion i vot .axi 102. This 0CesSsS can
r epeat edF'zggre i4 ‘Sr?é?:vé § MPTE get‘ﬂ’ga’rﬁ iR 2% HeW togglF pﬂ%lgﬁuif}‘agjidﬁr @bgﬁ’é%gggwst ate
about t hgir pievdate ddr&d ikddhe rebraguiler 1B dhd ik kxisid ialee 534 a pyshrenditferential iis

i denti cal tothesstem 0 in Fi urel ex i.on tha

i guPe” S6TR8o0 trios R R e SRHah 415 e Sl oel R oF Ch RN ma e o
the 5 tgatdiRemsh 3 0&Quad the fatdgl e ﬂ@&ieﬁbdumo@@mgﬁm thait B 1Edsghemer 1(c),
bearings 116a and 116b are i ndi vi dual I%%connect ed to the test head 100.

Fi gure 2PEYCSHBNE X Hidvaale dmpt'acy Wfbodi ment of the present invention.
Fi gure 2(a) lﬁlpl%ueqwaﬁqﬂc\é@ dirbammﬁg ﬂa@&wuagd 1dveabaiphd gigbd QR 108, i he

bal anci ng unit_ 110 to the tunble aX|sdo
ollows. With control valve 142 open, test hea 100 1s placed in a desirable location relative to its

25 support structure(not shown), and control valve 142 is closed. At this time the test head 100 is
locked with respect to the pivot axis 102, since the control valve 142 is closed. The pressure
sensors 146a and 146b detect if there is a significant imbalance force from the test head 100 about
the pivot axis 102. The pressure sensors 146a and 146b are able to detect both the magnitude and
the direction of the force. If a significant imbalance is detected, air pressure is then adjusted within

30 the retract inlet 132 and the extend inlet 134, with the objective of developing a pressure
differential across the piston 130. The goal is for this pressure differential across the piston 130 to
be of sufficient magnitude to reduce the force measured by the pressure sensors 146a and 146b to
less than a predetermined maximum allowable imbalance force. At this time, the control valve 142

is opened, and the test head 100 is essentially weightless in the direction of the pivot axis 102.



axis) 102 of a test head 100 nounted in a traditional cradle 200. The test
head 100 connects to the 10 cradle 200 at the two end points of the tunble
axi s 102wa@opzaizance unit 110 with two ends is provided. FaRUSIW29530end of
t he balance unit 110 is connected to the test head 100. The second end of
t he balance unit 110 is connected to the cradle 200. The cradle 200 is the
support structure for the test head atigut the tunble axis 102. If the
center of gravity of the test head 100 "does not coincide with the turrbl e
axis 10 t he est he 100 . wi ate baut. th ugbl e _axi s away
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connected to the test head 100.

Figure 3(a) shows another exemplary embodiment of the present invention. Figure 3(a) is a
25 perspective drawing showing the application of the balancing unit 110 to the pivot axis 102 of a test
head 100. The test head 100 is supported by a support arm 302 and a holding flange 300. A
bearing 305 is housed inside the test head 100. The support arm 302 is connected to the holding
flange 300 on the outside of the test head 100. A balance unit 110 with two ends is provided. The
first end of the balance unit 110 is connected to the test head 100. The second end of the balance
30 unit 310 is connected to the holding flange 300. The holding flange 300 is the support structure for
the pivot axis 102.
If the center of gravity of the test head 100 does not coincide with the pivot axis 102, the
test head 100 will rotate about the pivot axis 102 through the bearing 305, away from the position

shown in Figure 3(a). The balance unit 110 will provide a counter force to balance the test head’s



a single axis 102, two or nore units could be enployed on either a single
axis or on nultiple axes. 10 When nore than one unit is used, they can
i nt eract woomuee another. The overall control schene desP€EORY1/298Kes such
potential interactions into account. For exanple, if two units are used to
control two independent rotational axes, they should be operated one at a
time. It is contenplated that three 03 nore units could be successfully
used to control a test head that is np Rfed with a spherical bearing as
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similarly arranged to slidingly couple with linear guide rail 503b. Accordingly, plate 500 is parallel

with and shown above the plate 504, and plate 500 can move linearly with respect to plate 504
along the axis defined by the linear guide rails 503a and 503b. Such an arrangement could
implement either in-out or side-to-side motion in a test head manipulator base. It is also to be noted
30 that such an arrangement could also be adapted to swing motion provided by a horizontal plate
rotating about a vertical axis with respect to the horizontal plane as described for example in the
PCT International Application No. US00/00704 “TEST HEAD MANIPULATOR” due to Holt et
al. As shown in Figure 5(a), resistance to motion is generated by the friction forces associated with

the ball slides 502a, 502b, 502¢, and 502d, and linear guide rails 503a and 503b. For convenience
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comprised of the force necessary to overcome the friction of the linear guide rails 503a and 503b
and ball slides 502a, 502b, 502¢ and 502d, plus the friction of the compliance shaft 520 moving

through the lock 118. It is noted that there may be some additional forces in specific manipulators

and applications, but these are not associated with the mechanism as described.

30 An extended compliance stop 522 and a retracted compliance stop 524 are both rigidly
attached to the compliance shaft 520, one on either side of the lock 118. As shown in Figure 5(a),
the extended compliance stop 522 is located between the lock 118 and the clevis 516; and the
retracted compliance stop 524 is located between the distal end of the compliance shaft 520a and the

lock 118. These compliance stops 522 and 524 serve to limit the travel of the compliance shaft 520



| i near guide rails 503a and 503b, is greater than the friction between the
conpliance shaft 520 and 10 the lock 118. Accordingly, if the lock 118 is
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shaft 520 noves relative to the lock 118 and plate 500. If the actuator
notor 510 is energized such that the actuator shaft 514 extends fromthe
stationary el enent 506, the extended ?rrpl i ance stop 522 noves in the
direction of the lock 118. If the actu nmotor 510 is not turned off,
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25 and 524; however, there may be applications where it would be desirable to locate this point closer

to one or the other of the two compliance stops 522 or 524. We will refer to this neighborhood as
the “compliance-neutral region.” The compliance-neutral region is normally a small portion of the
total compliant range: for example, 4 3 or 4 mm within a 40 to 50 mm total compliant range.
When the lock 118 is located between the compliance neutral region and the extended
30 compliance stop 522, it is said to be in the “compliance-extended region.” Similarly, when the lock
118 is located between the compliance neutral region on the retracted compliance stop 524, it is
said to be in the “compliance-retracted region.”
As shown in Figure 5(a), a position sensor 528 is incorporated to sense the relative position

of plate 500 relative to the compliance shaft 520. The position sensor 528 may be any one of a
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508 is the “extended end” 532 and the end of the cylinder 140 that is closest to the linear actuator is

the “retracted end” 533. A piston 144 is located inside the hydraulic cylinder 140; and the piston
144 is connected to shaft 520b which is coaxial with the bore of the hydraulic cylinder 140 and
which extends through the retracted end 533 of the hydraulic cylinder 140. The shaft 520b serves as
30  part of the compliance shaft 520, and it is connected to the actuator shaft 514 by means of a clevis
516 and clevis pin 518 as was described with respect to Figure 5(a). In Figure 5(b), a second shaft
520c attached to the opposite side of the piston 144 extends through the extended end 532 of the
hydraulic cylinder 140. This second shaft 520c serves as an extension of the compliance shaft 520,

and the position sensor 528 in Figure 5(b) senses the position of this shaft 520c relative to plate
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stroke of the piston 144.

Normally, the friction and other forces associated with moving the piston 144 in the
hydraulic cylinder 140 with the valve 142 open is less than the friction forces associated with the
linear guide rails 503a and 503b and ball slides 502a, 502b, 502c and 502d. Accordingly, if the

30 valve 142 is open and the linear actuator motor 510 is energized, then the compliance shaft 520
moves relative to the hydraulic cylinder 140 and plate 500. If the actuator motor 510 is energized
such that the actuator shaft 514 extends from the stationary element 506, the piston 144 moves
towards the extended end 532 of the cylinder. Now, if the actuator motor 510 is not turned off, the
piston 144 comes to bear against the end wall at the extended end 532 of the cylinder 140 as the end
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linear actuator 508 is then used in conjunction with the position sensor 528 to position the piston

144 to the predefined compliance-peutral position. The valve 142 is now closed to lock the piston
144 and compliance shaft 520 in the compliance-neutral position, and the linear actuator 508 is used
to position plate 500 to the desired location relative to plate 504. For example, the desired location
30 could be a location where the test head or load(not shown) will be docked. The linear actuator 508
is now turned off and the valve 142 is opened. Plate 500 may now be moved in compliant fashion
by external forces; for example, forces generated by a docking mechanism as the test head or load
is urged into its final docked position. According to the specific application and/or user preference,

the valve 142 may or may not be closed again once a final docked position is achieved. Also



508 are essentially the same as described in reference to Figure 5(a). In
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actuator 558 or 560. (For convenience we will use the term “plunger” to mean either type of driven

element where the context is clear that either would be appropriate.) The two actuators 558 and 560
are mounted in opposing directions so that the plungers or ball screws are essentially coaxial and
parallel with the axis of the compliance shaft 520 and so that, when appropriately energized, the
30  plungers or ball screws extend in a direction towards the compliance stop 556.
It is seen that a range of compliant motion is provided if either or both the inward actuator
plunger 564 and the outward actuator plunger 562 are sufficiently retracted so that space exists
between the compliance stop 556 and the distal ends of either or both actuator plungers 562 and

564. If this condition is met, then plate 500 can be moved along the linear guide rails 503a and



respectively, are extended such that both are sinultaneously bearing on the
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useful systemof the type. in Fi(%ure 5(01) can be realized without a sensor
t o sensefeirpds into the stationary element 500, the compliance stop 556 moves in the direction of the
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25 inward actuator plunger 564. If the actuator motor 510 is not turned off, the compliance stop 556
comes to bear against the inward actuator plunger 564 as the end of the compliance range is
reached. Further retraction of the actuator shaft 514 then causes plate 500 to move relative to plate
504.

In operation it is desirable the compliance shaft 520 be positioned to and held at a position

30 within a small neighborhood of some preselected point within its range of motion relative to plate
500. Typically this point is midway between the inward and outward centering actuators, 560 and
558 respectively; however, there may be applications where it would be desirable to locate this
point closer to one or the other of the two centering actuators 560 and 558. We will again refer to

this neighborhood as the “compliance-neutral region.” The compliance neutral region is normally a



relative position of plate 500 relative to plate 504. However, a position
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stepping motor, and position could be controlled by controlling the number of steps of motion,

possibly in combination with one or more limit switches. A second requirement is to design the
length of the stroke of each actuator plunger, 562 and §64, or screw and the placement of the
inward and outward mounting brackets, 552 and 554, and centering actuators, 558 and 560, for the
30 desired results. The particular criteria, including that when the actuators, 558 and 560, are both in
the fully extended state, the compliance stop 556 is held firmly in the desired compliance-neutral
position; and when both actuators, 558 and 560, are in the fully retracted state, the desired

compliant range of motion is realized.
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axis 102. This 1s the sanme_as swing notion in a test g | at or. The
to sense the position of plate 500 relative to the compliance shaft 520 is now escrlb n such a

system it would be most practical to use motor operated centering actuators 558 and 560 to take
advantage of the position feedback that is available. The overall stroke of the actuator plungers 562
and 564 or screws and the placement of the actuators 558 and 560 are not as critical as in a system
30 without a position sensor 528a as described above. It is sufficient that the actuators 558 and 560 be
placed so that when their plungers 562 and 564 are both fully retracted, an appropriate compliant
range of motion is realized; and also that when fully extended, the plungers 562 and 564 at least
reach the compliance-neutral position. Operation is essentially the same as with the system without

a position sensor 528a, except that the position sensor 528a is used to indicate when the compliance



10 conpliance nechanismin Figure 7 also shows an alternative enbodi nent to
the mechanismin Figure 5(a). In particular, the nechanismin Figure 5(a)
has t he a¥®oozaeiazp2 shaft 514 or screw attached to a rod(cor@l/ivanc®sahaft
520) and the novabl e body(plate 500) attached to a | ock 118 which operates
on the rod(conpliance shaft 520). In Figure 7 the arrangenent of the |ock
118 and the rod(force rod 112) are re\1§§rsed; that is, the actuator shaft
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25 rotatable about a pivot axis 102 that is located close to one surface and a significant distance away
from said body’s center of gravity. Body 600 in Figures 6(a) and 8(a) is representative of a portion
of a holding structure that supports the pivot axis 102. For example, body 100 could represent a
test head having its pitch or tumble axis located close to the dut interface, and body 600 could
represent a portion of a test head holding cradle, which is in turn supported by apparatus connected

30 to the main arm of a test head manipulator(not shown). In the following discussion, it is assumed
that the pivot axis 102 is in a horizontal plane unless otherwise stated. Notice that if body 100 is
rotated such that its center of gravity is not directly beneath the pivot axis 102, the moment due to

the weight of body 100 creates an imbalance that is a function of body 100’s position. Thus,



feedback signals fromsensors, which are also to be described. In overview,
Figures 6(a) and 8(a) both include a |linear actuator 508 for driving body
100 abowoa/pizent axis 102, a conpliance nechani smi ncl uBCTHES@/1963k 118,
force rod 112, and two conpliance stops 522 and 524 to all ow conpli ant
notion of body 100, a force sensor 120 to 15 measure an inbal ance force
exerted in the force rod 112, and a dugh-action pneumatic cylinder 128 for
generating a counterbal ance force to offset the inbalance force. Figures
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retnact eflooP ST i @ﬁlﬁﬁz&it t8kurn in the opposite direction, the actuator 514 retracts into the stationary

element 506. The actuator screw 514 is typically a ball screw; however, other types of screws or
other actuator means could be used where appropriate.
A force rod 112 is attached to body 100 by means of a bearing 116a. As is shown, the force

rod 112 is engaged by a lock 118 that is rigidly attached to the distal end of the actuator screw 514
30 by means of a machine screw or other appropriate means. The lock 118 may be of one of several

types that are well known in the art. Depending on the type of lock selected, it could be controlled

by an electrical signal, a pneumatic input, or other means appropriate to a particular application.

When the lock 118 is activated, it grasps the force rod 112 securely, and the force rod 112 is then

effectively attached to the actuator screw 514 in a rigid manner. Thus, when the lock 118 is
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25 not engaged, the force rod 112 may be moved by external forces acting on body 100 over a travel
range defined by the distance “C” between the two compliance stops 522 and 524 minus the width
“L” of the shaft lock 118, and this defines a compliant range of motion for body 100. That is, with
the shaft lock 118 disengaged (and the linear actuator motor 510 preferably turned off), body 100
may be rotated by external forces, sufficient to overcome the compliance forces, about the pivot
30 axis 102 through an angle defined by the corresponding motion of the force rod 112 through a
distance C-L. In either Figure 6(a) or 8(a), as the lock 118 moves relative to the force rod 112, the
piston 130 in the pneumatic cylinder 128 will also move. It is important that the total available
stroke of the piston 130 be such that the piston 130 and pneumatic cylinder 128 do not interfere

with the compliance stops 522 and 524.
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the two owvopl2arere stops 522 and 524; however, there nayPORUS@pISIAt i ons
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a conneclteigia_g_”r od 114 that is coaxial with the axis of the cy! i nder ~128. 10
T o g o S BRI AR Sl AR FALARET, 2
bearing du&iRed MathQuadvelit@e @smpilande Mfal position. This balance can be achieved in a
number of possible ways, including, for example: allowing the center of gravity to become located
25 beneath the pivot axis 102 and/or applying external forces. As will be explained, however, the
purpose of the pneumatic cylinder 128 and piston 130 is to provide a controllable source of
counterbalancing force.
A position sensor 612 is provided to sense the position of the force rod 112 relative to the
lock 118. The position sensor 612 may be any one of a number of known types ranging from
30 precision encoders, potentiometers, etc. to combinations of limit switches, proximity sensors, range
finders, etc. As a minimum capability, the position sensor 612 should indicate which of the three
regions that the mechanism is presently in: compliance-extended, compliance-neutral, or

compliance-retracted.



8(a) show the connecting rod 114 and force rod 112 attached to body 100
wth two separate bearings 116a and 116b, alternative structures are

possi bl e wonzt2ei ng t he use of a bracket or the |ike to POTMSIN296Up| e
both rods 114 and 112 to body 100 with bearings 116a and 116b, as in Figure
15 8(b), which is otherwi se the sane as Figure 8(a). Figure 8(b)
illustrates the |lock 118 and the cyli gger 128 bei ng coupl ed together with
a bracket 800, which effectively couple€S rods 114 and 112. A high-pressure

air supply 602 provides a source of,air far operating th neumat i c
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i s autonmRically vented fromone side of the piston 130 as air is injected
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i's an i nmpal ance diécadd dfatie Fikteal Foand gbi@flly @ear each end of the cylinder 128. The first
air inlet 132 is coupled to a first accumulator 608a with tubing, and' the second air inlet 134 is
coupled to a second accumulator 608b with tubing. The first and second accumulators 608a and
608b are coupled to first and second valves 604a and 604b respectively with appropriate tubing,
25 and both the first and second valves 604a and 604b are coupléd with appropriate tubing to the air
supply 602. The first and second valves 604a and 604b are controlled by the controller, which is
not shown.
In addition, the two valves 604a and 604b each have a vent port for allowing air to escape
the cylinder 128 and accumulators 608a and 608b. Each of the valves 604a and 604b can be placed
30 in one of three positions as follows:
» “Inject position” allows air to flow from the air supply 602 into the accumulator 608a
or 608b and cylinder 128.
= “Vent position” allows air to flow out of the accumulator 608a or 608b and cylinder

128 through the vent into the atmosphere.
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t o asmechaniaadl as SRouBrbalkh® Breumatic force exerted on a given side of the
pi ston 130 varies inversely with the
In operation, the valves 604a and 604b are normally in the off position. To increase

pressure on one side of the piston 130, the corresponding valve(604a or 604b) is switched to the
inject position. The change in pressure achieved is a function of the present pressure in the cylinder
128, the pressure in the air supply, and the length of time that the valve(604a or 604b) is operated.
30 To decrease pressure on a given side of the piston 130 the corresponding valve(604a or 604b) is
switched to the vent position. Here the change in pressure achieved is a function only of the present
pressure in the cylinder 128 and the length of time that the valve(604a or 604b) is operated. Thus,
the minimum length of time that a valve(604a or 604b) can be operated determines the minimum

increment of pressure in the cylinder 128 that can be achieved at a given initial cylinder pressure.



vol une. However, for displacenents where the change in air volune is
relatively small, the equivalent spring force approxinmately varies
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100. The controller then responds to the signals derived from the force sensor 120 to operate the

valves 604a and 604b in an appropriate manner to cause a counterbalance force to be applied to
body 100. The controller adjusts the counterbalance force until it is of sufficient magnitude and
direction to reduce the magnitude of the force in the force rod 112 to a magnitude that is less than a
30  predetermined threshold, representing a maximum allowable imbalance force. Depending upon
circumstances, this threshold value is typically less than five to ten pounds; and, if care is taken in
the design of the system, it may be as low as one to two pounds. When this condition has been met,

body 100 is considered to be in a “balanced state,” and the difference between the original



position. It will be appreciated that achieving a totally bal anced

condition requires greater precision and, accordingly, a greater system
cost, thevwoawbi2exri ng a nearly bal anced condition 15 The tRETUSERYPIN ance
ready” is now introduced to indicate the situation when body 100 is in a
bal anced state and the force rod 112 is in the conpliance-neutral region.
It is generally preferred that the bagznced state be a totally bal anced
state, so that if the lock 118 is unlo then body 100 does not nove.
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it is not already |ocked, as illustrated in_ step 1510.
range; and the imbalance force will be carried from the force rod 112 to the actuator screw 514 by
25 - way of the lock 118 bearing against the compliance stop(122 or 124). If the lock 118 is in a locked
state, however, the imbalance force will be carried directly from the force rod 112 to the lock 118
and thence to the actuator screw 514.
There are several possible ways to achieve the desired cofnpliance ready state. However,
prior to any control actions, care should be taken to ensure that body 100 and other manipulator
30 apparatus are not resting against any foreign objects or structures that would interfere with the
forthcoming balancing and compliant range positioning operations. In some instances, it may be
necessary to first move body 100 into somé desirable position. In such a case, the lock 118 is first
activated, if not already activated, and the linear actuator 508 is then utilized to produce the desired

motion. Motion of other manipulator axes, if any, might also be necessary. Said motion might be



2. Body 100 is bal anced according to the foregoing procedure, as
illustrated in step 1511. 15 3. The lock 118 is unl ocked, as illustrated
in step MQB22%92 The |inear actuator 508 is used to positPOUSHIR953Ck 118
to the conpliance neutral position, as illustrated in step 1513. 5. The
|l ock 118 is again |locked, as illustrated in step 1514. 6. Body 100 is

bal anced again to acconmopdat e any chapg§§ in inbalance that resulted 20
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nmoti on dheﬁﬁengswnmmm3@SEm5the direction that it is desired to nove the
force rod 112 wy eﬁﬁ %3 AELs i ﬁcﬁep if lltqgﬁotéﬂrgadXQ&kEé]lak’ SisRde&finlsRpS6RP 1521.

