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MULTI - PO NT BENDI-NG OF BARS DURI NG FABRI CATI ON OF MAGNETI C

RECORDI N BACKGROUND OF THE | NVENT
Qﬂsgﬁﬁ%ﬁt ion relates generally to PCI/US96120088

The prese the 5 fabrication o
magnetoresistive (MR) and inductive recordi ng sensors or transducers
for data storage application. Mre specifically, the present invention
relates to a nethod and apparatus for betidi ng a bar which carries a

plurality of sliders at multiple points 10 during the fabrication process
and specifically duMGHTI~-POINT RENDINGcOF. BARS DURING During the

app | cat i ons, anPABRIGATION: SR MAGRETLC T RECORIENG HEAHR .,

substrate (also 15 called gxRdcomiy PRk thpgeRTRbNr 2l ity of layers
ont o a surface of the > ] [ransducers are
patterned using, for exahps®resgotisvetdpmprlates gepesaddy tq the

conbi nati o W dhVka©OUsn etsh Rk dtdd DEdive (MRPCEGS®S. indbecivai shed
substrate or wafer | s then 20 optically and/or electrically inspected and
subsequent |y TECORAING i RERFRNT orO%y (HANSIYTRER Iéoﬁ %fr%l iT5°%19%ar s,
i.e. (r]I ows of tiﬁ@fhr:]&;?ﬁi?jn.NeMelbret bgebmﬁwﬁduy, rthiss prfesent im:‘jaltr.ﬁon
transducers are chin o " " tp obtain a ' [ jon.
(Lapping i3 a Terarea SPetoymr 88 and Subirdeys, o Fenaflol st
detail .) Fovhidgh carriesrsqieraslityict dlstersmnt snebrpiplemoirtarred
to as stripe. hei : far i i s i ;
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el ectrical | aptigi beBPiEg@rogeseri bed 30 bel ow) are deposited upon the
same substrate and are purid§efhas ragrseat idd 0T rdifhd BPi Hgads OESSS.

Fol | owi ng t he, | atg ing grogess, t he recordi}rr}g: eads are diced tof
produce i ndi vi'$&I 1R rGRgRGELFsIBF2hELGL AR SRP; a{i:s’éﬂls' an array o

transducers are fabricating on a common substrate (also

15 called a wafer) by depositing a plurality of layers onto
a surface of the substrate. The array of transducers
are patterned using, for example, a photolithographic
process in combination with various etching and liftoff
processes. The finished substrate or wafer is then

20 optically and/or electrically inspected and subsequently
cut into smaller arrays, typically a plurality of bars,
i.e. rows of transducers. Next, the individual rows or
bars of transducers are machined or "lapped" to obtain
a desired dimension. (Lapping is a material removal

25 process described below in more detail.) For MR
transducers, this dimension is sometimes referred to as
stripe height (SH) and for inductive transducers this
dimension is sometimes referred to as throat height
(TH) . Often, electrical lap guides (ELGs, described

30 below) are deposited upon the same substrate and are
used as sensors during the lapping process. Following
the lapping process, the recording heads are diced to
produce individual transducers or heads which are used
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- 2- to formsliders. These sliders are used to read back » and/ or
write inf onto a surface of a magnetic di sc, ,

whi ch novgsdﬂ%ﬁ bg}'%hl gh rate of " rotation. 5 i)e?.n o?%ﬂglr;seto
establ i sh adequat e perfornmance for hi gh efficiency recording heads, it
is necessary to achi eve the desired stripe height or throat height.
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hei ght or throat height. _These factors 10 i nclude variations in the
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ELGs can be 20hlgbe¢ﬁfaqj@mm recehdingo hetasls .t hat| dspi ngcpssevexs to
Typical ly, the EL{%eqke ét?ebraééifé a'&@&ﬁ@ tﬂei%ﬁt or tht QEd‘Hé‘é‘L gusi ng
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15 sliders. Further, the proflle of the lapping surface

can lead to variations.

Electrical lapping guides (ELGs) are sensors
which are deposited .onto the wafer during the
fabrication process. The output from the ELGs can be

20 used to determine when to stop the lapping process.
Typically, the ELGs are fabricated along with the
transducers using the same wafer processing steps. This

. is described, for example, in U.S. Patent No. 4,477,968
which issued October 23, 1984 and U.S. Patent No.

25 4,559,743 which issued December 24, 1985. .

Lapping generally refers to machining
processes in which material is very slowly, at a
controllable rate, removed from a surface. Typically,
the process involved applying a work surface of the work

30 piece to a moving surface which is slightly abrasive.
One such device is described in U.S. Patent No.
4,536,992 which issued August 27, 1985. Thus, by
controlling the lapping process in response to the
output from the ELGs, a closed loop machining process is



- 3- set up in which the output fromthe ELGs are used as

f eedback to t he Iappi ng nmachi ne. During the | apping
process, I is held on a carrier which attach r m of
t he | appi ng 8? appar atus. Such a carrier is described in e@cf@sﬁsﬂﬁ?sﬁ

No. 4,457,114 which issued July 3, 1984. The carrier in U S. Patent
No. 4, 457,114 uses two actuators'to bend the bar during the | apping
process. In U S. Patent No. 4,457,134, the carrier provides bendi ng

of the bar at 10 both ends around the center of the bar. This bending is
used to provi deSBEnMPni¥draiehothe SutBRterfzem (e ERGs are mged A% der
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PCT/ US96/ 20088 -4- i ffness of
the bar istPel aVBdch GthEeEESQ 5P Fhereby expand and apply a force to
the bar which bends the bar. - A variation on this

technique is to use three different actuators to apply
force to a bar at three .differen.t poeints.

Generally, the prior art has focused on

20 improved ELGs and lapping mechanisms. However, as the

data storage industry is continuously driven to higher

and higher densities and in an ongoing effort to reduce

costs of fabrication, a number of competing factors are

observed. First, the sensor height tolerance

25 requirement is getting smaller. Second, the density of

heads carried on each bar is getting larger. Third, the

aspect ratio of the length to the thickness of each bar

is getting larger. Therefore, existing lapping and

bending systems are often inadequate for controlling the

30 lapping process. These factors not only lead to heads

which are more. sensitive to processing induced

disturbances, but also lead to bars which are more.

easily disturbed because they are thinner and the



tﬁi ckness. SUMVARY OF THE | NVENTI ON
The present invention includes a |apping 5 apparatus which provides

i nproved uring the | appi ng process. In one

devi ce for%%l'w%zﬁjappl ng a bar which carries a plurality of ﬁmgﬂrs

I ncludes a first actuator adapted to couple to the bar and to inpart
a first controllable force in response to 10 a first control signal and a
second actuator adapted to coupl e to4he bar and inpart a second
control |l able force, e to, a second control signal. An arm of
t he devi ce E?JGBP%St cﬁ’ftr h i’at“hrb%gﬁeﬂ-ﬁé'-egct%t She fitbe of Hp®lies

a |l apping force thitkerebar and agal nst the "15 |