This results |n nD I'on o orce ro respect to the lock 118
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conpl i ance neutralfﬁ95|t|on is reached, as 5 illustrated in step 1522. The
| ock 118 nmay be uséd as a brake to halt the notion. » The lock 118 is

| ocked, as ill ust rHieddck Hass Upockﬁﬂiﬁs ilfustBuoedlin 5@ 1682. bal anced according to
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to rzgal 'ze. (Note ttrcr)]r%tstep q513 as illustrated in step 1515.
7. Body 100 is now totally balanced and in a compliance ready state with the lock 118
locked, as illustrated in step 1516.
Observe that step 1513 requires two conditions be fulfilled to be successful. First, it is
necessary that the balance achieved in step 1513 is a totally balanced condition so that body 100
25  remains stationary when the lock 118 is released. Second, it is necessary that the friction between
the lock 118 and the force rod 112 is less than the static friction of the remainder of the system,
including break-away force of the piston 130 in the pneumatic cylinder 128.
Approach 2: This approach does not require that the system be designed so that balancing
always results in a totally balanced condition, as illustrated by the flowchart in Figure 15(c). It
30 works where the balancing is either totally balanced or nearly balanced. It comprises the following
sequence of steps:
» The lock 118 is unlocked, as illustrated in step 1520.
= Based on feedback derived frofn the position sensor 612, the controller operates the

valves 604a and 604b to manipulate the air pressure in the dual- action pneumatic
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mating guide components of the docking apparatus. Body 100 is now able to move compliantly, and
the docking actuators may now be engaged to draw the test head 100 into a fully docked position.
The second possibility is that the test head 100 is moved with the manipulator apparatus(not
shown in Figures 6(a) and 8(a)) from the present location to a new location. In this case, the lock
30 118 would preferably be locked to maintain the compliance-neutral position, and the linear actuator
508 can be used as desired to move body 100 to the desired second position. It is noted that as body
100 is so moved, the imbalance forces acting on it will probably change. Accordingly, when body
100 arrives at said second position, it should again be balanced. Once balanced, body 100 is in a

compliance-ready state, because it has remained locked in the compliance-neutral position. If
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between which of the two configurations to use is typically based upon the

det ai | s Wotking. physi cal 10 arrangenment of the application. For exanple,
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interest would be the case of a vertical pivot axis in which body 100 would be representative of a

support structure for a manipulator column which in turn supports the test head. In this case the
pivot axis 102 corresponds to the swing axis of the manipulator. An imbalance force may be
present in such an axis due to forces generated by the bending of the test head cable. In comparison
30 to the previously described imbalance force due to gravity, which is not present in this case, the
imbalance due to the cable will vary in a generally unpredictable manner. Nonetheless, it is clear
that the mechanism of either Figure 6(a) or 8(a) could be used to effectively provide a driven swing
axis having compliance and counterbalancing of the cable force. For example, Figure 6(b) shows a

BCAA of the type shown in Figure 6(a) applied to an axis 102 where the axis of rotation is vertical,
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i nf or matSeeAndrragehaisy efifasts thepitch @xis 93 of the same test head 100. A single contro system
25 which is not shown for simplicity reasons, is provided to effect the required control over the two

BCAAs as well as the entire manipulator system.

The test head 100 is shown in Figure 9(a) with the test interface on the top surface 901.
The DUT board 900 provides interface circuits and connection apparatus necessary to properly
interface the device under test to the test head pin electronics (not shown), located inside the test

30  head 100.

Also shown in cut away is a portion of docking assembly 916 including three of four
docking cams 910, three of four guide pins 912, cable 915, cable driver 917, and docking handle
914. In overview, to dock test head 100 with a test apparatus, such as a device handler (not

shown), wafer prober, or the like, the test head 100 is first manipulated so that the guide pins 912



i NTEST Handbook. The test head 100 is nounted to a typical cable pivot ring
924 of a test head 15 mani pul at or(not shown) as described, for exanple in
U. S. pat avo o292 5, 030, 869 and 5, 450, 766, due to Holt anBCT/WSe®s3IONTEST
Handbook. Figure 9(a) shows a test head nount 926 attached to the cable
pivot ring 924, and a first end of a test head support beam 922 is attached
to said test head nount 926. The axis gf the test head support beam 922 is
orthogonal to the plane of the cable p| ring 924, and an extension of
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perpendicular to the plane of the two rings 902 and 904 and passes throug eir common center.

25 The inner ring 902 rotates inside the outer ring 904 about the yaw axis 934. Two attachment shafts

906 pass through slots in the outer ring 904 and couple the inner ring 902 to bearing blocks 908

that are fixed to the two sides of the test head 100 that are shown in vertical planes that are parallel

to test head support beam 922. The bearing blocks 908 enable the test head 100 to pivot about the

pitch axis 936, which is defined by the attachment shafts 906.

30 Six cam followers(not shown) are utilized as support devices to bear the load imposed by

the inner ring 902 on the outer ring 904 while enabling low friction yaw motion. Three of the cam

followers(not shown) are disposed at 120-degree intervals about the inner circumference of the

outer ring 904 to bear the radial load that is in a direction perpendicular to the yaw axis 934. The

other three cam followers(not shown) are also arranged on the interior of the outer ring 904,



be included in known ways to indicate the relative position of the test
head 100 with respect to the pitch 936 and yaw 934 axes and to provide
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rods 112t beed 1604 o typically |located close together and such that a |line
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and 114 intersect the pitch axis 936. Simlarly si bl e to have
bot h t hehaving all rotation axes pass through the center of gravity. In Flgure 9za) tﬁl ba anced-
25 compliant actuator assemblies 930 and 932, which are of the same type as shown in Figure 8(a) and
previously described, are used to eliminate the requirement that the pitch 936 and yaw 934 axes
pass through the center of gravity for balanced-compliant motion.
The two BCAAs 930 and 932 are arranged so that their force rods 112 and connecting rods
114 are generally parallel with the roll axis as defined by the test-head support beam 922. The yaw
30 BCAA 930 is oriented such that a force acting along either the force rod 112 or the connecting rod
114 would create a non-zero moment about the yaw axis 934. Similarly, the pitch BCAA 932 is
oriented such that a force acting along either the force rod 112 or the connecting rod 114 would

create a non-zero moment about the pitch axis 936. The stationary elements 506 of the linear



extended axis of the force rod 112 and the extended axis of the connecting
rod 114 of the pitch 15 BCAA 932 intersect the yaw axis 934. In practice,
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25 The operation of the system shown in Figures 9(a) and 9(b) can now be described. In a

general situation, it may be assumed that initially the test head 100 is in an unbalanced state and in
an arbitrary position with the locks 118 of the two BCAAs 930 and 932 unlocked. In a worst case
scenario, the test head 100 is resting against physical constraints and mechanical stops built into the
system. That is to say, that there is a significant imbalance force maintaining the test head 100 in a
30 position that is at its motion limits in the pitch 936 and yaw 934 axes and that the imbalance force is
not fully supported by any of the components of the two BCAAs 930 and 932. A first goal is to
place the test head 100 in a compliant ready state (i.e., in a balanced condition and in the
compliance neutral position) with respéct to both the yaw 934 and pitch 936 axes. The lock 118 of
each of the two BCAAs 930 and 932 is locked. The actuators 508 are then used to position the test



932. That is, the inbalance force is resolved into two conponents, one
conponent acting along the 15 yaw BCAA force rod 112 and the second
conponentw@o2/232¢2 al ong the pitch BCAA force rod 112. ThePa@r@sowvmysobe
operated on sequentially, first one axis and then the other. Because naking
one axis conpliant ready may upset the conditions previously achieved in
anot her axis, each axis may be operatgg on again in turn repetitively
until both are satisfactorily sinultan€ously bal anced and posi ti oned.
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25 axis to be operated on based on a comparison of the forces acting on the respective BCAAs. For
example, it may be desired to first operate on the BCAA having the largest component of imbalance
force acting on it. Accordingly, the outputs of the two force sensors 120 can then be compared, and
the axis having the greatest component of the imbalance force is selected to be first. Similarly, one
could select the axis having the smallest component of imbalance force. In either case, if the two

30 components of the imbalance force are approximately equal, then one or the other of the axes could
be selected at random.

The axis that was selected to be operated on first will now be referred to as the first axis,
and the other axis will be referred to as the second axis. The first axis is now brought to a

compliant ready condition by following an appropriate procedure, such as either the previously



head 100 coul d then be mani pul ated, using the BCAA |inear actuators 508 as
appropriate, to a 15 docking ready position. That is, to a position that is
proxi mat avo 0221282 t est apparatus that the test head 100 iBCT@ShRswcked

wi th and such that the mating conponents of the docking apparatus are
close to the point of engagenent. In the docking nmechanismin Figure 9(a)
this would be a point where the guide pins 912 are in close proximty, but
not inserted into the mating guide hol"ég(not shown). Because the test head
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operate. The dock actuation mechanism is now activated and the test head 100 is drawn into a fully

docked position. In Figure 9(a), this is accomplished by rotating the docking handle 914. Other
dock actuation mechanisms are known and could be equally well used including electrically,
pneumatic, and vacuum operated types. While docking, the test head 100 is free to be moved

30 compliantly as necessary. The test head 100 may remain docked for a long period of time and the
air pressure differential in the pneumatic cylinder 128 may become lost due to leakage.
Accordingly, for undocking, the locks 118 are kept locked and the test head 100 is withdrawn along
a straight path that is perpendicular with the test interface surface (not shown) so that full compliant

motion is not necessary. Alternatively, the system could be equipped with pressure sensors (606a,
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25 508a having strokes of up to 30 inches are commercially available, and manipulators of this type

can correspondingly be designed having vertical strokes of up to 30 inches. For a longer vertical
stroke a telescoping column of the types shown in Figures 10a, 10b, and 10c may be used.
A support bracket 1040 is attached to the distal end of the main actuator screw 514a. A
BCAA of the type shown in either Figure 6a (as in Figure 10e) or Figure 8a (as in Figure 10d)
30 couples the main arm 1030 to the support bracket 1040. The BCAA includes a BCAA actuator
508b to precisely position the lock 118 with respect to the force rod 112. Operation of the main
actuator 508a causes vertical motion of the support bracket 1040, which in turn causes

corresponding vertical motion of the main arm 1030 and its load. The weight of the main arm 1030
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It is usually desirable to have approximately +1 inch of vertical compliant motion. It is
usually preferred to have the stroke of the piston 130 be somewhat greater than the compliant range
as determined by the compliance stops 522 and 524 so that the piston 130 won’t be “bottomed out”

30 in the event that the lock 118 is bearing against a compliance stop. The system is designed so that,
in operation, if the lock 118 is at its compliant neutral position with respect to the extended 522 and
retracted compliance 524 stops, then the piston 130 is in a compliant neutral position relative to the
cylinder 128. The load may then move through its entire compliant range as defined by the

compliance stops 522 and 524 during docking.



15 of the BCAA actuator 508b is readily achieved in known ways including
the use of limt switches (not shown in the figure) that are included in
t he purchegex2BXAA act uat or 508b assenbly or by operati nBCT/N801BIAN
actuator 508b for an ampunt of time sufficient for it to reach its end of
travel and stall. In the latter case the use of a current limted voltage
supply to the BCAA actuator notor 5102 is reconmended to mnimze the
chances of overheating. An alternative %bproach woul d be to 20 sense the
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piston assemblies are equipped with limit switches (not shown in the figure) by their manufacturers
that will permit this sensing.
In certain applications it may be desirable for the BCAA actuator 508b to be able to
position the lock 118 through the entire compliant range defined by the compliance stops 522 and
25 524 when the piston 130 is at any point in its range of travel. In this situation, the range of the
BCAA actuator 508b in Figure 10e is at least sum of the compliant range plus the stroke of the
piston 130. Also in Figure 10e it will be necessary to directly sense the position of the piston 130 in
achieving a compliant ready condition. In comparison, the needed range of the BCAA actuator
508b in Figure 10d is at least the greater of the compliant range or the stroke of the piston 130, and
30 only the single position sensor 1046 that is shown is sufficient.
A sequence of operations for achieving a compliant ready condition is as follows:
First we define a “Balance Sequence”
Balance Sequence (as illustrated in Figure 15(d))
1. The lock 118 is locked, as illustrated in step 1530.




15 the neasured force is greater than the threshold force), repeat the

bal ance sequence, as illustrated in step 1543. 6. If the lock 118 is
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Ready Sequenc@ngei@s1dck h ¥ b AfusithiddtinSlegus41. 15(f)) (Applicable to both
Figures 10d and 10e 1. Unlock the lock 118, as illustrated in step 1550.
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lock 118 is unlocked in step 1541, and operation of the BCAA actuator 508b will not move the lock
118 with respect to the force rod 112. However, combined static friction and pneumatic piston
break away force is typically in the range of 5 to 10 or more pounds, and it is possible to balance to
within.1 to 3 pounds.

25 For reasons described later, it is preferred that the system be designed to meet the
foregoing criterion. However, in the event that it is not possible or impractical to achieve this
criterion, there are other possible alternative sequences to achieve a compliant ready condition.
Two are now described.

The first alternative is to use the pneumatic cylinder 128 and piston 130 to position the lock

30 118 with a sequence of operations such as the following (“Compliant Ready Sequence 2”):
Compliant Ready Sequence 2 (as illustrated in Figure 15(f)) (Applicable to both Figures 10d and

10e)
1. Unlock the lock 118, as illustrated in step 1550.




6. Wien the force rod 112 arrives at the conpliant neutral position with
respect to the lock 118, Ilock the lock 118 and stop adjusting the air
pressurewaorpedzyl i nder 128, as illustrated in step 155B@T/UR01/29830t he
systemis of the type shown in Figure 10e, position the piston 130 to its
conpliant neutral 20 position using the BCAA actuator 508b, as illustrated
in an alternative enbodinent in step %?55b. 8. Performthe Bal ance
Sequence, as illustrated in step 1556. “The second alternative is to change

t he design_sli ly. In.contradiction to.the preferen stated above to
voi - by Srad oo ek @nRELE B e Rag P uR R C T S5 colteR b Hon M

pi st on 130thé%ock 118, Hantistagaingdp 158e. | ower end of the cylinder 128 if there
is no air pressure in the cylinder 128 an the lock 118 is unl.ocked. In

ef f ect t%egﬂluétttﬁ?lﬁcfég F831or ﬁgdba?aél?aﬁgtls ’i‘el"‘l’ég'ﬁ(‘}?{l%rrﬂfétﬁa“ (\rﬁﬁaré?/ldf’sﬁrﬁgr 128
perforns tbgndliancicu@n pokitibh) Qs ankiemdas sep 1p3I. aNigestsd RQuiled Zhe BB WHEkewnended
conpliance stop 522 may therefore be elimnated from.the g/stem , (a{()g i's

2l 503 not od SIS HeRding eRse eep%w%ﬁ?naweémg g5enss i ROTHPOMRY R 5208 | ¢

the pi st ongdaQ dignedt badatR i 8ty REmdnhS06bOR Bfne idQin€eslabiigtes 5088 as a
30 stop.) Then the follow n npl i ant Ready Sequence 3" is appli gﬁgl e"

: ol l ow ng " Co 3
Conpl i ant RE£EYPEEGUENEBIt SW‘?%%S pdetagitthee & qriverrigurt S14 Hrcleniip PRt abie to
both Fi gur ggvc1.06e8Mhy bt @8edlin cEMflnk A6 wit'Emas inRiodn WSS dcfiede MOALie@n t hat
will allow the piston 130 to reach the bottomof its stroke within the
cylinder 1p8ultds jllustrated in step 1560. (Dependi ng upon design this
coulygl bey Wi Q24273 the RSO isdodRe texS1ifRd: &l Prdigife RYa pdiFits catidd the PRfon
incorporéte& mékﬁﬁn fﬁgﬂactuafor 50§qf§%; d(i&?ﬁg t%e %%tuatgr 508a in the
retracti ngl3 toduteakaway erd mowappwards eastillystratgd i ¥9P 135%e to reach a fully
retract | ke LR CHRIANRR 1 1 -1lod¥Nh8 G EsnbRsk 118,
as iIIu?grg@@g%%%hggggﬂig%%mﬁgfg@qég%%ﬁgﬁrr?fonjcg%i%der.128 so that the
pi st on 130 pesitimessensor b4, cengianants tadjusteheneylindam13$ air pressueg/¢ansiagthe pzen 136,
illustrated jn st 4, . Positi I ARk BEUL T a
posi tion ust dnﬁon?ﬁggglﬂﬁez%)c eﬁ%ﬁ%‘?’dgg‘ggﬁ iggce rl&f Flu%tjf(? %?gg}eﬁﬁ ngo? 'ggisiggf 5.
Per fidr m t hin 85l Edddée Sequence, as illustrated in step 1564. 10 6. Keeping
the | ock 1 | gcked, u the B 0, 1. i a
posi ti onk6'mﬁ\§]r63%wt redaﬁ?é f %narri%%f@e ?(%;@%%to r?bl?iggﬁ?l{lﬁneﬁﬂ gﬁgpetﬁg@idtlé)@%{ %%ér mal |y
appr oxi mat &lcy thedodket 18dnd wiop Adjnsisg éhetair pressurhdn ty ylinder 12828 illagraiel liusiep at ed
in step 15?%5 7. Performthe Bal ance' Sequence again as the notion of the
pi ston 130 5d d cause a slight inbalance to occur, as illustrated in step
1566. 157.1 mf thosptensisof Reayy sheqlieRigse Meapokitdn thd pisten pilets utredmpliuat ndutrali s

not zguar an%gs?tgontur;?ntg tltleh§CAA actuator 508b, as illustrated in an alternative embodiment in step

1555b.
8. Perform the Balance Sequence, as illustrated in step 1556.
The second alternative is to change the design slightly. In contradiction to the preference
stated above to avoid bottoming out the piston 130, the system is arranged so that the piston 130
25 will bear against the lower end of the cylinder 128 if there is no air pressure in the cylinder 128 and
the lock 118 is unlocked. In effect the piston 130 bearing against the bottom end of the cylinder 128
performé the function of the extended compliance stop 522, and the extended compliance stop 522
may therefore be eliminated from the system. (It is also noted that the retracted compliance stop
524 could be eliminated if the piston 130 is allowed to bear against the top of the cylinder 128 as a
30  stop.) Then the following “Compliant Ready Sequence 3” is applicable”
Compliant Ready Sequence 3 (as illustrated in Figure 15(g) (Applicable to both Figures 10d and

10e)

1. Retract the actuator 508a to a position that will allow the piston 130 to reach the bottom of its

stroke within the cylinder 128, as illustrated in step 1560. (Depending upon design this could be



bal ance sequence threshold is not |less than the static friction conbi ned
with the breakaway force. Consequently, the |lock 118 should stay | ocked
until a me@ady212e2 dock position with the |oad partially sP@gposeedsisy the
dock apparatus (or other desired condition) is achieved. However, it is
observed that if the lock 118 can be left unlocked while the |oad is being
vertically positioned with the main 2% actuator 508a, then the position
sensor 1046 can be used to detect if t %"Ioad encounters any obstructions.
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t ake appropriate actjon, such as stopping the main actuator 508a.
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Ready Sejuemfegk iheQddk 118, asdBustreled atdiep 156ed. Figure 10f also applies to a
fixed vertical colum_ 1000. The vertical axis is actyataor 508 riven. A
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vertical deju@er BS, ¥efihstAid dpdigp2and conpliance. Muich of what has been
said in the descri Pti on of Figures 10d and 10e al so agpl ies to Figure 10f,

so in tH-sPadidan helogk 1ESiedkegompliant peytrl positipnsing thedB G actigior Wosdsat | s

di fferent. ;lg.Syfifmiiss. Fi gure 10f has a single |inear actuator 508, which
is equivalent to the linear actuator 508 of the BCAA in Figure 8a.

Fur t her ,5.i Peifernegie Belaneeriequences 8y Blkeraigddn sed?d4 cation to the nmain linear
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cylinder 128 i . A orted by the subassenbly of the
connecti ng%%ﬁzﬁﬁ?%iﬁd%@%gﬁgﬂ%eﬁm subassenbly of the force rod 112,

f or ce séhs®erfa20the BakindecieluebdeSagainras theamotivo vb tha pistannt 36 fcouli causeve skishpendi ng
upon the stat f the sysi he atus attached to the distal end of
t he Iinearugc%ﬁg 5&“%88%§h%%%ﬁgglﬁgpg%%bled to the main arm 1030 is

equityal ent t olntGuenphiahtReedy SequaveesZaavidssnita$ presuwguedehat (td) notlgnaremtekelr thatdheput t he

mai n ar 030 into C Lia ready condifi.on : l.ow. N ce nmay
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i 11 ustr at@deduentlyi, gierieckl B khouldlstayUntked kintilleereddyak ddckosidien with tetlemitpediallpy st ep
1570. 10 2. Vent ai romthe cylinder 128.s0,that. t he.extended conpl.i ance
stop 522 Rkssd by 6“%‘%’8‘} a%e#%??r Ot desqits oD gs“g]i“?‘ieg's FRVER 11 of eg%d1571.
3. | nj ecthataf the gtk 18 b )bt iledked R8ilé the Nexdss begngteetically post@nedawith e eméur e t o
a paoint to ca t he pistgn 130 br eak and e upwards, as

"1 P33t r cheBiator HOG dp fhassiton seiir LM i ety Srine e 1o SROLEHS 8P 1046,
cont i NUeHs@uaidhd) 3 arl SWRtrayibh REAEouBicfedPthe 28s0tiated ficd dighe Tbad oeld phust amtikB0 and

consequent|ly the connecting 114 and force rods 2.to ntj nue,to nove, as
d of they force rod 112 relative t% the lock 118. T 1rs motion coulciL %e detecte(c:i%y tfle position sensor

1046 and thus provide a signal to take appropriate action, such as stopping the main actuator 508a.
Accordingly, it is preferred that the system be designed so that Compliant Ready Sequence 1 can be
25 reliably used.

Figure 10f also applies to a fixed vertical column 1000. The vertical axis is actuator 508
driven. A BCAA of the type shown in Figure 8(a) and Figure 10d provides both the vertical drive
as well as balance and compliance. Much of what has been said in the description of Figures 10d
and 10e also applies to Figure 10f, so in this section we concentrate mainly on what is new and

30 what is different. ,

The system in Figure 10f has a single linear actuator 508, which is equivalent to the linear
actuator 508 of the BCAA in Figure 8a. Further, it is equivalent in stroke and specification to the
main linear actuator 508a in Figures 10d and 10e. The distal end of the actuator screw 514 is

attached to the lock 118. The support bracket 1094 attaches the lock 118 to the single action



illustrated in step 1573. 5. When the force rod 112 arrives at the
conpliant neutral position relative to the lock 118, lock the lock 118 and
stop adj weobmegs2air pressure in the cylinder 128, as il | usPCBRUSE/29830st ep
1574. 6. Performthe bal ance sequence, as illustrated in step 1575. 20 If

t he bal ance sequence force threshold is |less than the conbi ned static
friction and break away force of the piston 130, then the |ock 118 nay be
unl ocked and | eft unl ocked as the actuator 508 is used to drive the nmain

arm 1030 and jts supported | oad t he desired vertical. |acation. .As

di scuss®gepradigic Wﬁ,&% h??%m?‘é‘ ab‘PéB%d Féﬂﬁpoﬁ%&%?@g)afsﬁ@hlyc?g PRSI be
kept | oakedndipiioh 180, RAGYassdniblflefCikie RREd dotl QM2,Vibich sénbe 120 ghdpedkt 18] brythe
supported by the dock apparatus (or oth?r sui tabhl e and 25 d sireg]8 il
condi t i GAYbnation.afites @@ depangige agon BE Sgke ﬁ!ﬁﬁy%%?-h_‘}m%ar%m%{ﬁf%&ﬂlt%_ A'th a
t el esCcoRhAgf HRHiEm adR0: S8Mhd BHat & Colpl to I 1BAS A4 NBOGOLAIRAIHEHARY Redce N PCT
application PCT/US01/ 06456 due to Holt et al. In Figure 10a a BCAA of the
t ype> shovashanisorpiglieered®)i s used to provide bal ance and conpliance; whereas,
a BCAA of thg ofaP% gﬂ%diﬁarﬁi 30 8ni6 @ chdplRertadyOlonliBibs, tRiHoNOS g istiubh@ur e
10b. The fol |l ow ng discussion pertains to both figures in general.

Speci f i dnagi tefusedetiComplians Repdy bequeace 4 pe of BCAA are poi nted out where

necessalr, : ' Q39 ihssustel G PRl 1Bihached to the upper segnent
1001 of Clqmpl i, 1R s Blck ilote 1 NQ | i-near guide rail 1058 and

| i near dui Yslockheilomks(lRots Bustoiad in S|P B7r ovi des a vertical vernier notion
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act ust or 5@8lpidten 1BOWAL echseduently thé cahecting pb¥ andfpme kets 11D Bvcoatit@ahedve.@st he
m ddl e segpent 1002 3 23it noves the upper segnent 1001 vertically wth
respect toﬂ‘f“ﬁ ated ter rs% gnent 1002. Extension and retraction of the

t el esco@. ngviealiheniorct Q801 12rapitved @sthé compliavencuiraplosipasietativniorthe bk 118 ldckad.

The verni er tion of the. 10 nain arm 1030 .bet n the er. 1 and

| ower st op@e%4l 1?5’“‘%%8’6 agjyfing AR BTeSSURG m\]ﬂger (Eyihg‘iﬁr%taf (5@““#%“&5% ?1%4 A BCAA
508C i s g:0ppiech AEbYIRRB sdqueee onRdinsupRed sty Boket 1040 attached to the upper
segnent 1001 and the main arm 1030. .BCAA 508c of .the type used. jn Figure
8a 2@ used i ntf thejhglapes Sf@‘&f‘ceafﬁffe@r%"‘(}ﬂﬁ 1%58?@6‘?'?‘? ﬁ%mtﬂ“s}%e“qﬁ%gﬂcqoﬂ apd éﬁf?l% 6a is
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the vertical vernier notion and to provide conpliance, over . .
508 is used to drive the main arm 1030 and its supported load to the desired vertical location. As

discussed previously, this is preferred. Otherwise the lock 118 should be kept locked until a ready
to dock position with the load partially supported by the dock apparatus (or other suitable and
25 desired condition) is achieved.
Figures 10a and 10b both have a manipulator with a telescoping column 1000 similar to the
telescoping column described in PCT application PCT/US01/06456 due to Holt et al. In Figure 10a
a BCAA of the type shown in Figure 8a is used to provide balance and compliance; whereas, a
BCAA of the type shown in Figure 6a is used for this purpose in Figure 10b. The following
30 discussion pertains to both figures in general. Specific differences based on the type of BCAA are
pointed out where necessary.
The main arm 1030 is slidingly attached to the upper segment 1001 of the telescoping
column 1000 using a linear guide rail 1058 and linear guide bearings(not shown). This provides a

vertical vernier motion of the main arm 1030 of approximately +1 inch relative to the upper



the full range of vertical vernier notion. A conpliant ready condition in
this systemis simlar to that of a systemwth a fixed colum 1000 such
as in Fi gvoex220 and 10e. In addition, however, it isS neREPFT&IY29539
position the main arm 1030 to a specified generally central |ocation

bet ween the upper 1032 and | ower main 20 arm stops 1054 (or in the absence
of a lower stop 1054 to a position tha5 is a specified distance renoved
fromthe upper stop 1032). We refer to ﬁhat position of the main arm 1030

as a conpl ai nt tral position. The c it for a compliant.r
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and elther kno position o BCAA act uat or 508c or
pi ston liBGlofldngmeeded in Figure 10b. To provide a general solution to the
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di scussed in reference to Figures 10d and | Oe. The foll owi ng sequence of

oper at i oPMRIUAERPSEHEMysed to place the apparatus in a conpliant
The conditions for a compliant ready condition may then be stated as follows:

1. The air pressure in the pneumatic cylinder 128 must be such that the connecting rod 114
25 and piston 130 bear essentially the entire load of the main arm 1030 and its load.
2. The lock 118 must be in a compliant neutral position with respect to the extended 522 and
retracted 524 compliance stops (normally mid way between the two),
3. The piston 130 is in a compliant neutral position with respect to its cylinder 128, and
4. The main arm 1030 must be in a compliant neutral position with respect to upper 1032 and
30 lower 1054 main arm stops (normally mid way between the two).
Achieving the joint positioning requirements of the lock 118 and piston 130 in items 2 and
3 of the above list in Figures 10a and 10b is the same as previously described in reference to

Figures 10d and 10e. In particular, it can be achieved by design in Figure 10a as the lock 118 is



ready condition ("Conpliant Ready Sequence 5") Conpliant Ready Sequence 5
(as illustrated in Figure 15(i)) 1. Perform bal ance sequence, as

i Il ustratvedoem29t ep 1580. 20 2. Unlock the lock 118 and ppeTAs@mnsdve | ock
118 to the conpliant neutral position using the BCAA actuator 508c, as
illustrated in step 1581a. 3. If the systemis of the type shown in Figure
10b, then lock the lock 118 and positi 33 the piston 130 to its conpliant
neutral position using the BCAA act uat' "508c, as illustrated in an
alternative enb
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PCT/ US0 1¥igesg0a ang 4 0b. ocatl on. Furthernore, as described in PCT application
PCT/))S01/ 0645 | Reshil 8haseASPis 1046
and §.J056 can gletéilﬁagg%@ %F%@t&r%%r?%%&g ndy ﬁie S%a Hﬁ??ﬂ 1030& rel gg!tﬂl ve to the
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i n tiRi s ®hsiens totthis s/e@eliseumdiynrakmassmﬁygmm lodepd tdee | ock 118 | ocked while

positioning t and t he 03|t|on ensors 1046
used to det ecjglh 0%@ Wil 5598 ef’% BYECBHIAY bfle ‘bsﬁ 1ace4th h%&gaérg%atﬁ)%ﬂ%hf orce
sensor 11%@dywd1henUmdlphmﬁezi@csfzqmsﬁ’l)ct| ons to rmtl on. Conpliant Ready

| | s Applicable to Figures 10a and
Se positioning the | ock 118 and

the bal aDC@eifon@Bzhﬂicéisdqﬁenc@,ra@alﬂlﬁfraté(hm’bt tiggd.c friction and break away
forces) 1. Unlock the 118, as |I]e1|;$strat ed 1 gjglp 1590. 15 Vent air
1304 Aiira

f r 0Pt he2-cyiniqridie 19@"811&9“11 Rofton e logk d@&lec%’ﬁ‘B Lpasiios 350g Mites t o
bear agai NHCAA heudierG8cl b iludgatdd nueprsgd in step 1591.

3. If the system is of the type shown in Figure 10b, then lock the lock 118 and position the piston

130 to its compliant neutral position using the BCAA actuator 508c, as illustrated in an
alternative embodiment in step 1581b.
25 4. If the main arm 1030 is not already in its compliant neutral position (by design, for example),
then lock the lock 118 and move the main arm 1030 to its compliant neutral position using the
BCAA actuator 508c, as illustrated in step 1582.
5. If the force sensor 120 indicates that the force in the force rod 112 is greater than the threshold
force, perform a balance sequence, as illustrated in step 1583.
30 6. If the lock 118 is locked, it may be unlocked, as illustrated in step 1584.
Notice that steps 1581 and 1584 require that the force threshold be less than the combined
static friction and break-away force of the piston 130. As in the cases of Figures 10d and 10e, this
is the preferred criterion for the system. With this being the case, the lock 118 may be unlocked

and left unlocked as the main arm 1030 and its supported load is driven to the desired vertical



3. Adjust the BCAA actuator 508c so that it is near the center of its
stroke or near its desired conpliant neutral position, as illustrated in
step 15920 h2/25292 ep requires the use of well known sol ut PORESIVRIEINI Ng t he
use of position sensors to sense the position of the actuator's driven 20
el ement 514c relative to its stationary el enent 506c. In sone instances
actuators 508c are equipped with [imt._switches to detect when the driven
el enent 514c reaches the end of its fﬁQVeI; these nmay be used in
conjunctjon wth tiners
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cormp)i an%or&esgﬁslbfiiZOQHa? el &Ehl%%tegﬁ&!s?ﬁkﬁoﬁs% Pﬁygaﬂp' e), 5 then lock the |ock

118 and nove the nmain arm to 1ts conpliant neutral position using the
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pi st on 18@atemtharbedic fuctionhed btk ewayofordes)e cyl i nder 128 and t he bal ance
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Ret r act ?’he ”éf%%ﬁlealg(fkulalt%b?s lggsérg etdcl)Iti %tgppgsgglbti on that will allow the piston 130
t 0 ridach2t Renbait framtheadylindes 128 swthet the ¢xtinded dvanpliyrice nehp 522 2@nesds bear lagasist at ed
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20 e&ement 5q4c re?:Rlve to 1%5 stationary element 506c. In some instances actuators 508c are
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equipped with limit switches to detect when the driven element 514c reaches the end of its
travel; these may be used in conjunction with timers in known ways to achieve the desired
result.)

4. Inject air into the cylinder 128 increasing the cylinder air pressure to a point to cause the piston

25 130 to break away and move upwards, as illustrated in step 1593.

5. While monitoring the position of the force rod 112 relative to the lock 118 with the shown
position sensor 1046, continue to adjust the cylinder air pressure causing the piston 130, and
consequently the connecting rod 114 and force rod 112, to continue to move, as illustrated in
step 1594.

30 6. When the force rod 112 arrives at the compliant neutral position with respect to the lock 118,
lock the lock 118 and stop adjusting the air pressure in the cylinder 128, as illustrated in step
1595a.



4. Position the lock 118 to its conpliant neutral position using the BCAA
actuator 508c, as 20 illustrated in step 1603. 5. Lock the lock 118 and
use the BGAMR/ZePUAt or 508c to raise the |oad to a positi oRCWISNIERI5IE
piston 130 is in its conpliant neutral position (normally approximtely
centered) with respect to the cylinder 128, as illustrated in step 1604.
6. If the main arm 1030 is not already i7n its conpliant neutral position
(by design, for exanple), 25 then Ioél? the lock 118 and nove the main arm

1030 to it onpliant _neutra osi t.ion_ysing.t . t.uat or..508c S
hust ratedt SR Biears o658 B el Rt 15 elifonife eEhdrlE 3 Rpup Al oo
in step 16Q6sitidn @ik EhelBCAA ScahbBO5@Bc@Milpthed af anwieinatveenitedpeanipiseg col um
1000 simlar_to the telescoping colum described in PCT application

PCT/ USOL/ 084%%" due to Holt et al. As before, 30 the main arm 1030 is

slidingly athaehRtrhAotds PR dy BORRGnpA0deutal pogition kbydeien Jui eampr),] 1058
and |inear guide bearings(not shown). This provides a vertical vernier

moti én of I8 legkithe lapkd 1§rand apqye dhe ik aim, 1039 tq fizgpmplipgfmeyizal pasiiqnasing s,
segnent 10@kbA Aedhiafcttsosd, A6 Blus@mddidtsRp 1568a noves the niddl e segment 1002 of
t he columm 1000 vertically wth respect to the fixed | ower segnent 1004
and base?-1FedornpthpBalancstSeguguce. ap dlustmedinisip EPYur e WO 02/ 25292

PCT/ USO1¢68m30k ReadP S8 e &hiddqn PRLR 150Y (A;;Jgﬁcmp@ Figh@@Nes indl@ABL Wi th
respect. To the m ddl e SegnE 002 and to_provide balance and conpliance
in the vehere pigion 39 eAnchearsori the batkpan eftthe ¢ydindaryl 2@ prdhibe balgrss phresholdfpesddiond

l'inegr aghiigh rfr-&%%%nh%reqkhﬁﬁshﬁgcegp a first support bracket 1040 that is
e em e

in turn attac tot segment 1002. The distal end of the actuator
5 screw 51Rstracs thetBGoheduater 108e tETaitiop dhat wilballowribe pisior 130 ® reachhe bpdip®dd t o
a_second s il {1360 &BehGdind G PR BEYTEN
1001. Accolréglﬂﬁggt{og/(?w?tﬁé%? ﬁé‘glreqaltgtg’lajégtl%%u%%@ %Pi ves'e(%tehe vgrpzljﬁéal' gIrlmti on of
t he upper segdbatetdrftdedrbyllbnit svatches indoepondtettivithis dgraswaton 6082, byrérdvigsiBeimat i ¢
cylinder 128 of e.B i.S..al t ye acket
176, he  rapdr IBG mEtdsRu AR AELRin g 3] BARL RABRRRA ACKE
mai nsar m 1@sfditidnt ot etherekmnwh leghnitpdes.)appar at us 10 i ncl udi ng the second | i near
actuator,5 neu i,C_cxlinder. 128 i ston 130, connecting rod 114,
force rott %@?ekﬁ}ﬁ 8&%@%’%@?&%%%? ?Og'n sensor 1056, conpliance stops 522
and 524, 3 et\ent aicfiom el lindere $28soBlzAsheqfistdrhB0tcygmes ®©lboavaghinstFhegonttemd thewi t h t he
addi tional featu of . havi t he upport bracket 1076 al so attached to the
novabl e upﬁ@ﬁ"adgre At ﬂl&%fﬁegq’fﬁtgp&g(%di tions for the main arm 1030 being in a
conpl i ang. rresitdyn e Rk iDH i@r@niphigt aankl psitiod nsihd e AKX adtiagerr568c, B®a and
10b. Howeve‘r, th ,situ% gon is sinpler because the lock 118 cannot be
posi®i oned g W(:Féeﬂ?tllb ‘of the upper segment 1001 as it can be in Figures
10a and 30locH ke 16201118 bRbtNetthd BCARatmatbr 308 tomRisa tirrloadlio A@okiton Wheré the

conpliant neutral position, the lock 118 nust also be in its ¢ Li ant
neutral podiHqroR0 iHiRdts compiAE BywFal pasitiop OFIBWtyr?QP’?éﬁWé% %enf‘f:éifﬁ E?'étﬁ g%@%i:?foo

achieve a the cylinder 128, as illustrated in step 1604.

6. If the main arm 1030 is not already in its compliant neutral position (by design, for example),
25 then lock the lock 118 and move the main arm 1030 to its compliant neutral position using the
BCAA actuator 508c, as illustrated in step 1605. |
7. Perform the Balance Sequence, as illustrated in step 1606.
Figure 10c is also a manipulator having a telescoping column 1000 similar to the
telescoping column described in PCT application PCT/US01/06456 due to Holt et al. As before,
30 the main arm 1030 is slidingly attached to the upper segment 1001 using a linear guide rail 1058
and linear guide bearings(not shown). This provides a vertical vernier motion of the main arm of
approximately +1 inch relative to the upper segment 1001.
A first linear actuator 508a moves the middle segment 1002 of the column 1000 vertically

with respect to the fixed lower segment 1004 and base 1003. A BCAA of the type shown in Figure



conpliant ready condition ("Conpliant Ready Sequence 8") 20 Conpliant Ready
Sequence 8 (as illustrated in Figure 15(1)) 1. Unlock the lock 118, as

il lustratvedor/es28tep 1610. 2. Vent air fromthe cylinder 1PG8T/AS01I9830 eit her
the main arm 1030 cones to bear on the lower main armstop 1054 and/or the
extended conpliance stop 522 cones to bear on the second support bracket
1076, as illustrated in step 1611. %ﬁ t he second support bracket 1076
and 25 |l ower main arm stop 1054 are bo fixed to the upper segnent 1001 in
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adj usti ngy7@itiar RrBSHkthdhed b thé Bppey bdoRe 10828\ ccalingly, Urtlindiradmhidr SI8BRILEL4. 6.
Perform a bal ance sequence, as illustrated in step 1615. WO 02/ 25292
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ut i I'i zedsupport bragkehtf)7¢ alsesittadhedth themoyableatpper stdoant 1GWe nani pul ator 1101 in
Figure 11 has . descyy
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sinplicit . ul ato seven nDtlo ree
transl at ft% Q}c(gélgut%?}uaosufogu Pn ‘i?{ljfﬁffe n;ﬁ‘ %lﬂgwmg'lsﬁ%uefl FnS ae?lllsggr(lg)l bléllé("%s are
i n- out 13@1@11aﬁtlrémy'fcﬁn(ﬁﬂldile(“(tﬂlﬂﬁhanaliéhdyISeqileme &pr 15 vertical) 1130. The

f

rotation A, X k ng q at. e base and pitch 1113, yaw
11170 afAmpla 2 ) 2HC Wedd 100. Typi cal notion

requi re”l?nt[ﬁﬂcﬁ:k%e 1&&:11rscb£ﬁ1ustfmaauﬁ step mmches si de-to-side, 30 inches

verti cal 30 or, nore degrees rees rees |tch and
5 degreed YR alf Fopphecy, H%‘(Sc}izgré%ht @Paﬂ?ll8%4cotnf?ét fﬁf B%ThBF Taxes is

central controller(not shown) to_ effect
support bracket 1076, as llhzstrated in step 1611 (Note the second support bracket 1076 and

powered  bymdiiH st%f i0s2An@¥6t thakAksled I&mfaﬁéetw;tp(m caines B @l thedcdiy a
25 lower main arm stop 1054 are both fixed to the upper segment 1001 in this case.)
3. Inject air into the cylinder 128’increasing the cylinder air pressure to a point to cause the piston
130 to break away and move upwards, as illustrated in step 1612.
4. While monitoring the main arm position sensor 1056, continue to adjust the cylinder air
pressure causing the piston 130 and consequently the connecting and force rods, 114 and 112
30 respectively, and main arm 1030 to continue to move upwards, as illustrated in step 1613.
5. When the force rod 112 and main arm 1030 arrive at their compliant neutral position, lock the
lock 118 and stop adjusting air pressure in the cylinder 128, as illustrated in step 1614.

6. Perform a balance sequence, as illustrated in step 1615.



20 novenent of the test head 100 from one position and orientation to
another within the manipulator's 1101 notion envel ope. Any of a nunber of
t echni quewodoes2ef f ecti ng control over the plurality of arReBpUB@/29683t rol t he
novenent may be utilized. Appropriate position sensors are used on all
axes to provide feedback to the controller. In this manipulator 1101, a
cabl e pivot ring assenbly 924 is m)untﬁg at the end of a 25 support bracket
1114, which is attached to the main arnt1030. The test head 100 is
supported by est head support beam 922 ich.is fixed.to a fest head
mount. 926, THoUE §‘Lan‘}?esﬁﬂfleﬁ%ﬁ?°eé‘§%5?‘f’ 1s ‘(??BSJB?%"' IR sfagE g‘i‘%’BP 8“‘# ?rﬁ%k 1102
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and test noun ese are represen hematically in"Figure 11
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sane as jn Figure 9 . .Ih t B%‘ : r e osition
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force i sygseaidotifleRRedtatk A engdldor ce threshold so that the test head
100 can be positioned vertically with the |ock 118
In this manipulator 1101, a cable pivot ring assembly 924 is mounted at the end of a
25 support bracket 1114, which is attached to the main arm 1030. The test head 100 is supported by a
test head support beam 922, which is fixed to a test head mount 926. The test head mount 926 is
coupled to the rotatable ring 1102 of the cable pivot ring 924, such that the centerline of the support
beam 922 passes through the center of the rotatable ring’s 1102 rotation and is perpendicular to the
plane of the rotatable ring 1102. The apparatus is configured to enable the test head 100 to rotate
30 495 degrees about the axis defined by the centerline of the support beam 922; this is the roll axis
1111 of motion.
In Figure 11, the roll axis 1111 pésses through the center of gravity of the test head 100 so
that the roll motion is substantially balanced and effectively weightless. Motion of the test head 100

about the roll axis may accordingly be powered with a motor-gearbox-clutch arrangement as



20 unl ocked. The swing notion in the base 1103 is in the horizontal plane
and effected by a conpliant drive nechani smwhich is indicated

schemat i oe® b3y232:2 Fi gure 11 as nechani sm 1120. Normal |y, POTAUSN/IIR0 hi S
axis is essentially balanced and not subject to external forces. In this
case a conpliant drive nechanismof the type shown in any of Figures 5(a),
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approxi mately 30 degrees or nore requires a substantially 1ong stroke of
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} nto a final Tirswingd mytichae ectagosios isin the@sridentalpine aidssfiected by acompliant ypes,
or exa gui de pins. and_ holes, kinenatjc chani known to
assur o (HE TAREEELYTR GOt Coop e 1 gy 11 o dechnin 1126 Noafy,

motion in this axis is essentially balanced and not subject to external forces. In this case a compliant

drive mechanism of the type shown in any of Figures 5(a), 5(b), 5(c) or 7 could be used in

25  principle. Because the swing motion of approximately 30 deérees or more requires a substantially
long stroke of the actuator, Figure 5(a) or Figure 7 would be preferred. However, in certain
applications a thick, some-what resilient test head cable (not shown) connecting the test head 100 to
a test cabinet (not shown) can exert a position variable force effecting motion in this axis. In this
situation a BCAA could be used as mechanism 1120 to provide drive as well as balanced

30 - compliance. A BCAA configuration such as is shown in Figure 6(b) could be adapted. Also, a
BCAA of the type shown in either Figure 8(a) or 8(b) could similarly be adapted for use in this
application.

Similarly, the in-out and side-to-side motions of the base 1103 are also in the horizontal

plane. Compliant drive mechanisms for these axes are also indicated schematically in Figure 11 as



20 accurately aligned with the device handl er/ prober(not shown). The test
head 100 nust nove conpliantly with respect to the manipulator 1101 as the
act uat or weonpesat ed. Wien fully docked, a mechanism whPCTYUREN2953 t he
actuator mechanism |atches the test head securely in position. As test
heads 100 have becone | arger, the basic idea of the 815 dock has evol ved
to provide docks having three or four fets of guide pins 912, guide pin
receptacles 912a, and circular 25 cang 910 i nterconnected by cables 915.

Figure 1 1 , 12 f th resent .application illustrate
a dock H‘é"\%ﬁ%&“ﬂﬂ}gla&%“ﬁ %@T@qg‘hﬂ’s 8?‘\?? tB?é‘E‘P%PmE‘i‘gémélSﬂH} ﬁ%\sﬁaéﬁs " and
four ci regddhily balaEced hd nd shitjedd @ exsesd féfr@dsr Tﬂ@taﬂge sfandtdn hamﬁ'ecbﬁ&mese axes
constructed having an actuator handlle atta,cheg ereég% g_‘f ,? Q]%ir cans
910, théSBB’&lesﬁﬁ%n—ﬁ el fo b dnshes. dheqygpchanizm of Fighre AR it d189R 4 "l ached t o
cabl e drabéb%m%ﬁﬁe pihERdGe pioRidd Eﬂe\fé‘c[ulrQ&Ztrdk% oh@bwd: v sik‘ﬂffiéhrﬂgaﬁ@[ﬁjdaﬁleg 14,
the 30 cable 915 1s noved so tha he four cans 910 rotate in

synchr orfPrEespre Bgpang i tha pysmy ﬁ%%@ﬁ@ﬁ’@lsmiﬁ’fé@% §Pgs LPWRy PbFI&‘HF%gf‘b 8@ e in

a_conveny g c&nﬁ@ﬁé h@Bteli Ahd hilEePRORIe if¥ne AofoRRl Sles.TeChani cal  advant age
can be achi éved %/ ap proprlatalsx adjusting the ratio of the di arreters of
th

the cams 910 Itis to beheoter] BatheB apqﬁéorgﬁ;gp@dry,eme@}aamsm shoypigfogure 11 are

PCT/ USO %&%ﬁ%lmgg fﬁc%g e Rstidify Bméau%o&%ﬁ&alsﬁgﬁom%&&mﬁﬁpiﬁﬁmubﬁs mor e
detail. Figure 1 S’ oOWws I n persgectlve a test head 100 held in a cradle
200, whicettain gephanisus or pentiporaf dibmbmight wrahe pigible feem g gen VisBRWMPnt A%5o shown
is g,cut hanel 16tdahSlodEwim bgad 100
mayé}O be eémé\@ gﬁl}%g %‘5%%@&%1&% g\gnag&elﬁa%gﬁ %Pm%ﬂd%r‘ 08 |tn sgngleaV\hat | ar ger
scal e annlecgznmtsebetwwmld: varlpug Paies theadparprissthe annipdletyrsdreel Wgahkotdiat t he
term "h Iﬁ!h exam ?e cgan\‘\gn& Pﬂ%tc 1!118%@ lo(ggt (981?%(? &f tﬁe Oth ;ﬁ{e 1‘&({11 ?Hl% Of t he
vari ous 6’ usas 1 ncldai n ek evice hand l'ers, pr obers,
and thendnnﬁnlatc)r cElutrmf]llpsl ooki ng ahead to the sectional view in Figure
12(c), it i tzeeon thrmthe test head 100 has electrical interface 1226,
and the 3@’"?’8 M ZdP€#"81208 has a corresponding electrical interface 1228.
El eagsrical i meskaphsy didbdimemd ofli@8tor-drivenalocling seeplhinedbecrarce tohidigeands  of

tiny, 10 fragile electrical cts St nga in a
manner tid- gP %ﬁ“ffele Tr & mpgpRulater oﬂbg ?‘fiﬁo é‘ngﬂ’& t?ﬁ?gffglﬁéll@c#ﬁag %cg’gﬁnectl ons
when t heyobifisi arfdehsh 4 &pﬁﬂamainuypedmkmikmg\sctuaommwn)vmm drabvbltlfe tesc end| 160 ynte ase,
the | ower surface of device handl er, 1208 ﬁont ains t | er..el.ectr.ical

i nt er f aceinpborgiully, derked ositin; H & FreqleismE O HTIORYIRTS: rﬁx %glﬂﬁlﬁ 1P\ar d

ot i on foRR) Bfdniic ngcﬁtﬁﬁsmsoétb eafea&lb@ﬂ&) anke HRSGHE Msehead dodkis q)mpeﬂylﬁﬂdudl ng:
docking to surface wt ertical plane

sur f28ce W‘Fﬁtelﬂéfgrféﬁ‘(lg‘l th?r%‘tvﬂcﬁrli‘andéeﬁg] ?Q?f(aotggé‘%ﬁén?h%%“ﬁ’g @[O\édﬂlsh’ﬂa‘f e to both

the hordoapimy “ﬂdEQe%?@étttb @Rl manipafatdl Nl OWCasttRe ddnGitr @Sopkrited) V\Eﬂaﬁl ful(dogkedf he
conpl ete four poi nt docking apparatus is shown; portions of it are

attac hedn@il{mf‘ﬁé‘i which may EFe“J*‘F aeienTpacRRnisTy daiches thedest figad serurely, MARgsiieR.
Attached to tgskst hBgRA 08 He! b%ccfni%QQﬂélnatﬂfé bhdil &lca BOHE QIS FbEk PdsRSoIPZoar €

attached to and | ocated near the four corners of 20 facegl ate 1206. Face
pl ate 12@evidedocks kavingrthiee Bbfour sfcplizyids ping Ol uids Pitiseeptisles 92902 SICHATE ¢ he

testy cams 910 interconnected by cables 915. Figure 12(a), 12(b), 12(c), and 12(d) of the present

application illustrate a dock having 4 guide pin 912 and hole (receptacle) 912a combinations and

four circular cams 910. Although such four point docks have been constructed having an actuator
handle attached to each of the four cams 910, the dock shown incorporates a single actuator handle
914 attached to cable driver 917. When cable driver 917 is rotated by docking handle 914, the

30  cable 915 is moved so that the four cams 910 rotate in a synchronized fashion. This arrangement
places a single actuator handle in a convenient location for the operator. Also greater mechanical
advantage can be achieved by appropriately adjusting the ratio of the diameters of the cams 910 to

the diameter of the cable driver.



head el ectrical interface 1226 projects through the hole and guide pins 912
define an approximate rectangle that has an approxi mate conmon center with
el ectri cavoome®eerf ace 1226. Gusset plate 1214 is attached POTAURE/1963er
surface of the device handler 1208. Gusset plate 1214 has a central hole
and is attached to device handler 1208 so that the handl er el ectrical
interface 25 1228 projects through thg hol e. Four gussets 1216 are
attached to gusset plate 1214, one |ocC ?&d near each of its four corners.
Each gusset 1216 has a guide pin hole or cepta in.it Each
gui de pi n holtdgures 2 é’&fPF@sﬁ%ﬁ&? Ry %PHFIQ?B‘EH‘HEVE% 2%’3"6? ﬁgé&g‘owsﬂ%se are
ar r angegefpectiféth resttiRad 10PkAEH, 2 RAT2MY WHRh N R u&ia%uppottbd Byea hidhibulatos @fot ed
into its respective guide pin hole 912a., Thus

d 9 d
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handl er .pe 'ﬁ@él{ed apigieng @Eﬁvs%@@c@ﬁaﬁdl’éplﬁSﬂ@lsMn@Ihfatalﬁfgéﬂschl@ ah@greﬁt@t?@etzﬂi at e
1206. Cans 910 are circular and are simlar to those described in the “815

pat eht . (e m«ietr iicigminded grqg agais that dip ampdpadler) isgpsebyithoug jogy,plceepgrality to
ci rcunf EfEi%P&)%nWO? ﬁle%n&\ﬂﬁ@é'f apptafidds 19@u&uk§pdé?%€(ﬁ advi&Gandt@s hwaeCibhgs, Gadn 910

is located in"proximty to a respective gui gln 912 such that it is
gener al Ithe ld@m&rneéld lenking dhpadeto dhetseqiions gyiewondiguwres 32o), aTeestet hotesphead 63

appr oxi mgh §hyefdh M G eaCE grangfthet &‘%lct-: Rt 936k @Js%%{rés‘f;@ﬁdlﬁ lé‘cﬁxfléﬁe 1226

t hr ough tEe respective gui 2 such that guide pi 12 |ies between
cam 910 isterfacei828. e@@ctﬂmamteeﬂa@e@tlammd 122% wpicaltehay9 deredsrﬁéﬂ’gw@a@tcﬁ P16 and

the gor rfgargﬁe at C&lgh? Qrﬂ§c§se athniuf@{ e np’]r %% Wg%eﬁ'lﬁ g Hléﬂl{er ‘fd‘ﬁr%ﬂié rehigd that when

t he "~ gui in holes 912a in the
gusset s cotrb@omdmg:umfveiuelmtrwfdl aausetions vehen gl.‘Eoeﬂt beaéd§ frerdlpidogksd advlis SOVt i C
with the .circular t ngenment
provi degth BRS nﬁ’lafrly a%%t%gtrloswee "8 r%a%e 5@@&%%&1%&6‘?&%@&53%% &&nhaﬁ{i:%i%%c?]%%ﬁs as the
t est hednkerfd@Q22&, ahi ttlsettestrheadlw@ nsewckadtvuthm)gmenabmuﬂwmd thotida frqn\hﬁltow 8t ce

handl er 1208. A circular river i an t ndl e
914 is aqr‘fﬂta?%{sﬁfea%qsﬁ}hgtaf“g%wgﬁ n hbdn?gaggcjk g"¥'{) ?2%158 <§eD‘gﬁtl Ny cagl %B%E

att aghedo Ta@elelaﬂlplamé stulfize odtthoSAdital aotort, (anah tobd arctrthat é at @d dngle oRuthE ey's 12 24
appropri atelrx tlhe path of the cable to and fromcable driver 914.
Cabl e drioy&? al@& V‘?:r if"lbe rotated by means of applying force to handle 914.
As cable dri VlEd’turﬁﬂlZ t6 Bigatee 32(a}t arkiria(d tae sorhpéte €out pomawchng iﬁ)avdmwhshowm urn

causes cans to rotate.in synchro n 0 he ci.r
cut out dTorté%‘Eﬁ ﬁﬁgesaétlmfé figher o he agﬂqeﬂ@ﬁ%\@ %gd’ %ﬁt acﬁ)(fol gnaCheﬁg’l fits
i Nt 0 t henchd PEY is Gatkplbie 1005, tFAE: gﬁﬁt&@ﬁnsfgiiz@re(ﬁttatﬁea td aﬁipaaateu\neamamfoﬁﬂa)m&s alir e
12(02) 15 shows in cross section one a% L n @G?l E{‘r %h Fhlgg est
neadd 100 RlF Ramdrsr DEEDR0s hre e hig 4ot aveetse B €5 B P 95 el o
into guiged Bbsrib hrﬁéi:fa%é 2206 lojeiSHedugh i Hole anll ghiBe piat o1b defiat am fpprosimste

pins 912 are tapered near their di ends and are

exenpl ary cas I

of constisFEns t&ﬁ‘glaéﬁn appEQFiBate FW%?‘?“P%W“HteleﬁtFmaltl?t ‘P‘Eﬁé?lf ‘to face plate
1206. In FI JUtsEssck it 104 1ifRtalcBFo Bid owtd ¥@rf46 8 the 'dékﬁ@rﬁaﬁ&ieﬂ T208. Guiséleldnol es
912a to poi nt where the region of constant dianeter }GUSt enterlg{g%t he

20 gui delZéﬂ hawre@galglp@aandm cten tqrfiqyife dandier P08 go bt thenlsf Plical er
beensi nsehE Sebidc BrduBie the hole. Four gussets 1216 are attached to gusset plate 1214, one located
near each of its four corners. Each gusset 1216 has a guide pin hole or receptacle 912a bored in it.
Each guide pin hole. 912a corresponds to a respective guide pin 912. These are arranged so that
when docked, each guide pin 912 will be full inserted into its respective guide pin hole 912a. Thus
the guide pins 912 and guide pin holes 912a provide alignment between the test head and the device
30 handler.
Four docking cams 910 are rotatably attached to the face plate 1206. Cams 910 are circular
and are similar to those described in the ‘815 patent. In particular each has a side helical groove
around its circumference with an upper cutout on the upper face. Each docking cam 910 is located

in proximity to a respective guide pin 912 such that it is generally centered on a line extending



upper cutout on the upper face of its respective cam 910 to a depth where
it is at the uppernost end of the helical camgroove. In this

confi gur o ems52dhe dock is ready to be actuated be applyi POTAUS01C530t 0 t he
handl e and rotati ng the cans. Accordingly this configuration nay be
referred to as the "ready to actuate" position. 25 Figure 12(d) shows in
cross section the result of fully rot a& ng cans 910. The test head 100 is
now fully docked wi th handl er 1208 S seen that cans 910 have been
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912a detg@ideipiRD1 AR thilmber@l i@ PN pik @bESTRa il e Igas?,&h ethe Eik@@iféremalof each
interface 1228 and the test head electrical interface 1226. In Iqut of the
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precisely mate the test head electrical interface 1226 with the handl er
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necessarily, nom na th the distal ends of the electrical

a
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interfaces are ara ane of Flgure 14, alignment nust
occur in X \Emmn‘grfm:nathzcuwlanrcweut offG@qh mpé&iﬁlwecmfﬂﬂlamrslzﬂ -€4me up with
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Y and Thegik axe?nplﬁga @ksen gmnrrmﬁseaadmrd)typewdmianglemmstabmds land are chmstaetodmrm’qer

er pendi cul ar ct r
'Ito heloprod?g@r B’fmﬂbg%flﬂﬁ tiic ntﬁ%ga R@%q}% [P%]égcur {ngﬁ ubg e 9f1§§ % ébrgégl mty
of the hakebemtoldid hdusrdiden appie whetkitgrefion nga)nktbm diintece lisgjusteutering e of

the gussets 1216 into first aljgnment wt nms, 91Q. T sition,

or 8ﬁe jwpﬂ}p(&?s{' i‘&so g“f%ﬂgg) Sf)‘ilfé:ia’&effﬂg gz@g‘af REsD- lpsgé%ﬁlu?dptg?jock

poOsi t i oNyppdtsulud BB abpey face bﬁﬁﬁﬁésﬁe@tlﬂ(lﬁiﬁ '910 &4 Qdéptﬂ W®hede itpoOstithd lqj’petﬂitﬁl’ emdsoma
first course alignment neans is_just bgﬁdig% ed or aparox (}/

posi ti orPftl %c%ﬁaamve A ﬂP’h?"%lﬁg‘Er ﬁbbw&?e LER E}ﬂa & {AFS s

the di stghheanddaehnd f&atﬁ@ﬂﬂ%am@'&b&o@i@lﬂ tﬁi@@kfnﬁgﬂraﬁﬁﬁ ey bbsiferrddas pegiei ve gui de
holes. Still further maneuvering will bring the test head to a "ready to

act uat e PRSP astuate \RasiAL- was di scussed previously in terns of Figures 12(a)

20 bhrough ( dgiguaner) ARARIRELYS sectioB At rebul GFFHIYARTing EnBIH 0! Thedtedd @SAd! 100N

where a test head has achi eved
is now fully docked with handler 1208. It is seen that cams 910 have been rotated and have caused

cam followers 1210 to follow the helical grooves to a point in closer proximity to faceplate 1206. In
addition, guide pins 912 are fully inserted into their respective guide pin holes 912a. It is observed
that the closeness of the fit between the constant diameter region of guide pins 912 and the sides of
30 the respective guide pin holes 912a determines the final alignment between the handler electrical
interface 1228 and the test head electrical interface 1226.
In light of the foregoing discussion, it is now appropriate to more fully discuss the docking
process and define certain terms. The purpose of docking is to precisely mate the test head

elecirical interface 1226 with the handler electrical interface 1228. Each electrical interface 1226



a position where a docking apparatus may be actuated. At the ready to
actuate position, approximate planarization and alignnment in X, Y and
Theta Z ie@eéxbeen achi eved. As the dock is actuated and Pé®U§UI/Z9830pi NS 912
becone nore fully inserted into their respective guide-pin holes 912a,

al i gnment and pl anari zati on becone nore precise. 25 In general the ready to
actuate position is a position where t?g al i gnnent nechanisns in the two
hal ves of the dock have becone at |eas partlally engaged and allgnnent in

sonme, but ecessari | has been achi eve
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air presgid ® Atre®BAb actidt€posiion hehigiheardidcused pevioakty ink&hs of Figures 12(a)
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restore W(Qﬁlbﬁ%@l‘é ACavORthd hparafis n@y te Qe QtitRgreXdSo paeate pmsstiom, descri bed
her ei n. t hout this approach, normal g@égtl nisto u dock tgg t est head
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may al so be used in a systemto maintain a bal anced
912a, alignment and planarization become more precise.

25 In general the ready to actuate position is a position where the alignment mechanisms in the
two halves of the dock have become at least partially engaged and alignment in some, but not
necessarily all, axes has been achieved. For example in docks of the type described in the ‘815
patent and those of the type shown in Figures 9(a) and (b) and 12(a) through (d), this is the position
described above where the tapered guide pins 912 have become further inserted in the guide pin

30 holes 912a and so that cam followers 1210 on the handler 1208 have become inserted in the
docking cams 910. In so doing the, the test head 100 typically becomes aligned within a few
thousandths of an inch and within approximately one degree of coplanarity with the target

apparatus. As another example, in the dock described in U.S. Patent 5,982,182 (included by



condition during the entire tinme that the test head 100 is docked and while
testing proceeds. To acconplish this, the test head 100 is brought to a
positi onw#eres29r is ready to be docked. Al of the axesPGBRWUSOIRIBI anci ng
systens or BCAAs are brought to a conpliance ready condition. That is they
25 are bal anced and positioned in the conpliance neutral region. The
pressures in the pneumatic cylinder 1%§ are then neasured and recorded by
the controller. The locks 118 are then'rel eased and the test head 100 is

docked. cording to the type of docking system and e appli.catio t he
fooke" TelsRats) B it pboiim bR Bierit SoMebcs Rbpamt BB A 00s e R Br Al s
docked. fifai liat M6tidngtpeA@adarkOthe thrgelocked, the controller continuously
nmoni tors the pressures in the pneumatic cylinders 12 ’Cr{gdﬁgglie aléﬁ':s themto

the recorded SPHtgBS! e dpoypdr ayaliable it Rplaocigg sysiem i %e
cyli nderl(a)ﬁﬁz%ﬁ@ﬂ(ﬁﬁ%&%&%& PNy ¥t £ONES APYovisibil 3 pplatibab 013343508 Skt @k | y
constant_force on the piston 130 and connecting rod 114 and keeps the
system iBCAhalsadescrpy hosgimirddgiresdig) hrogen 9@} dhpeyiave W@erf*]e“é)t‘m?@a"ﬁlg_ ol may
be undocieqicW thd bAKTERI sHm 0 doRipoRet@bf ABERAI Rp@r@&%}ﬁ,@@ﬁA%@ﬂoﬁ b&ihcingO
02/ 25292 PCT/ US01/29530° -66 To be nore specific, whether the dockjng :
syst em isysterps ¢aneeladdedtie dhegnanipylator an¢ Wétdieﬁfsj)w agjrequired; (o RIPYifle balinge 28 des of

oper at i %rr%pﬁ{ce%@re%\é@cieh@ph&iredbf | at ched dock offers the alternative between
two nodes operation as follows: 1. Bal ance mai ntai ned (as descri bed

above) with |Ardescribed pranlopdk duthisapplicatione thedest hepd 480 1By bohrqughtdp andelgeked
Bal gpce dlﬁ:a(émtn ng@ﬂéﬁﬁgf%iirﬁ n In%r Jg g@iﬂ Afhe FRL ?Ioﬁeél‘fnﬁyhbé ﬁh@aﬂc&?ﬁﬁ k8

unl ocked i's preserve e undocking. 2. Balance not maintained with
| ocks 1i®mipbake deadhirmedidtady pret to fiaaldlotiog insclete preatmityTiadieedockipg sysigs-

Somor g Bl HALRRLAR: up AN 16 Bk LR[S RORAAORI RGP e
pr eser v gebtantiallyedaugmioskiatign af thBadstirad 106 Ther witk theoysiein dnd cerhpliahizeddy stt8 nust
be kept Jogck ile undocking. This : t require pressure
sensors d1 f‘\)cgq%%{r%Pflg)f%eﬁg%%&%mﬁga%ty% tfg{r?n%ﬁ(f&l%gmggﬁ%? ally necessary to |ock

t he1b ocks 118Asiniicsied duelier hertin, peeasird @sdrs (666 1686h) nBy|ba pdded yndarrangsd thot  be

restored prior to undocking, dependi ng upon .15 t i ant
B T .
docki ng.reddives sigalpfremeaint pryssure Bensom didicatinethy meseekdtprepsuref Thy steeofitheBasi ¢

t wo- poi nt _docki ng a(EFar atug sudrc]h g@ descr.i be(f ]if.n ) S.re 'Iga%tlegt;[scr?g)ed

4, 589, 8 TECSSWEACTSErs 49 feSIOTR P ThEOn{Ean PR Uijockig WagRFLORRY dSeiped i ns 912,
guglde (pi Igérehﬂ(lh’ﬁﬁo#9ﬂ129;9appﬁclﬁ rz]leﬁﬂmll epetitionas toaﬁld@c:k(lw(’jlteitlheﬁbg)ﬂmﬁﬂl tﬂﬁ Blancsd ( b)h,

and 12(a) throu ,..Which were 20 pr.evi ously descri . ch two, three
and %f ourSthB‘?“ﬁ?Ckg%é‘g whyich {‘Rleégﬁs %‘gﬂ?ﬂrt{‘)rﬂtyi ﬂro‘i??tpi/l?}“ 10 nge u‘ﬁ%ﬂﬂ%e.

Al t hough suchriipesat Yensors (6065, LE06Bmapaadd usedi af Qe pemainin apgigedg f or ce
to a dockin handl e 914, ~other t d_ockikgcgaactu tors incleﬂgi,lnog

es of
mot or s. ORgiEeG dywing t]gﬁ,enaﬁegﬁea{hprcthq ?égtégfzg 100 is doc nd while testing proce
accomplish this, the test head 100 is brought to a position where it is ready to be docked. All of the

axes having balancing systems or BCAAs are brought to a compliance ready condition. That is they

25 are balanced and positioned in the compliance neutral region. The pressures in the pneumatic
cylinder 128 are then measured and recorded by the controller. The locks 118 are then released and
the test head 100 is docked. According to the type of docking system and the application, the locks
118 may or may not be re-locked when the test head 100 is finally docked. While the test head 100
is docked, the controller continuously monitors the pressures in the pneumatic cylinders 128,

30 compares them to the recorded values, and operates the valves 604 so as to maintain the cylinder
pressures essentially constant. This maintains an essentially constant force on the piston 130 and
connecting rod 114 and keeps the system in the desired balanced condition. Clearly, the test head

100 may be undocked with compliant motion available in a balanced condition.



actuators, and/or vacuum operated devices are known. Generally, the test
head 100 will be docked w th a packaged device handl er, wafer prober, .or
possi bl y vo0 hzes29ppar at us, which are collectively 25 ref er P€0UB@/I9530t he term
handl er 1208 or as the "target apparatus.” The foll ow ng sequence nay be
foll owed for docking: The systemis pr epared to maneuver the test head 100
or load to a ready to dock. position gma starting point that is apart
fromthe target apparatus, as |IIustra d in Figure 15(nm) a. The conpliant

drives and/or_BCAAs on {he horizontal. (in-out g) 30
axes are broukfhfe mere épe(’fg}?pwp‘ét{ﬂ r they kmé SR 1 8f1ts“e iﬁ@eﬁ ﬁEP?n"}aE?@?fptyﬁeﬂﬂar e

| ocked, @grmink liéShddds 6Coperhtish Bt 2k6 Abhilatle. A Nechbd U6tk offerh thauiteBiaARSbeawen
brought to a conpliant ready condition, and their locks 118 are |ocked, as
i |1 ust rdvednqdgs ftappratignas OWS(’)Z/ 25292 PCT/ USO1/ 29530 -67 c. The BCAA in

the vertical drpigcERRaReHea M @sdbed dhve)l WithBloS@MRS uAbiket Y tlféQé!;dhéatlon
(using Conpliant Ready Sequence 1), and its lock 118 is unl ock?

i || uSt r at08ds doskest Balanceang theppporpaity Eerrcopmpliagt BRtiomowid the dooks LHWHIork ver ed

to a re%q&e;@d%ggum%ﬁg on with the target 5 apparatus, as |IIustrat ed in
step 1623 so, the controller controls the actuators to

test head 10@®. aB@ﬁge sotyaainfaiped ith Jogks 118 loskpdhyyhile the E?Sté‘eﬁ‘éé%lslde"kﬁ%cﬂ‘ew

posi ti OMNye ‘4;[% g{lﬂ.l {)jﬂlﬁodl&n a position where ali gnment nmechani sms in the

two hal ves o ave corre into close proximty or initial contact,

but are not faul Bylangegsirpsidred gfore endapiing and fe eppoytupipHos C@W‘é?@b‘l@%“%d’k’ﬂﬂhg

gui 46, Pi s 912 aiflbke B uRAS K AeNBRLAId BRcdBlocki ng gul de bins 912 have
t e

come into proximty enae ir mating docking guide
pi n receptacl®s B@tam i$ nottrbﬁtsorcdamglehe b)pl}:ﬁa]rlétrmgt behept loeked mduile @ndopﬂayg
algorithns to effe ) t.his may gui de the process by using
pushbut t ons, joy%[frl C sdoes e egul ?%gs‘ra{eg%?stogbl e input devices to the
controller. Flnmmoaéadgedtdocldmgcsiystem ifFs éneraly okesskatyStodockPhesloalsaltl B ovhile el  axes

Cur . asenPiiC R actfid, ey 4847 i RN RRRE o e b o PRECC '

t he 1pal almeﬁeeﬂffmsdmmphﬁitlﬂﬁitlmBCAA Accordingly, the process is repeated until
the force t aI anc

(Typi cai 1y ¢ hoaogaasrergon s Bog i pin adedy «falT APG e FaR T Siresenty, ||
in two ithehrk vwiddy hsedQype.of kfstepi. 3RSid ftveo- ﬁ@mmn@a@aramsomblaadmhhed iraHyS. of

the cont Pl RSRERE 584 b eteated 8 eE% suey v i PRR o Bhg BLA ehBBE" "

| ocks 1lfpiaraa2ahdd ddabR@kee) asahdvaninFighed Sa)C od), Qﬁdirmt(a)amtoulghl(d)owhlcm watel axes,

as - . . . .
20 previously described. Such two, three and four point docks are widely used in industry for this

purpose. Although such apparatus is actuated manually by the operator applying force to a docking
handle 914, other types of docking actuators including motors, electrical or pneumatic linear
actuators, and/or vacuum operated devices are known. Generally, the test head 100 will be docked
with a packaged device handler, wafer prober, or possibly other apparatus, which are collectively
25 referred to by the term handler 1208 or as the “target apparatus.” The following sequence may be
followed for docking:
The system is prepared to maneuver the test head 100 or load to a ready to dock position
from a starting point that is apart from the target apparatus, as illustrated in Figure 15(m)
a. The compliant drives and/or BCAAs on the horizontal (in-out, side-to-side, and swing)
30 axes are brought to a compliant ready condition, and their locks 118 are locked, as
illustrated in step 1620.
b. The pitch and yaw BCAAs are brought to a compliant ready condition, and their locks
118 are locked, as illustrated in step 1621.



illustrated in step 1626. (Note that, by design, the clutch of the roll
axis notor is 25 disengaged automatically whenever the notor is not

actuat ed vead2222roll axis is not being driven as descri bedusen/2953%. pat ent
application 09/646,072 due to Holt et al. The test head 100 or load is now
in a bal anced-conpliant condition and it can be maneuvered by external
nmeans with a force of typically |ess tggn 25 to 30 pounds. h. The test head
100 is further maneuvered to a ready to'actuate position. This is an 30

overall notion gf ica t han one in d maneu [ be and
typically is © dEH%%ﬁgﬁdalﬂreyvertﬁaﬁW&m“ sy ‘Pr%’f"@g@:;%ﬁicg’?? éa&f 8‘? rﬂ?ﬁ‘t he
control |l er (not (sh@WhplifeReb® Ss8chct 0), diidis Toklel 186is tmlbeled, élsﬁmlstral'ed)lmsltﬁps
ready to actuate position. To do so the controller urges the test head 100
al ong a strai ght16 % ne path that is perpendicular to the plane of the

handl er (or of hefe feait&d odB¥d C00)is 8o elatidudéred torﬁ @ﬁdyﬁ@&lo&lzﬁ&ltlof[hﬁthalmmgeﬁl ate
WO 02/ 25292 PCT/ US01/ 29530 -68 axis_or _axes are sel ected
(ver®ical for hapPRagas: ay ilpseated g step K625y o gp so @%@nfrglleglcagrqlq)tpe fvai9TE

pl ane docki ng, ?}fov@ﬂﬁQéEphélatlb@Qlo Fﬁﬁbfﬁ@tﬁom&@@rm@nw& rédlly § dbek pésiiosi de for
i nclined docki ng@ the | ock(s) ocked, and the actuator(s) used to urge
g4

the test head 1 nﬁltabthﬁdgﬁpp%fﬁpnW?ﬁw@@n@ﬁémeé]’e‘ﬂ@mﬂ%mﬁrtﬂogﬂé‘?sr?fm‘?ld@ﬁlked

(The other 5 axggcahfelifth Elo%ﬁﬁﬁﬁ"ﬁﬂ of ﬁutﬁ?&mta{ct thiearl @6ERARENaEQAMPbI ant
notion, and this allows the test 100 to becone aligned as descri bed
above.) i. The dwladn qlamo?yp¢sSofﬁ@wSéewg/at1@oplns@ﬁlavwhﬁgls@W@Sl&l@s‘tfheﬁ%@a 100
intqg,a fully do Fgg] [ j s RE5A1YS ik Qikaced th

il gst rated in sﬂ?1 ep gl%%% ptlﬁshyi%%n%erﬁbggﬁg%t{) ﬁfog'f%ltgf‘gd dock Jsuuch%?'slgse th eler docki ng
appar at us shown niating=degking g9ida pin m¢np§tclps91§@@bihpltarmﬁéwarw BYe egpgolerdepyt or ce

to the docking h 4 R Figure 9(a)
or the cable dri \%:eg%&l ngfe%ﬁéﬁq@ ’Q@E%?ergtﬁemg}p%a@tg r ot a? ubi %n docks
havi ng powered pashbutains),rjsysttlhkss andgorantieo sytable gt WImetprIéltO@#ry energi zi ng

t he act uat or s drawmn into final docked position, it
is free to mE‘ch‘%ﬁg’( an? to??\ﬁyaﬁ?&easm degrees of spatial freedom If

desiised, alt h@ug’hephfansn i Allagds dlmnaya;ugntaafréiavmngCAas s Iedlabdcede@hrB&y\&]ave
their locks 118, a toresrlc 0 t
%ﬁldm &g& :@sr} 1(1) ra{efll & E%kaéﬁ' Ba%%{rﬁlgq paﬂlcuﬁp?éﬁigﬂ

degrees of freedS ni'sm1s I ca such
that the test hemthakf: éfsome behet BGZAAyACdOMIEg”]ﬁ,dhe propetsacserepda@d unﬂﬂehedﬁpmm ng

actuator has reached |t ful ocked | r di head
100 is now ful | yH8CP e"ilcgtﬂccﬁ%’gl dﬁaﬁf)ghwf“}?ﬁd élﬁ e %all aﬁﬁéﬁ%y to
test devices. 2Qc1m@aaithwa drneSaltmmnp,Ldnamranﬁmmritesaymnemwuth non- | at ched
docking is now considered. In  such a S steg}k‘gé{teA{ra P attor nust over cone
t he Por ces asSodi HIESHCHFISATSAET BFoTgoratt) aélyfo El?cpaff’ﬁeﬁ} PIFSEE 5  Bm t he
need to conpr esgymendneslter aid iibred so@e Sonbblia R théigory mdadr R0 iisnstedind/ or
the need to coup?le hundreds or thousands of mating contacts in electrical

connectors. Wt [§Ba
g. The locks 118 are all unlocked, allowing balanced-compliant motion in all axes, as

illustrated in step 1626. (Note that, by design, the clutch of the roll axis motor is

25 disengaged automatically whenever the motor is not actuated and the roll axis is not
being driven as described in U.S. patent application 09/646,072 due to Holt et al. The
test head 100 or load is now in a balanced-compliant condition and it can be
maneuvered by external means with a force of typically less than 25 to 30 pounds.

h. The test head 100 is further maneuvered to a ready to actuate position. This is an

30 overall motion of typically less than one inch, and maneuvering may be and typically is
done manually. However, in a more sophisticated system the controller (not shown)
may be used to urge the test head 100 into this ready to actuate position. To do so the
controller urges the test head 100 along a straight line path that is perpendicular to the

plane of the handler (or other target device) electrical interface 1228. The appropriate



such pogo pin or contact requiring a few granms or ounces of force, total
docking forces of a few 25 hundred pounds are often encountered. For

mani pul atvo® 02i23292n docki ng, the mani pul ator drive nmechanP€MESuUs®E30i n

docki ng nust be capabl e of overcom ng the docking forces in addition to the
forces required to nove the test head or load 100 in free space. If the
driven axes are bal anced, the drivi ng6%orces are reduced. The use of BCAA
mechani sns in axes that will be driven~axes in manipul ator driven 30

docking i s advant,ageous, First, the actuator.driving the axis.can typically
be readily sizedft oF HEyor mOHPR isqr 3ff Ftle‘gl Ve{:tﬁglafB’f +‘?r mflgdo(gélgg B Fhe

docki ng forces kife-frddd fopferticul blage iﬂ&kiﬁgsormeﬁdﬁdlaﬁ@l of@rtzulvaad id-te ot sidé- head
or |oad 100. Also.if the axis i s i dsoth can be
maneuvered in atodeiqE Byl l%eﬂrﬂ?iﬂf“i‘%n&ﬁfotclﬁ ]nlélf’%ﬁ‘i a%@ etﬁ?PIBE’ Se‘i Re8%| ati ve
position sensor geadt AaUse thié PositRiEFhenCNHE Itke I 1B akb hganobfﬂbmt(muhar
obstacl es (see, for exanple, discussion of Fi gures VWO, 02

PCT/ 8501/ 29530 axeggreqlpit aploghsd & ppami dlerieressary gopRIERLRPYon, P?Petﬁ’ﬁ Gl B shr

120 may be usedpdQ 1968%SEdcoRE aRHRYE 8¢ SesMived abBSt acl es and obstructions in
cases where the test head 100 or naneuveri ng]&q?t performed with the |ock
§

118 | ocked. Rec#h¢ dwhat@tuatﬁr Boowacdyatedr dpwing Agad 100 mtoayfpliyedackednat  t he

dock appar at us ét ﬁmgbméﬁ RISt AdeinQkpQB88. Sh dnaditsly mat i ng
gui de hol es 912‘555(1)%% 1e ot al\e%r E;?pae |al tﬁe tlgst phead 100 |n%,o

ali gnment with adreatededock sichens gfe @hl@ngj@pare@s ﬁbmm ia Figrpo¥a), fhirjs geroapished) ) or
proggr. Two gui gg rmggflﬂgsf otceto kA Cltlhé hdnﬁfe@la V‘@hl@ﬂ %@ésﬂé dldcfdn@galﬁ'gi(ﬁi% 912a

wi | " provide al nfive é)e rees of spat freedom provi ded there
is sufficient | Ergytdﬂ(@)rorttheeca;blerdrge_lzﬁpaatmi ugig Pt H@JFlgt Ré) o Fasate ip ocks havinpge
surfaces being Oehdtdgs e Y
and Theta in thg%§§§%@ﬁ§ {‘l@%&%ﬁ)g@g&?}gﬁﬁﬁ%@ﬁﬁg{%%f ect tohthe pl ?ane The
remai ni ng degr eeesdiead ﬂ@bd@imwrsmtorfmab@cwmmm ar is diies teamoee copwligntlgdn elhe t wo

p| anes, whi ch i %Ognr%ésoc;f ) glap%eedgl% ﬂ%ﬁh{eﬁgﬂ% @%Qr Oﬁ?ﬁ%ﬂ@a? ﬁﬂgferr-g s

t echni que may 3rs6 I N mani i ng; however, other
t echsi ques are aél&madlmesmna;shmzhmmcﬂdaaus eligagddds esdtrich corhpdiaptreetion is | y
di scussed [ Graha gure for mani pul ator driven docking is

outlined bel ow, C%rﬁ%fp?@nfg](}egg‘efg%ﬂgeﬁ ' a 15 flowchart in Figure 15(n). This
procedure fol va@mg]ln ef e devkalg rhexhanisad isttypécafly enchohes thertext behdr1€0 fisgtfectivelyuat or

driven docE 1 tkiem i S ar eg n er.the, t g,e | oad
00 SR SN BB R B AR ph P epl el
t he tar gedad APPR Mdw Yelly dkckek) eatchodpl poallﬁbn chind ershaai&dld}oream&/tst demdehe
hori zontal (in-out, ,side-to-si e and @% gat%e d .ar.e (l))I‘O(l)J é
conpli ant r eaBBETRIGRAR & PBRPUAIRY f‘ﬁ%’i SipR 8 Hpa il of 4roRs Iiﬁ tTat ed
in  stepsutPaQysieh), tBardpll @bl @il oyernBRAA®Ir@E ssbeifiedWith twckengc Ohgst facds 1 eady
condition, and their |ocks 118 are |ocked, as I I ustr (fi in st ep %}5
typically arise from the need to compress hundreds or fhousa s of sprmg ed pogo pins and/or
the need to couple hundreds or thousands of mating contacts in electrical connectors. With each
such pogo pin or contact requiring a few grams or ounces of force, total docking forces of a few
25 hundred pounds are often encountered. For manipulator driven docking, the manipulator drive
mechanisms used in docking must be capable of overcoming the docking forces in addition to the
forces required to move the test head or load 100 in free space. If the driven axes are balanced, the
driving forces are reduced.
The use of BCAA mechanisms in axes that will be driven axes in manipulator driven
30 docking is advantageous. First, the actuator driving the axis can typically be readily sized to have
sufficient drive capability to overcome the docking forces in addition to the forces needed to
maneuver the test head or load 100. Also if the axis in question is designed so that it can be

maneuvered in a balanced condition with the lock 118 unlocked, the relative position sensor can be

used to detect encounters with obstructions or obstacles (see, for example, discussion of Figures



c) The BCAA in the vertical drive nechanismis brought to a conpliant ready
condition (using 25 Conpliant Ready Sequence 1), and its lock 118 is

unl ockedw@sg222bustrated in step 1632.. 2) The test head PETASERIIDO i s now
maneuvered to a ready to dock position with the target apparatus, as
illustrated in step 1633. To do so, the controller controls the actuators
to nove the test head 100 al ong a patg of notion to bring it to aready to
dock position, where the docking appa gfus of the tmo hal ves have cone

into proxjm Wi r have t en eir 30 i i eces. The
contrgll ghﬁéu%gﬁ) ﬁ%QFPﬂ gg%?”1h$§my8?u S%gﬁg% uﬁ@?“@ﬁide t he
process &bstablsd 41 opktafthoikstin Bsses JwhtS theGésShead 106 oF maidnedring s perfobaed widuithe

devices to % ontroller. 3) From Ready to Dock to Fully Docked a)
Preparat@@ﬁ 1AP¥e%xes of the mani pul ator havi ng BCAAs are re-bal anced. Each

BCAA is bal apéad wabhintadfubior agvenldoblghg iR is@gbitaD thiat BB dd&SapparBak arghifgedavith
partlcular BCAA may upset the WO 02/ 25292 PCT/ US01/ 29530 -70 bala %%g)

sonedot he W&H,&e@aﬁ% 8ifle and mating guide Jeles, 412 on thepthar side ig,guide the, festhg
SeNsor Ofyo AidfRenBEAR theEitGAL ESthA Rl ABERI (1208 Riki@0 12(})R pEabbi. wblbusiegoal

is achieved In three or less iterations, and usually in tw iterations.)
b) If preiBs2ehadining avogleselyfistnedinlesOdte Vil pawydeoarhgwtmdegfq%ofpﬁpé@é nt

pressur efréeﬁoh‘f)%jn&ﬁ the?e Lherre Rt k) @Fth@ﬁiﬁ 03 %@&_?Hfbfttﬁbehcﬁ@WZ'é ol hférsuﬁac@? mory
for later use, as illustrated in ste he axes that will be

driven abrinecdoakedarg planas, Gesgalegtess qfé@edoabmplpﬂm%t ¥ #0é dhetp insthe planesayg pitchrhese
may [8e Pif- rpfmﬁ Rp&ad i PRRL. Ghe r&nﬁﬂﬁ% hdzdel R PreSRBE IslhCperiatidlihalidtas ., but

in a genera S|tu tion the equipment To which the test head 100 is being
dock ed whdtweed ¢heetaipiraes, tydvigh i3 cormpBédctyl thy dacking setpater mechaniam. Tis fechpiqueeast

enable rhb Al Bl Bdi ﬂwﬁé@ﬁn}ggﬁg REEPEAE G bter ieamlc@'a;argqgg Phaings of

t he hand or prober, tizontal, verti c I ned at
an angl ethatalisclosednio thezentiasly diwussed{&uhanagplﬂcatl ons it mght also be

desirable to %r Ira{:gd angor aglgltu[a?ortd%i)égn do&?ﬁ%ﬁ ofu lﬁgibélﬁgﬂdqpﬁlﬁétﬁ?e%lﬂ gr .Of the

two surfaces roug non-driven and
non-isont flo¥dhew 1rangu;re dse) aThis pmmb@hkaefduovesl thogdnag! fosmbd ilermredous pmptduanfor not i on
in these é%ﬁ Whlk% V|ng to the fully docked position, as illustrated in
step 1637 g“Y%% S %58 of the axes that will be driven and controlled are
kept in 8 IThekyencispebphtedno mhiNoave thdvatt hedslyordesli 190 to & hendy koudock pasition Heonr ol |

axi s notor dlsen ed a |ca whenever the notor is not actuated
and t he ro@ﬁag%gémFg FaB@ihag%@? L%B§f§§scrlbed in US patent

appl i cati on) OPHeGbmpQaid deives dnﬁ/oHBbl’AA@tonﬁie hofibrs) (inatue sidead-sid€), andl swing) axe$ |
axis is to be dglven as gart of Qckin ired to

be 2qui pped HFOIPUEIRAS l&f‘né’ﬁ?é 28 8&133%‘??%13% é?fk?chtaf Bﬁi‘ ed in

descri bed aboug )630The test head or |l oad 100 is nowin a
bal anced- conpllant condi tian. ez The test he i s further

dt
a position by Theprich apd ¥av Bﬁﬁéﬁta euroyght tglarﬁomﬁa%i;ea y condition, and their Q&l,sl\/ﬁge °

are locked, as illustrated in step 1631.
c) The BCAA in the vertical drive mechanism is brought to a compliant ready condition (using
25 Compliant Ready Sequence 1), and its lock 118 is unlocked, as illustrated in step 1632.
2) The test head or load 100 is now maneuvered to a ready to dock position with the target
apparatus, as illustrated in step 1633. To do so, the controller controls the actuators to move
the test head 100 along a path of motion to bring it to a ready to dock position, where the
docking apparatus of the two halves have come into proximity with or have just engaged their
30 mating pieces. The controller may use algorithms to effect this, or an operator may guide the
process by using pushbuttons, joysticks, and/or other suitable input devices to the controller.
3) From Ready to Dock to Fully Docked
a) Preparation: All axes of the manipulator having BCAAs are re-balanced. Each BCAA is
balanced in turn, as illustrated in step 1634. Balancing a particular BCAA may upset the



sensors and/or the partial insertion of tapered guide pins 912 into guide
pin receptacles 25 912a, as illustrated in step 1638. In so doing, the test
head 100 Wweeoew2®es2 al i gned to within a few thousandths of RaT/WUReMRI&SId Wit hin
approxi mately one degree of planarity with the target apparatus. This is
an overal |l motion of typically less than one inch, and in a mani pul ator
driven system nmaneuvering is typically Qerformed by using the controller to
urge the test head 100 into this |n|t| al i gnnment position To do so the
control ler ur test h 1 a stra that is
per pendi cul ar aBCEt %éo’Ei‘P h@ gggf‘hgc‘&%‘gﬂﬁ gtggprgaesﬁﬁf PP efléfptag{léo%é?ﬁﬁg}sg]ﬁ ?Jtls. | f
axes ot her thah BOAAAKEEat&e Rdn€ed dofidifidre PTyplcally &ioy0al Blachi¢iee th thivebohiess st ep,
then they nust be | ocked prior to .the notion and unl ocked again follow ng
the notion (TREMOBY HE?“%B@%%‘“&W@“F@P?“SSM ocked to pernit the necessary

conpl i ancep) ¥Hletite2RaR2s RETALIpRkicd IR 38 of ilBEAAT NBe hrosdnt fragdthe iORad By dri ven

|nto a fully docked position with the target apparatus illustrated in
st ep31639. THEe eopasliarand siord ip frecoRplsRSEERpIY e QFeé“ﬂ’P P?/@IHS%F?G YR r ol | ed
by the systefpggontroller to nove the test head 100 al ong an appropriate
path into its fully docked position. As the test head 100 is driven into
final docked Thegixes thaf, willtbe deiveny and comroferd, e getermiped, aﬁtliqutfﬁl B SiEP 4936t he

non-sel ect ed pxgSm, ¥ &eterthihei§Sdesi8Hl in :ﬁ)ﬁﬁéaﬁbﬁ‘sﬂé@ﬁt $RtastRE RXRS dgeﬂ@f)tﬂ have
their locks 118 engaged to restri'ct conpliant notion in correspon

degrees of fsitbaiporhe ¢ypipmeat to vebighghg igst eadel0q|is bemﬁa@oc&edpw@fd@wr@ae ﬁ’é’@e of
operggt i on. };aplﬂ:'aﬁ% HRLERGed BKERiL ﬁha&eenatﬂ@%&a{ 41518 PRSInkd 19 Per@RE P 1A ©

monitored. As I'mum one or nore position sensors are required to
si gnal when tthedecking plemacf he Gatsies onprobere whish may Pethgriraptaliorekiisal, Q0INGINSH A} on.

Qher sensor s &%glel?c?thlétﬁot&&l?aqqn oA Spflnd £nfiBh BE8bO0aARMIE BRERYSnd he

al i gnnent anarization ead 100 as it 1s noved Iinto
docked posi t i @nuolpvcwﬂlalaﬂfetthm plarmpipatiop of te @W@S@E@C@rf@lm rorqught tagethecont r ol | ed

duri ng theélf)rﬂlcei ﬁé th(;rplg Irlle\r{ \[I' egm(rglfé %s.a(?e hlpv\%&%@d %B&Vﬁ are

st opped an Ml nt A A%t con I on en t’he tesSt head 100
is fial ly doc klﬁldja,nc&liScdrﬂplllBIIﬁM(mbEdl meseaxapvmlszm(bvm“g'he;herfuﬂm dackevigiositiollBsi n t hi s

[ at chi ng. meorURVER A O G0TTadle PHACHE hbatondion T lfep ATB Lokl 4P O0 2,

head 100 in iKkept Aadkedd comiitidnl (Note ﬁatcby aesi@t thla chuoahl of theerol @xis motor éd by t he

controller ang acti at ed u he si 1ndic at .t he .doc

posi tion has F&%agﬁ tg’\l?%t&p ﬂYAW@*‘é’FYFé Ot?r AR tiaﬁﬁlgéegg?& ?r‘ﬁir%l[ iR HOtH%eﬁlg
docked positi@ivents ddieribedsi U‘rsaepdtem' dpplidatién 09616, 07 altle t?Bolagpar atlmatmmhmde
| ocki ng or soge Qr a

not. | ockin lat [ notion . An
addi®i onal ‘égﬁﬁP]ﬁﬁ}é‘gfssmﬁﬁflﬂYeaﬁaﬁP?féo@‘h%s‘ﬁcﬁnﬁ ¥ thvllsrfj‘%ulggtﬁe t est
head 100 by naqiphed will) a dtensBiefidbit) idnAGqud Igitgdr Pesitioess describb@atoyt.).niter s 128
of the BCAA's. In the nethaods for docki gﬁmegv\o i nt ernedi ate positions of

the test headet#erdardoadiQs revei 3 halangeds gcondifiony t o dock in both cases
and ready tp Bieldahead 03¢ hurdibiQhardiverdno 8 6ditidibrasitaltalignment as determined by

sensors and/or the partial insertion of tapered guide pins 912 into guide pin receptacles

25 912a, as illustrated in step 1638. In so'doing, the test head 100 becomes aligned to within a
few thousandths of an inch and within approximately one degree of planarity with the target
apparatus. This is an overall motion of typically less than one inch, and in a manipulator
driven system maneuvering is typically performed by using the controller to urge the test
head 100 into this initial alignment position. To do so the controller urges the test head 100

30 along a straight line path that is perpendicular to the plane of the docking area on the target
apparatus. If axes other than the axes selected in step 2)c) above are used in this step, then
they rﬁust be locked prior to the motion and unlocked again following the motion (The

other axes are left unlocked to permit the necessary compliance.)



25 corresponding position of initial alignment in manipulator driven
docking. In certain cases, the two internediate positions nay be one in
t he sane.w@bz252dn certai n docks, mechani cal catches nay beRCTAB0NA923d t O
capture and hold the test head 100 in either or both of these internediate
positions. These catches, when activated, prevent the test head 100 from
novi ng away fromthe obtai ned docked R?si tion docking position, but allow
it to nove to the next docking position: The use of these 30 catches
augnents t he .above nethqds. rat her a reati.ng new, net hods. ile
preferred gnbﬁﬁit?‘ﬁéh?aél ]58“(?{8’6{‘%?1 rﬁ%ﬁ"ﬁ“ﬁ@@"%‘é W@h@%r%eﬁappé@ t #ed
herein, it Wwihdrale iVRELIEOOTEE ixBakelctiet n EfdOsbcBoNeIradtvep aty cahaollddybynway of
exanple only. Nunerous variations, changes and substitutions i\ésviiluhyoccur to
e

those ski | | edh§ Fsiemeconprpliaritg Mgk thelesidicad HY ongAnAREFODis Bt By

PCT/ US01/ 2953{cked 12sitibh.F Ad th@fesitH3g1 100ME BiivedNnto AngIioBked Podition, bt ié Fred PtR@ed
that the appended clains cover all such _variations as fall wthin the
spirft and scopRligilyinell phike Aer-gectedexesHoRosD. ibda el reransanselecird a8 oj g
1. Apparatus §g8/ha8pRANbIKET1Regdd 16 RIRIl Snfpliant SR iB&R&SFonlias d6eERGEI Ng a
force received fromsaid | oad, said force resulti ng from said | oad being

i nbal anced sUEtsdemakoveevelo v spaprally gt dprefepist mode phensratighahs higimotign ke d

| oad; a sour gg,Qf %Jp%pgﬁtefcp%ﬁ&{ QUL Y nRnk QUM A 2 ffiniSin L&Y &L ko8 pbrickal d | oad
in response to sard force detected by said force sensor. 1 2. The

appar at us of sehwisarg réquirechiersigaaliydien serfest hedddOR hassarived &b ék fligidaeksiini ng a
posiion 2 A é{y%e‘ﬁ I g 0 ' ol £iGH Ifodee and
vvhenlbsai dlo Osﬁgﬁ'??l%g?ﬁqgc e a}zt'?ela‘ﬁlg.%alﬁ%éﬁﬁiqgESEIF%F%@ g]?ﬂgf g{ér%% wher ei n
sai d source oindpbmerzatiowof e testhead HH as diris moggsiato dockefl pesitions pravisied Hlatl | oad
when said | o i S ..bal anc [ ' aid lock isin a3

unl ocked st a?a gp %Oimgt.g a%\%pagéj%@%g%%g&ggﬂlegﬁgﬁﬁg&g p\f%(}gglfrg'sai d load being in an
i mbal anc4d Tat dtiensixed(s¢lbatd ia 1635 dbove)aes stepped awlt maintaibvediin asfullplogkedonal axi s

of said |oad,..said. apparat.u Pri.siNng. .3 anf ; f g an
amount of FRFIRRERRE IR tes TR B digkept adlpeple] i Sl 040, Bley ERIEkltE o1t
of sai d | o&dihiseondtiendiaing sotesequentriektibg andfuse ofthg easeheat 300, winlestn lgehieg at es a

counter force tp counteract_ said.fqrce,. 5. .The .a t of.claim4
further com‘f?l?ag}sﬂlgls quvg{gg,m @3?%&%3’%“%@{6#? élllahl}-{arl%ré thaeq%'gfsf%fiiqg% i dg e? ai d | oad
when sai d peditied. SeshSDlatch Sould &S tonitrolieds®yi the comraldr andl adtiveeé upondtharigml sai d | ock
isin a 3 locked t{}he.w%(f. The apparatus of claim5 wherein said force
gener at or IS¢ IREDathe dorke %%F“’P&?fgtgen %ot i on to said | oad when said

| oad i s bal angganaie tchsigied ofthintadintg tddoeksbpddition OK thie Sest Iead with the test head

20  apparatus include locking or not locking some or all of the manipulator motion axes. An additional

technique is maintaining the balanced condition of the test head 100 by monitoring and maintaining
the pressures in the cylinders 128 of the BCAA’s.
In the methods for docking, two intermediate positions of the test head 100 are identified in
each case: ready to dock in both cases and ready to actuate in actuator driven docking and the
25 corresponding position of initial alignment in manipulator driven docking. In certain cases, the two
intermediate positions may be one in the same. Also in certain docks, mechanical catches may be
utilized to capture and hold the test head 100 in either or both of these intermediate positions. These
catches, when activated, prevent the test head 100 from moving away from the obtained docked
position docking position, but allow it to move to the next docking position. The use of these
30 catches augments the above methods rather than creating new methods.
While preferred embodiments of the invention have been shown and described herein, it
will be understood that such embodiments are provided by way of example only. Numerous

variations, changes and substitutions will occur to those skilled in the art without departing from the



3 unl ocked state. 1 7. A nethod of balancing a | oad about an axis, said

nmet hod conprising the steps of: 2 neasuring at |east a portion of a force
appl i ed Woezrit92 oad as a result of said |oad 3 being unbal/@secedssoand 4
applying a counter force to counteract said force, whereby said load is
closer to a 5 balanced state than prior to the application of said counter
force. 1 8. The nethod of claim?7 furtg r conprising the step of: 2 |ocking
said load in a position during said st % of nmeasuring. 1 9. Apparatus for
supporting, a_load, said a tus co .2 a su ort structure for
suppor t iR it g5 {hg Mpvsaipn. 3““& mg PHQSE‘FﬁrrT‘F tg?t%ger?p\??rﬁiﬁdglﬁ GUPFO st ruct ure
in a di neghticanas A0 Hdithe SpariPad/ssspe bf #9%8Rntion/4 4 a conpliance unit for
providing a range of notion to said support structure, said 5 driving unit
changi ng where said range of notion is |located as a result of said driving
unit driving 6 said support structure; and 7 a lock for maintaining a
position of said load at a point within said range of notion 8 when said
lock is in a locked state. 1 10. The apparatus of claim9 wherein said
conpliance unit includes a stop at each end 2 of said range of notion. 1
11. The apparatus of claim9 wherein said driving unit is powered. 1 12.
The apparatus of claim9 wherein a position of said | oad may be changed
within 2 said range of notion by overcomng a sliding friction of said | oad
when said lock is in an unlocked 3 state. 1 13. The apparatus of claim9
wherein said direction is in a horizontal plane. 1°14. The apparatus of
claim9 wherein said range of notion is relative to said driving 2 unit. 1
15. The apparatus of claim9 wherein said conpliance unit is a hydraulic
cylinder, and 2 said range of notion is defined by a stroke of a piston
included in said hydraulic cylinder. 1 16. The apparatus of claim 15
wherein said hydraulic cylinder includes a first port on a 2 first side of
said piston, a second port on a second side of said piston, and tubing
connecting said 3 first port and said second port, said cylinder including
an inconpressible fluid which flows through 4 said tubing between said
first port and said second port, and notion of said support structure
results 5 in fluid flow between said first port and said second port. 1
17. The apparatus of claim 16 wherein said tubing includes a val ve which

bl ocks fluid 2 flow between said first port and said second port when said
valve is in a closed state, said fluid



3 flow being bl ocked maintains a position of said support structure
relative to a position of said 4 conpliance unit. 1 18. Apparatus for
supporti Mo a2taed, said apparatus conprising: 2 a supporPCBUSUEIsHe for
supporting said load; 3 a driving unit for driving said support structure
in a direction; and 4 a conpliance unit for providing a range of notion to
sai d support structure, said 5 conpliapce unit including a first actuator
coupl ed to said support structure and a second actuator 6 coupled to said
support structure, wherein operation Qf, at |east one of said first actuator
and said 7 second actuator change safrtFange of notion. 1 19. The

appar at us of icl ai Rph@rawkeseiupposidigth I6aGInipaisiag: unit further conprises a 2
conpliance shaft coupled to said driving unit, a conglji a.g&ﬂ)e]r sto 'Cottrj led to
sai d conpliance sHaice senggy fopdesastinga forer; 1eRsavEA Stpsiid logds s £F Y

dri ving fiidadPeiny imeh1fREdseR Rl 4 RAGE ishadidd HoanOemtisnad0sk bf Al lodd;said
compliance stop 4 wthin said range of notion, said range of notion being
limted by a posi taseatcepf fagecfor progiding @ couteg fores relaiye sl Lt BIaPae it or . 1

20. The 28RS byCdafll fBdcd Qendhler ei n said driving unit drives said
conpliance stop I n a first direction towards said first actuator, said
drivilng unit 2dr i véesppatatepefsiaimd derther spmprising aleeloriad laekdnaiaiting A PPBYREr ds
sai d 25?%??.'9%?0%& WAL PLaid Ridckeflof }é'dﬂgctﬂfé'sﬁid%ﬂcé’ 8 whinGaRYRIRAS In SibEksakidfee 1N
saidfirs Irection en sai d conpliance stop contacts said first

act udt or, and.sai dlhdrapparays efrplaimdrheesin spid spuscef fogen provides acqompliant ;ngg| d
second di.rect | ' || iSvnsRbsh BEERNKa act uat or.
1 212 Thoefmé)d%%{r%%ta#gg%hfé%n%fi%qﬁl ergfﬁ@gﬁt%&%}}s\%ng unit is couf)l ed to
sai d 3 oodaleskmdhsta®e.t hat said driving unit drives said |lock within said range
of motion when said |ock ds in . 0 state. Pal.atasa f or
suppolrti ng a #oad,‘gpspga Saflcp))rp%alrlaélflﬁg a!%h’p%@%dg: “;[lgtaﬁ (Ijnrﬂ%aé%g%dngg%r fcor 2

det ect i ngrqae fseraedrabogiaveetifnabarisaefisaid laddsaideripdrafug comprisggul ting 3 from

said | oad being inbal anced rel ative (o0 an } f il X rce of
force for providi r?ggécec,sgtfﬂ]f %’F S arme?H:}ffulngz)(;fl %EBCQSYV 81.]? % Sﬁllga{%%%ﬁplﬁkggop%?sje to 5
sai d 4 orfore dais@cisadedmyt of aiid Idadbeiag sshakoced; $nda conpl i ance unit for providing
a range of notion tp said |load relative to said axis ' npl i ance
uni t 3 ncluding a Iao"(é)’ﬁi",e BSAGTROY Whigh ?‘?n%aﬁ:’é 281 %raf?lic?)ﬁo %OFntselZlaf:fcsiS%{dogll%gw thin said
range of 8 rpti onThshpparaias of gkt fufthdr Romptidnketbek,tsakidockanaint@iniag dpositiony
unit coupled to said ¢ | iance unit for. driving.said.logad i.n.a, di.rection
of 0 sitid e ShGREHT SPengE i TeyripES Ao E I1Es ST syt ot
apparat ugckell s@leai m 22 wherein said | ocation- of said lock within said range

of 2 nmotion is changeable as a result of said drivi ng Lénit drivi ng sai d
| ock When sai® | ockheapparatug pf claim 5 wherein said force generator provides a compliant Tange

2 of motion to said load when said load is balanced about said axis and when said lock is in a

3 unlocked state.

1 7. A method of balancing a load about an axis, said method comprising the steps of:
2 measuring at least a portion of a force applied by said load as a result of said load
3  being unbalanced; and

4 applying a counter force to counteract said force, whereby said load is closer to a
5  balanced state than prior to the application of said counter force.

8. The method of claim 7 further comprising the step of:

—

locking said load in a position during said step of measuring.
9. Apparatus for supporting a load, said apparatus comprising:

a support structure for supporting said load;

W = N

a driving unit for driving said support structure in a direction;



3 unl ocked state. 1 24. The apparatus of claim?22 wherein said axis of said
load is a rotational axis. 1 25. The apparatus of claim22 wherein said
conpl i anaeO om21291 ncl udes a stop at each end 2 of said r anQEUSH1/29830i ON,
said | ock being disposed between said stops. 1 26. The apparatus of claim
25 wherein said driving unit drives said load in a direction 2 of said
axis with said lock in an unl ocked sta?g when said lock is in contact with
one of said stops. 1 27. The apparatD of claim 22 wherein said driving
unit is powered. 1 28. par at us for. said a aralus

rt
compriising: 2 a foteErRligsypt FOE PRy, ‘%g:? Faﬁ 8} ‘fl‘%}c’gé‘) Faé‘g%%%fa StFYCHs-$8%d | oad,
sai d i ordifid; Qﬁlulchar%ﬂlg whekd Q0 Sadebf ndfeh RabdnagdiavbhatsanoLeid @hadg ut@ drivingn axi s
of said Ioa WO 02/ 25292 PCT/ US01/ 29530 -76 4 a source of force for
pr ovitdi rgidSUERotiEeturepPRE rel ative to said load in response to 5 said
force detected by sgidedk %aﬁﬁ’alﬁ ? bsiticd o s£i@ (B3l ke SSntUilthin ol rafdedtinthitiog a
range of notion to said | oad ive to said axis; 7 and 8 a driving unit
contﬁblP@@nﬁﬁééﬁéﬂﬁéﬁ%mQQﬁﬁ@W}sald source of force, said driving unit 9
coupled to sajpd coppl inBAiG@s Btidimioowneadih Vdid Borfftatce! @@ Gndifieda Stbp BCabiPEndOf
said axis. 1 29. The apparatus of claim28 wherein said axis 1s a
rot at orfdlsaidxinge of moB@. The apparatus of claim28 further conprising: 2 a
| ock for Tixing vhpgehahfl bARER Plndih kAl alisink 852k Bevaen said |ock is in
a Iocked 3 state § %e apparatus of claim 28 wherein said conpliance
uni t i ncl udesl2a stByp apparets bf ceint 9 whesdin ¢ ppeitioneafgeid dgad iy ibg shangedwithirhe
ZBB:P;E Eldf Oré‘élo?lrﬂgtlgx? b%"@?gr@é nﬂna%ﬂlgl%%rﬁl}fﬁdﬁ%f légﬁli tloah%vhgg%& %’?lF bs Cngr Sfrf’gnl cked
suppdrtistge.sai d Ioad 3 a conpliance unit coupled to said support structure
](c:g:’rplplr g_\rﬂ:gl Eg]i ? Ir Ny eaggf atr[rl?%# ccfan[? &wﬁe?%lg?ekg dﬁ&:‘?gﬁ){s in ﬁthBHﬁ)}ﬂfoﬁaﬁla?esa' d
suppart structdure Vet dpparamabﬁclmmrm\eheméin naid i rzmge mtmm@as teldtive o dagl drwugal d
| ocked state; 6 a.driving unit coupled to said conpliance unit for driving
saldf%udﬂﬁrt structure in a 7 direction, said driving unit changi ng where
sai d range of1510t | Die dpparame af &ﬂm&wh?ercleszuﬂ torofliage whit8s alhydraulig cyliider,dnd vi ng

sai d support structure t at 1 34. The
apparat UR9genge of imptisn m\/éf‘\?/gfleé% y aasqliok%g{af ]?)‘?{o%fmi@?cgm S%@ lﬁygralfslf% CHF%dgl 'd range of
2 notjon is cmngeﬂw pa@atud of @it 15 vHfersdmbaidl Rydranlio gylindért inclndey iafigst partdnlaock

when sai d | ock in an un| ocked state
2 first scl)de of sald p?ston a seconcl port on a second side of said piston, and tubing connecting said

3 first port and said second port, said cylinder including an incompressible fluid which flows through
4  said tubing between said first port and said second port, and motion of said support structure results
5

in fluid flow between said first port and said second port.

—

17. The apparatus of claim 16 wherein said tubing includes a valve which blocks fluid
flow between said first port and said second port when said valve is in a closed state, said fluid

flow being blocked maintains a position of said support structure relative to a position of said

- S N

compliance unit.
1 18. Apparatus for supporting a load, said apparatus comprising:
‘ a support structure for supporting said load;
a driving unit for driving said support structure in a direction; and ,
a compliance unit for providing a range of motion to said support structure, said
compliance unit including a first actuator coupled to said support structure and a second actuator

coupled to said support structure, wherein operation of at least one of said first actuator and said

= R Y R e

second actuator change said range of motion.
1 19. The apparatus of claim 18 wherein said compliance unit further comprises a

2 compliance shaft coupled to said driving unit, a compliance stop coupled to said compliance shaft,



1 35. The apparatus of claim 33 wherein said conpliance unit includes a
stop at each end 2 of said range of notion, said | ock being disposed

bet ween 3®d2/seps. 1 36. The apparatus of clai m 35 wher eP@T/A801RISI Vi ng
unit drives said load in said 2 direction with said | ock in an unl ocked
state when said lock is in contact wwth one of said stops. 1 37. The
apparatus of claim33 wherein said drlz'%rjg unit is powered. 1 38. Apparatus
for supporting a | oad, said apparatus nprising: 2 a support structure

e R R M Rt

conpli angishaf fangd 6l nitdion Osafdl ra@elof inDtioNBéifg Rinilddty Ppositien bf @il M LAfD292
PCT/ U801/29530 -77 5 of said support structure relative to a position of
sai d 2corfpf fatheeoud@fi%hen said lock is in a locked 6 state; and 7 an

actugtor couplped ttheSppdiathPsriclif 19 Mhbi@idS@iviheSHR@SKEs saidrdetblidrRe kiBp &
direction, 8 said actuator changing where said range of notion (s |oc ted

as aZ2r edufitst dijection; towards spid figst ‘%fF‘iaW nﬁlds‘%ﬂ"épg ‘@'“é’&iﬂ?ﬁoﬁal‘l compliRnce, 1P HetfC

| ock 3i s difctfon!iQedc8HsaRdt REShd adiusSr, s AriRRAP ahidlikkees @did ShpPbsBeead &1 Qiid it

| ocation of said lock within said range of 2 notion | s changeable as a
resubt  shregignavine sud complisarastonsosasts sqid St piferrrs sdpalsiringsnit 4rie sl ocked

3 state. su%poft%trua-thf% ﬁ@ﬁ@ E&Bﬁ&ﬁdl%ﬂ&l WheR s31d c%ﬁﬁﬁb@sh%ﬁ'cgntmm REGA ddithibr.
i ncl udes stop at each end sai d range not i on. 41. Apparatus for

suppdrting a2load Tl@aippar@rpqo@rcé@aruéfsmm S;@idr@l\’mgzm& I%WB’GMO spid 1gek el f or
suppgrt 'tﬁg ﬁ@'dgvﬁlg ﬁ'%.t d§ve§ sHe m&k 'w‘?t]ﬁlesaﬁt}grtgte of %H&I?Qhénosaﬁlam& i$ #PROKHocked
structure for providing a range o thon to said support structure; 5
an aétuatasr. coupled to said conpli ance shaft for driving said support
strugture in ting a load, said
appaﬁat us corrzgrl sfﬂg’r&% fgpsuﬂ%o% rsb\?dr)%%l?t& ziorco %%g ting said Ioad 3 a
conplki ance shaft coieplesensthioodeérting b derke tegeivedi febrs spiplond, seidrionse taswltifipr
prOVIdI i r tructure, said |ock

mai ntaj Eﬁ)r%saéé%)aggag%%baggéeg?g‘a&sv% t%%ll ?X 1§§Pﬁgitlérdz 5 relative to a position
of sai d conpl | anc e shet of Wncserfoslamiding(alcoulﬂen forca rél@ivk ¢alsait madin 6spansedet uat or
coupl_ed t%fs X grr(ﬁtgs nce shéanfs(t)r for driving said support structure ina 7
di recti SR Q%P G UM B *EAYPHG where said range of notion is located as
aresult of said eec:tou@haxrce uBitﬂJTlpmvmjnﬁaradgﬁofpmroh tes saidulobdi redatiwe ensagiadxd, | ock
isin said | ocked st.at erei.n sai

C Oer|7| ar‘?& camp anic?.'grluhl&glgdlag gfo&ﬁ Sél{d 18%2@ &t u?oce?t}con%f sa{i(moélg valn said range o

8  motion when said lock is in a locked state; and

9 a driving unit coupled to said compliance unit for driving said load in a direction of

10  said axis when said lock is in said locked state.

1 23. The apparatus of claim 22 wherein said location of said lock within said range of

2 motion is changeable as a result of said driving unit driving said lock when said lock is in an

3 unlocked state.

1 24, The apparatus of claim 22 wherein said axis of said load is a rotational axis.

1 25. The apparatus of claim 22 wherein said compliance unit includes a stop at each end

2 of said range of motion, said lock being disposed between said stops.
1 26. The apparatus of claim 25 wherein said driving unit drives said load in a direction

2 of said axis with said lock in an unlocked state when said lock is in contact with one of said stops.
1

27. The apparatus of claim 22 wherein said driving unit is powered.
1 28. Apparatus for supporting a load, said apparatus comprising:
2 a force sensor for detecting a force received from said load, said force resulting

3 from said load being imbalanced relative to an axis of said load;



2 of said range of notion. 1 44. The apparatus of claim42 wherein said
actuator is powered. 1 45. Apparatus for supporting a load in a direction,
sai d appav@vuss2epnprising: 2 a force sensor for detecti ngP@risee®dsion sai d
direction, said force resulting fromsaid 3 load urging in said direction;
4 a source of force for.providing a counter force in response to said force
detected by 5 said force sensor; WO O %25292 PCT/ US01/ 29530 -78 6 a
conpliance unit for providing a range of notion to said load in said
direction, 7 said conpligpce unit includin | 0 aid Jock fixing a

| ocaf’i on of said |aoSeEP O?ﬂﬁ“‘ﬁ fQ%?TBV@%ﬁéOth fgrcﬁﬁ'{[‘fﬁgﬁ%Wé%fog‘gdnar%p(%ﬁ?q?s in a
| ocked shiatfeice aftebteddbydsatditbiét Béhsot)i t control | ed i ndependent of said source
of faorce coupled to said 10 conpliance unit_ for dri\é/tj6 g sai d Ioag]ti n said
direétion when saidCorpnce wuif for pravidipgp fapge ofraquion to saygloadrpplatiyg ip saidh 4Xs: o f

cl ai m 45m@herein said |ocation of said lock within said range of 2 notion
is changeable as a result of said driving unit driving said |ock when said
lock8i s in an 3 urf §8luggmiscanteolled ingependenly Arpgnsakd squrce Pf torcg s3id 8TRGPRYF n

sai d gl 0GaihiaoQhideBinflidneSnitot Biing &idlloh@PardiRbtionZof MMl laB. | S changeabl e by
said driving unit driving said | ock when both said |ock is in an unl ocked

3 stdte and fen sHiearpasans ¢islaimBS taingaidaxisdp g FRtrtiosa! 3% sai d direction. 1
48. The appargt us j j i liance unit includes a stop
at e-f:ll-ch end 3? of @giagﬁﬁtﬂgg(iéé%m%??@?%ﬂ%ggﬁghe apparatus of claim45
wher @& n sai d dri vialgckufer fixing whergespid dange oSmotioqoipégca@gthwalwﬁk jsar adackey! a
loadsin g, vertical direction, said apparatus 2 conprising: 3 a force
sensor for ‘detecting a force in said vertical direction, said force
resullting 4 Fir om Bwiagpdrgadofilajin 2§ whereimgaifl epimpliance vnif inslugessosipcd cath andr ce
for providi. .er force relative to said load in response to 6 said
forcg de%fgé:lﬁg%%%§ﬂsﬁ§%“glforce sensor; 7 a conpliance unit for providing a
rangd of noti¥n t dlisaipphritoncf daimP8ivhevedr saidcdriviig witiepawened. sai d conpl i ance
uni t _i ncl udi a lock., said |lock fixi |ocation of said lock within said
9 rar%ge of noOTT on & g%amgg?rdsup%oééngiasfgl"@goa"%rbc ed state; and 10 a driving

uni t 2control | ed i ndsppordentctuos fos aipgosiogsaidload; f orce for driving said | oad

in 1 said vertical di.rection said |lo is ip_said.loc 1
51. %he appar at us ao‘fo”lpllhgrf%u%’g C%\ﬁ%ﬁgﬁ) F\alc'lis %‘.‘PB‘”@ gtrr‘r“ﬁﬁllr%%é 8]%07 gdlult‘g i %riaggeu(?f‘ie@@nst op
at each tesgd suppoft seadintte f aligempliante thio mclugiag d 1dchddr thentainingiagpsitien ofwtdrveen

sai d stops. P . . .
5 sﬁpport structure within said range of motion when said lock is in said locked state;

(]

a driving unit coupled to said compliance unit for driving said support structure in a

7  direction, said driving unit changing where said range of motion is located as a result of said

8  driving unit driving said support structure when said lock is in said locked state.

1 34. The apparatus of claim 33 wherein a location of said lock within said range of

2 motion is changeable as a result of said driving unit driving said lock when said lock is in an

3 unlocked state.

1 35. The apparatus of claim 33 wherein said compliance unit includes a stop at each end
2 of said range of motion, said lock being disposed between said stops.

1 36. The apparatus of claim 35 wherein said driving unit drives said load in said

2 direction with said lock in an unlocked state when said lock is in contact with one of said stops.

1 37. The apparatus of claim 33 wherein said driving unit is powered.

1 38. Apparatus for supporting a load, said apparatus comprising:

2 a support structure for supporting said load;

3 a compliance shaft coupled to said support structure for providing a range of

4  motion to said support structure, said compliance shaft including a lock for maintaining a position



1 52. The apparatus of claim51 wherein said driving unit drives said | oad
in said vertical 2 direction with said |ock in an unlocked state when said
l ock is woewm2ort with one of said stops. 1 53. The appareat/wsoios ai m 50
wherein said driving unit is powered. 1 54. A nethod of docking an

el ectronic test head held in a test head mani pulator to an 2 electronic
devi ce handl er, said nethod conprising,the steps of: 3 neasuring a
magni t ude of an inbal ance force along df about at |east one of a 4
plurality of notion axes of said test head mgni pul ator; an 02/ 2529

b aso 384 seppor3gudbig Fethatng posihntean copnpa Rt Shep PREIFGoTe f3REs
untile saife;iagdal ance force is 6 substantially zero. 1 55. A nmethod of
docking an electronic test head tg an electronic device handler, said 2
net hdd conpri si ng %ngtugfpéfglpbs fo %al‘?rg’&]%&ridﬁﬁmés PP EUEHE dh? 9%§?%nce
force al@atchbtoPrBRdbingtvhé@ sl 12136 oPinofon ié Idehted & d feyul0df saidtacRBoAXENDShids ai d
test head; 5 providi a counter force to said inbalance force until said

ng a 1L ¢
i mbal%ancuPRsT griciuee wipnspid deck s jng logked sials:  and 7 noving said test head

towards a docig Ng PRSIphirfls bl 38ewHefens Rddatib@\of 4d AR iBin safd ridpeloe sai d
counter force is apEI ied. 1 56. A nmethod of docking an_el ectronic test head

hel d % n Toticads chepgaablans p Fryrapbaid astugier doivipg gxid Jogh vReTHBiA Joek isdmen wilocked;; g
met hqd copprising the steps of: 3 neasuring a magnitude of an inbal ance
force along or about at |east one of a 4 plurality of notion axes of said
t est lhead marmGul afhsrappBatps efdlaimi§ whesehu srikeonipdipnce upih inchides ¢ sipiigAdeeior ce

until, sald.. r}Bﬁ!e% gudprce is 6 substantially zero; and 7 noving said test
head 2t os\éafgélg a og&l ﬁg ‘position relative to said device handler 8 while

sai d lcount er 4lor ceApparagyspi sgporting7 load, saidtappatatef copgRingy a test head to a
handler, said net hgglpg&m%ﬁﬁpg tsnﬁ@oﬁfn RSgRfa: 2 neasuring an inbal ance
ne o aplrurlltgo%1 t i

force along at |eas notion axes of 3 said test head;
4 praoviding a cound empfliemceeshafbcaupled td saiskduppreestrugnee O ploviginiarigasge dfeast one
of a4pl uratloit%{%ouf1 @I b}grsl Al Structures attached to one of said 6 test head
and sai dRARP & FEPRY SFEREE one of a plurality of alignnent receptacles
attacshed to anot hean acthanf campled to exd chrgdidn@ntiafsr driviag eid supper stductitre i of

al i gni ng..bej.ng conpleted while said counter force is 8 provided. 1 58. A
net hoéd olre{ih‘@gi ng a test head with a device handler, said nethod conprising
the 1 42 Apparatus for supporting a load, said apparatus comprising:

a support structure for supporting said load;
a compliance shaft coupled through a lock to said support structure for providing a

range of motion to said support structure, said lock maintaining a position of said support structure

2
3
4
5  relative to a position of said compliance shaft when said lock is in a locked state;
6 an actuator coupled to said compliance shaft for driving said support structure in a
7 direction, said actuator changing where said range of motion is located as a result of said actuator
8  driving said support structure when said lock is in said locked state.
1 43. The apparatus of claim 42 wherein said compliance unit includes a stop at each end
2 of said range of motion.
| 44. The apparatus of claim 42 wherein said actuator is powered.
1 45. Apparatus for supporting a load in a direction, said apparatus comprising:

a force sensor for detecting a force in said direction, said force resulting from said
load urging in said direction;

a source of force for providing a counter force in response to said force detected by

[V IS VS N

said force sensor;



2 steps of: 3 providing an apparatus which includes: 4 a controller, 5 a
docki ng apparatus that has an actuator controlled by the controller and

whi ch 6 webr/pes2 an interface plane, 7 a test head mani puP@r/o6017395830 has: WO
02/ 25292 PCT/ US01/ 29530 -80 8 two or nore degrees of notion that allow the
test head to be planarized 9 with the device handler with respect to the
interface plane, 10 one or nore driven gxes of notion controlled by the
controller that allow 11 the test heag to be noved along an axis that is
perpendi cular to the i terfac pl an n latin test ..head to a
ready to dock ositd GHPL alfgugﬂtgqgﬁ?vgf%aﬁqge ?#ég‘i%{loﬂé% d&’ 39 8 B We ¢ est
head 7al o caipHandX it mauén%ea&k a2 REE BBhEa pRsioio8sid fuel withk sajdaamieiony t he
actuator to pull the test head. into fully docked position. 1 59. The

met héd drotioparhen sad lqclﬁﬂstlﬂérlo%ﬁirﬁf“ies?"ﬁg the step of: 2 latching the test

head 9V\'hen in the fMﬁ\bfﬂg‘iQﬁt'%ﬂtr&&&hﬁdeﬁéhdent bf &84 sotie ofBirbsbupled € aidm 58,
further T’Frl Si n(F:;fthe step of: 2 |l ocking the driven axes en the test
1

head!¥ s ‘i #hee ppy dﬁéﬁ’é‘ﬁéﬁd Eﬂﬁgllli F%d“@fu@l""h"?ﬁ@dm%@ B1d 1pgkedd 88, wher ei n

one gr nore axes Cpid SRMNHbMNailnQ5Sleskit ¥ BEatior of BHiElotIe §ithi $2i@ frangt 6edom
are balanced. 1 62. T e nmet hod of claim58, wherein one ar nbre axes

cor r & ponetiongs ehangeabld as ageselt of Ridwivinguideing s1id fqck aspsaid ok éviBER ant . 1

63. The ﬁ%cﬂ&ﬂstﬂé claim58, wherein one or nore axes corresponding to said
two or 2 nore degrees of freedomare driven and controlled by the

contrlol l er. 14%4. Theeppasatodf dtimciSavheramsaidueeation af sitklogk W#B‘lﬂéaléﬁantgﬁéf driven

axes (%ar Cm G blﬁlﬂéeablg JDP/ g% gt)lﬁ%- W H‘%Ilﬁ Plaiflo %&%oﬂ*@ﬁf BERis Q& @liodtR € Of

the driven axes a e rret d of clalm®6l, wherein one or
nor e Jof ttheashvienceid lqaxlesswst@ntbli}' aaighdespip sad diregyipinanci ng unit. 1 67. The

”E‘t hgd of clajgn 65p,4 y&{gsérgeuggpaﬁ mfs PREn gafl Jﬁ%x%%ﬂﬁ%lﬁé@és%ﬁ <hal apced

a bal ancing un nmet ho ng a test hea th a device
handlzer ofsaiddangeohodtioonpri sing the 2 steps of: 3 providing an apparatus
whi Chl i nCl ude4s_9'. 4Tl?e a%pargtqls(? 1) &litn 45 wherein said driving unit is powered.

1 50. Apparatus for manipulating a load in a vertical direction, said apparatus
comprising:
a force sensor for detecting a force in said vertical direction, said force resulting
from said load urging in said direction;
a source of force for providing a counter force relative to said load in response to
said force detected by said force sensor;
a compliance unit for providing a range of motion to said load in sa1d vertical

direction, said compliance unit including a lock, said lock fixing a location of said lock within said

O 00 N1 Ut R LN

range of motion when said lock is in a locked state; and

p—t
(]

a driving unit controlled independent of said source of force for driving said load in

said vertical direction when said lock is in said locked state.

—_
—_

51. The apparatus of claim 50 wherein said compliance unit includes a stop at each end
of said range of motion, said lock being disposed between said stops.

52. The apparatus of claim 51 wherein said driving unit drives said load in said vertical

NN

direction with said lock in an unlocked state when said lock is in contact with one of said stops.

ot

53. The apparatus of claim 50 wherein said driving unit is powered.
54. A method of docking an electronic test head held in a test head manipulator to an
electronic device handler, said method comprising the steps of:

measuring a magnitude of an imbalance force along or about at least one of a

A W N

plurality of motion axes of said test head manipulator; and



5 a docking apparatus that defines an interface plane, 6 a test head

mani pul ator that has: 7 two or nore degrees of notion that allow the test
head to eoptanori zed 8 with the device handl er with respetustiRIsive
interface plane, 9 one or nore driven axes of notion controlled by the
controller that allow 10 the test head to be noved along an axis that is
perpendi cular to the interface plane; 02/ 25292 PCT/ US01/ 29530 -81 11
mani pul ating the test head to a ready to dock position; 12 planarizing the
test head; and 13 driyving the test head along_said axi.s.to.a fully docked
position. 1 69. TH’EB‘“WES%&B“‘E?I felicﬁforﬁa%f?fn%‘l‘lﬁrfc? e Wy ?’lﬁ érfﬂ?f‘éanf?lg’r%et%p of: 2
| at chy ngsubfimiidBciersvhen in the fully docked position. 1 70. The nethod of
claim68, further conprising the step of: 2 locking the grlv n axes, when
the test heacd s i mepod of Agging e eleatroni et gr to 4 olpotrenidayiee ariess s4id ai m

68, wher@ifoddgpfilingBleQtepX6 corresponding to said two or 2 nore degrees
of freedom are bal anced. 1 72. The nethod of claim®68, wherein one or nore

axes Xorrespondi ngPeaIE AmpsRuds, of ap IpplanceifosreAlns o apeus atisHst APt onpl i ant .
1 73.4 TheuaBl Rethobn £ledbMaRBestiBRy; €i N one or nore axes corresponding to
said two or "2 nore degrees of freedomare driven and controlled by the
control l er. 1 74. Pravdiageseentsfiosp i stidgmbalgice fernuH said imbalange forcetife dri ven
axes @r eq oMb o: and 75 The nethod of claim 68, wherein one or nore of
the driven axes}a%roe’ Pal anced. 1 76. The met hod of claim 71, wherein one or
nor e of "t he bal anceevingxwdl gstdeshiowarde d dpskingpogitigrnielatize ysaifrdeyice hamdler The
met h of..cl ai tejn.one or nore of the bal anced axes are bal anced
by (2]8da %lg%asﬁfgi%ﬁ%rﬁﬂm .gls%ip%&ﬂThe met hod of claimb54, additionally

conprii si ng t h¥. st ef nethod of degkingtaaiclecinenicigstdieadoheld @ra g heas mpriinudaterd9 8o t est
head J s Ao T .Gl ai ~radditionally conprising the
step iof:Sgé%glgg%vr%I%agdlflhg%g%%tg%gﬁ)réﬁg?h%%%ﬁtogr force. 1 80. The nethod of
cl ai m 54, additi onatdsyringonmagmtideoftan émbzlange fofice algngrazapgityi kest gud of acount er
force before undocking said t d. .81. The nmethod of cl ai m 54,

addi t on%ﬂ‘ﬁagtycogﬁ%?ﬁ?%?’%&o ?‘laéd %ﬁé‘ﬁaggﬁ%m‘%ﬁ%ppl ying said counter force with a
pneunati ¢ cyl i nderprodididg a chtmeernfotch adsaalf imbhlancanf&te wetd daitl iimbaddricy faee@nipr i si ng
the Sé epssubgt];ritially zero; and

7 moving said test head towards a docking position relative to said device handler

8  while said counter force is applied.

—_

57. A method of docking a test head to a handler, said method comprising the steps of:

providing an apparatus which includes:
a controller,
a docking apparatus that has an actuator controlled by the controller and which

defines an interface plane,

2 measuring an imbalance force along at least one of a plurality of motion axes of
3 said test head;

4 providing a counter force to said imbalance; and

5 aligning at least one of a plurality of alignment structures attached to one of said

6 test head and said handler to at least one of a plurality of alignment receptacles attached to another
7  of said test head and said handler, said step of aligning being completed while said counter force is
8  provided.

1 38. A method of docking a test head with a device handler, said method comprising the
2 steps of:

3

4

5

6

7

a test head manipulator that has:



2 measuring and recording the air pressure which generated said counter
force. 1 83. The nethod of claim8l, additionally conprising the step of:
2 mai nt aiwdn22be air pressure applied to said pneunatic BTUREEISHNI | e
said test head 3 is docked. 1 84. The nethod of claim 81, additionally
conprising the steps of: WD 02/ 25292 PCT/US01/ 29530 -82 2 restoring and
reapplying the air pressure to said pngﬁnatic cylinder before 3 undocking
said test head. 1 85. The nethod of cldrm 55, additionally conprising the

step of: 2 maintaining said coynter force i]e said test head is docked.
1 86.%8 The method of cl atiwr%"éﬁr,‘or%lg%ﬁef’ 8%1‘3??‘39 “@%ﬁ%‘?‘?@er{?tﬁ?@ tgp%glarbaflzzecpz

rggprgdi ngI It hewiaa b'ﬁéyi@ghaﬁﬁlbﬂwm@w@ﬁe?ftofﬂﬁzbl’iﬁterfacblrﬁa}lﬂ_ , The nethod of ]g:l ai m 55,
additionally conprising the step, of: rea ing said counter force
bef obe undocki ng said t@&tor I‘?é’é‘%igﬂveﬁ axgs of WB&E@%HBE“OW tg‘F Bantﬁog%,that 36w

addi {j onal | y ORRIHesd Rbelieved bRRg & axis tRataPpiryéndRBuBAtokh€ Blkifabd plhif CE Wi th a
pneumatic cylinder. 1 89. The nethod of claim 88, additionally conprising
the B eps of:.2 neagupulaige dhedest beadrtep igpdy Fedogk psifelssur e whi ch gener at ed
sai dygounter forCeyanalizidP the ke néat hod of claim 88, additionally conprising
the step of: 2 naintaining the air pressure applied to said pneumatic

cyli Hder while saidrivingsthe feaishead gongsaifigeiedaa r9Ady 10 achie PREKRBATB cl ai m 88,
addi {4 onal | y COMPI 4t {8cRLEPS Rl thededt BSHGHib AGuRNGbck&PRRI¥ANY the air
pressure to said p euna%lc cylinder before 3 undocking said test head. 1
92. The net ho¥- of Eheaneth®bof cipimisBi Hribdricompiviag he ey ofhe step of : 2

mai ntai ni ng sai d cQuiy f leh & 8k iESteaR6abod. s docked. 1 93. The
nethég of clain15é?&g§g?Ff%%g d&“%onpr???%g_the%step of: 2 recording the
amount of sai@. coubteamethat efeclaim 5§ 4furtiirsomptidiegitheostep i m 56, additional ly
conprj sing the st : . i i hefak&, undocki ng
sai d }test head. %Bg)lg}.;g *gérﬁéf%%%%%e@%ﬁstg%t%e@fé? ma@élfél%(%a e. o%érrpri sing the
step bf: 2 afipl yi T methaol cfolands, Wiarein ond ortmere presipeeesponding forsaid two ¢r 96,
The nmet hod of clai.m 95 additionally conprising the steps of: 2 neasuring
and ?gcow FﬁEQFﬁEﬁ ﬁ?é%?%ggﬁ%%“@hich generated said counter force. 1 97.
The nethod of6X| ai Thedbethatiafi ddimrFa) Wierein opr orshorg akéseosegondifg to said two or

2 more degrees of freedom are compliant.

1 63. The method of claim 58, wherein one or more axes corresponding to said two or

2 more degrees of freedom are driven and controlled by the controller.

1 64. The method of claim 58, wherein one or more of the driven axes are compliant.
1 65. The method of claim 58, wherein one or more of the driven axes are balanced.
1 66. The method of claim 61, wherein one or more of the balanced axes are balanced by

2  a balancing unit.

—

67. The method of claim 65, wherein one or more of the balanced axes are balanced by
-a balancing unit.
68. A method of docking a test head with a device handler, said method comprising the
steps of:
providing an apparatus which includes:
a controller,
a docking apparatus that defines an interface plane,
a test head manipulator that has:
two or more degrees of motion that allow the test head to be planarized

with the device handler with respect to the interface plane,
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one or more driven axes of motion controlled by the controller that allow

the test head to be moved along an axis that is perpendicular to the interface plane;

—_
o



2 maintaining the air pressure applied to said pneumatic cylinder while
said test head 3 is docked. 1 98. The nethod of claim95, additionally
conpri si MO 25291 eps of: 2 restoring and reappl yi ng the aP€T/PpR@EL9630e t 0
said pneumatic cylinder before 3 undocking said test head. WD 02/ 25292
PCT/ US01/ 29530 - 83 1 99. The nethod of claim57, additionally conprising
the step of: 2 maintaining said countgi force while said test head is
docked. 1 100. The nethod of claim57; additionally conprising the step
of : 2 recording the. amoun aid counter . force. 1 101. The net hod of
clai hh 57, additi ortﬁ?"l‘@llaé@ﬁ'ﬁﬂe tgsltﬁ"gi‘d t‘h%“??%f? dc?lclgpos’ét ‘Peappl yi ng sai d counter
force before undocﬂuﬂagzﬁguﬁtéseﬁéadh;ﬁﬂd 1 102. The method of claim57,

additjonally conprising the ste l.yjn id . counter force with a
pneulfat i ¢ cyl i nderdrivingetestgad ﬁ‘é‘tgtf&’& agfs tgﬁgﬁ{%‘g’ﬁ%%l’gﬂﬂ?lh onal 'y conprising
the steps of :692 mﬂﬁuﬁémcﬁr&nﬁegoﬁlﬂméﬂgomﬁesl@me pegssure which generated
said counter force. The met hod of claim 102, additionally

conmprd sing the st elﬁtC’E)‘f’gﬂ‘fdﬁ%}fwlf‘eé‘llﬂﬂﬁgf“]twcg‘?drpoﬁ?@%sure applied to said

pneunmt i ¢ Cyl70nderTﬁ€’f}hétﬁ'oc§ﬁ|cﬂnﬁ1%§tfuhﬁ@@om§ndlr§g tﬂ@§t51¢df 1 105. The nethod of
claim 102, additionally conprising the step restoring and reapplying

the & r pressure tlecking e grivansges ¥ e@ﬁleitt%ﬁ(ﬂé?adﬂefn()t?l‘efung dorkse BRSHRY- sai d t est

head.; 1 106. Jjhe aﬂﬁ%ﬁﬁd@of@iauﬁk@'ﬂﬂeklﬁ i Bhor€ AR cbStPOnding 9 &kid twbd | ock
reS|st|ng motion of 2 said load Wth respect to said source of force when

sai d 2 ockork degrees#f fisedosjars balprced-1 107. The apparatus of claim4 further
conprji sing a ﬂZOCk’Tﬁ%éih%elﬁlaﬁrﬁﬁk St;/ﬂe?é;n H@dr%r@faxes%oﬁ gndn%atg s ko 6eSpect

to sal d force generator n said Is in a |locked state 108. The
met hdd ofore degreas®é freedhai are gpmpliapt. corrprl sing the step of: 2 rral ntai ning a

countier f of C&pr OVl 5i2lfhn BE! ARG Ge Btishort Ak ADEEARY € sABGy Ol 3

nor e 1baI anced axes e sal test ad Is e net hod of
claim 661porad$rcesmﬁéﬂeb@0mmtdriivelamgCOIh@llsd b&ptheﬁontmllﬁtmor di ng the anmount of a

counter forc 4PT OV I I i or
more bal ance axesthi:fgﬂ.f@%i(ﬁ?ﬂm%g ‘ﬁﬂgénpgneg({}élﬁ%& g‘é{?‘@‘@d. t%xg%ar??%/ 1{ceilﬂrrlﬁrl si ng
the step of: B.r eamelmeﬂngi &f ctabm 198 ewhefain ome qyrmoore déthe ldyivenaixds vabaamsedig uni t

Lo bajance sajd Onf, etk I8! LSS RS InRELPEE HHAMRE fhed dreHRlelods !

2 abalancing unit.
1 77. The method of claim 75, wherein one or more of the balanced axes are balanced by
2 a balancing unit.

1 78. The method of claim 54, additionally comprising the step of:

2 maintaining said counter force while said test head is docked.
1 79. The method of claim 54, additionally comprising the step of:
2 recording the amount of said counter force.

1 80. The method of claim 54, additionally comprising the step of:
2 reapplying said counter force before undocking said test head.
1 81. The method of claim 54, additionally comprising the step of:
2 applying said counter force with a pneumatic cylinder.

—_

82. The method of claim 81, additionally comprising the steps of:
measuring and recording the air pressure which generated said counter force.
83. The method of claim 81, additionally comprising the step of:

maintaining the air pressure applied to said pneumatic cylinder while said test head

W N = N

is docked.
1 84. The method of claim 81, additionally comprising the steps of:



1 111. The nethod of claim66, additionally conprising the step of: 2
applying a counter force provided by said balancing unit to bal ance said
one or 3Voor/252bal anced axes with a pneunmatic cylinder. 1PQI/RS0ITA9830net hod
of claim 111, additionally conprising the steps of: 2 neasuring and
recording the air pressure which generated said counter force. WO 02/25292
PCT/ US01/ 29530 -84 113. The nethod of ,¢laim 111, additionally conprising
the step of: 2 maintaining the air pré§g0re applied to said pneumatic
cylinder while said test Head 3 i.s docked. 1 %%4. qu nﬁt 0 'ﬁf claim 111
S B onal 'y conprPUPRg FlEaepisis Wt Ties s o et SEAGFPRS (he o r
pr esgur amiigkmgisthdpgrenerat i c cylinder before 3 undocking said test head. 1
115. The method of claim 67, additional conprising the step of: 2

mai ntlai ni ng &°countermsRadat clrp ey Jd “ﬂ?hiSWBgﬁﬁwﬁh%ﬁ of(temit to bal ance said
one or 3 nore bal@NeEEne%Sa cohitdr SorSivild Rt tefi@agll i dodtecked. 1 116. The
nmet hod of claim67, additionally c rising the ste 2 recording the

onp of ;
amourdt of a &Sunt e’thefW(’ﬁP@W Jdgjonally gOomRRisiEthaYeR P t to bal ance 3

sai djone or nore halAMmaetheaxRsnt ot salddounttheoréet hod of claim 67, additionally
conprising the step of: 2 reapplying a counter force provided by said

bal ardci ng uni&- t o Bimateed of glagn headditionaly geyprrising the seRiofaxes bef ore

undocki ng sai d te%aﬂgﬁ%%zsa' chiter 06 bEMNAHoXingCdafdi 183t Bdad. addi tional 'y
conprising the step of: applying a counter force provided by said

bal arici ng uni88- t o Blmeailas of glain sheddifionally gorpprising the sleriofaxes with a

pneungt i c cyllndeggg$ﬁ&%%ﬁc er Tl @t Qpn&in@ifeider. 2ddi tional Iy conpri sing

g9

the steps of: 2 nmeaSuring an recorgyng the air” pressure which generated
sai d Icount er 8r celhe methq@f cipfre 8$readiicionally comprisinglhestersddi ti onal |y

neurat i ¢ oyl i nder s aargalBlathe Oy iniDl ERBicA ARERLRE 88 Oa of

clairm 118, ad@iti dFtelthgthalofshin Bhqddiienally epwprifing the st ofori ng and reappl yi ng
the 3T Bressure {onRmyloRADRNIRLLS YRl Sl BRLRK crbotiRIARKIR 3t Lot
mai nt3ai nis dgcked.count er force provi ded by said balancing unit to bal ance said

one qr 3 norg bal gnced, axes, Wkk &adahSnl S5lpiGRint Seflogked:
2 restoring and reapplying the air pressure to said pneumatic cylinder before

3 undocking said test head.

1 92. The method of claim 56, additionally comprising the step of:

2 maintaining said counter force while said test head is docked.

1 93. The method of claim 56, additionally comprising the step of:

2 recording the amount of said counter force.

1 94. The method of claim 56, additionally comprising the step of:

2 reapplying said counter force before undocking said test head.

1 95. The method of claim 56, additionally comprising the step of:

2 applying said counter force with a pneumatic cylinder.

1 96. The method of claim 95, additionally comprising the steps of:

2 measuring and recording the air pressure which generated said counter force.
1 97. The method of claim 95, additionally comprising the step of:

2 maintaining the air pressure applied to said pneumatic cylinder while said test head
3 is docked.

1 98. The method of claim 95, additionally comprising the steps of:

2 restoring and reapplying the air pressure to said pneumatic cylinder before

3 undocking said test head.



1 123. The nethod of claim 76, additionally conprising the step of: 2
recordi ng the anobunt of a counter force provided by said balancing unit to
bal ance WBO®z2:t9DNne or nore bal anced axes. 1 124. The net hODUS1/295H m 76,
additionally conprising the step of: WO 02/25292 PCT/ US01/ 29530 -85 2
reappl ying a counter force provided by said balancing unit to bal ance said
one or 3 nore bal anced axes before unggcking said test head. 1 125. The
met hod of claim 76, additionally conpri'sing the step of: 2 applying a
counter force provided by said balancing unit to bal ance said one or 3
mor e tbal ancedaxesThgmehod of simaf.jadditignally qemprisingr e sterpfe net hod of ¢l ai m

125, jaddi tional |y \GORRMinisig chibfer $6:8OFM saiPiesiBBRLE db&e@nd recording the
air pressure which generated said counter force. 1 127. The nethod of

cl ai rh 125, ad®0ti obelmehednislaing phqdditanally spmpgisingthegiemefai ni ng t he air
pressure applied tQ.saing tRAGIERGE 6if YdunRdedrcdthi | € said test head 3 is
docked. 1 128. The nethod of claim 125, additionally conprising the steps
of : 2 restoril®y. anthermeiinsl oficlin pheadditipnaly sqmprising e &tap of: pneunati c cyl i nder
befor,e 3 undocki high LestouktE8drce bebfPunddignd Bided nefq. cl ai m 77,
additional ly conppggﬁﬁggﬁﬁe(%?ep 0??-5 %&F%ta[fﬁﬁ a counter force provided
by sdi d bal and2ng Theimethad dfglabm8s additionadisi somprisig thestep pfal anced axes while
said,test head is . ) . LM77, additionally
conpgising t he sté%8§5§%?d%g%%$é?%€G?ﬁg&gﬁgﬁﬁ%Cg¢ﬁ%ﬂlounter force provided
by sdi d bal ani®Bng Tiwimetbasl dialaim@?, a@diderially oereprovingrthy geps@f:anced axes. 1 131.
The thod of claim77. additional . I.Sd X pplying a
coun'?gr force pr ovi ¢ 5‘(11111%%1@ ad Idé%ag?ﬁ%p%h #’ﬂgbg%lgﬁ%hgédgé?néé (gzrillgg'or 3
nor e 1bal ancedl0dx esThzahahe afrthoc ki) gdditomlly eshprisggdhe depl@2. The met hod of
claim 77, additional.ly. conpri.sing the st of : 2 applyinp . force
pr ovingded by said blg?lﬁ%ﬁlﬁ U Qre%g%re gPlée rcll gg Saéfép%fuglﬁg(p%?%{md% vﬁltl)l(ré gﬁ@%@g%eggd
axes 3 tibdeckpheumati c cylinder. 1 133. The nethod of claim 132,
addi tionally npri.sing th te of... .2 asurin nd recording the air
pressure whic ggeﬁ@F&P dgd F%HEE@%5%¢H?8H§g¥m”fI ?SQﬁé£nethod of claim
132, saddi-tional |y eqaofd fidR¢applpg SHeedr prbssu? toedid pasuiiatigeyllinderdeforpr essur e
applied to said Pneunatic cylinder while said test head 3 is docked.

3 undocking said test head.

1 106.  The apparatus of claim 1 further comprising a lock, said lock resisting motion of

2 said load with respect to said source of force when said lock is in a locked state.

1 107.  The apparatus of claim 4 further comprising a lock, said lock resisting motion of

2 said load with respect to said force generator when said lock is in a locked state.

1 108.  The method of claim 66, additionally comprising the step of:
2 maintaining a counter force provided by said balancing unit to balance said one or
3 more balanced axes while said test head is docked.

109. The method of claim 66, additionally comprising the step of:

—_

2 recording the amount of a counter force provided by said balancing unit to balance
3 said one or more balanced axes.

1 110.  The method of claim 66, additionally comprising the step of:

2 reapplying a counter force provided by said balancing unit to balance said one or

3  more balanced axes before undocking said test head.

1 111.  The method of claim 66, additionally comprising the step of:

2 applying a counter force provided by said balancing unit to balance said one or

3  more balanced axes with a pneumatic cylinder.

1 112.  The method of claim 111, additionally comprising the steps of:

2 measuring and recording the air pressure which generated said counter force.



1 135. The nethod of claim 132, additionally conprising the steps of: 2
restoring and reapplying the air pressure to said pneunatic cylinder before

3 undockiwgoy2i2ek t est head. PCT/US01/29530
-84 -
1 113.  The method of claim 111, additionally comprising the step of:
2 maintaining the air pressure applied to said pneumatic cylinder while said test head
3 is docked.
1 114.  The method of claim 111, additionally comprising the steps of:
2 restoring and reapplying the air pressure to said pneumatic cylinder before
3 undocking said test head.
1 115.  The method of claim 67, additionally comprising the step of:
2 maintaining a counter force provided by said balancing unit to balance said one or
3 more balanced axes while said test head is docked.
1 116.  The method of claim 67, additionally comprising the step of:
2 recording the amount of a counter force provided by said balancing unit to balance
3  said one or more balanced axes.
1 117.  The method of claim 67, additionally comprising the step of:
2 reapplying a counter force provided by said balancing unit to balance said one or
3 more balanced axes before undocking said test head.
1 118.  The method of claim 67, additionally comprising the step of:
2 applying a counter force provided by said balancing unit to balance said one or
3 more balanced axes with a pneumatic cylinder.
1 119.  The method of claim 118, additionally comprising the steps of:
2 measuring and recording the air pressure which generated said counter force.
1 120.  The method of claim 118, additionally comprising the step of:
2 maintaining the air pressure applied to said pneumatic cylinder while said test head
3 is docked.
1 121.  The method of claim 118, additionally comprising the steps of:
2 restoring and reapplying the air pressure to said p-+neumatic cylinder before
3 undocking said test head.
1 122.  The method of claim 76, additionally comprising the step of:
2 maintaining a counter force provided by said balancing unit to balance said one or
3 more balanced axes while said test head is docked.
1 123.  The method of claim 76, additionally comprising the step of:
2 recording the amount of a counter force provided by said balancing unit to balance
3  said one or more balanced axes.

1 124.  The method of claim 76, additionally comprising the step of:
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reapplying a counter force provided by said balancing unit to balance said one or
more balanced axes before undocking said test head.
125. The method of claim 76, additionally comprising the step of:
applying a counter force provided by said balancing unit to balance said one or
more balanced axes with a pneumatic cylinder.
126.  The method of claim 125, additionally comprising the steps of:
measuring and recording the air pressure which generated said counter force.
127.  The method of claim 125, additionally comprising the step of:
mdintaining the air pressure applied to said pneumatic cylinder while said test head
is docked.
128.  The method of claim 125, additionally comprising the steps of:
restoring and reapplying the air pressure to said pneumatic cylinder before
undocking said test head.
129.  The method of claim 77, additionally comprising the step of:
maintaining a counter force provided by said balancing unit to balance said one or
more balanced axes while said test head is docked.
130.  The method of claim 77, additionally comprising the step of:
recording the amount of a counter force provided by said balancing unit to balance
said one or more balanced axes.
131.  The method of claim 77, additionally comprising the step of:
reapplying a counter force provided by said balancing unit to balance said one or
more balanced axes before undocking said test head.
132.  The method of claim 77, additionally comprising the step of:
applying a counter force provided by said balancing unit to balance said one or
more balanced axes with a pneumatic cylinder. '
133.  The method of claim 132, additionally comprising the steps of:
measuring and recording the air pressure which generated said counter force.
134.  The method of claim 132, additionally comprising the step of:
maintaining the air pressure applied to said pneumatic cylinder while said test head
is docked.
135.  The method of claim 132, additionally comprising the steps of:
restoring and reapplying the air pressure to said pneumatic cylinder before

undocking said test head.



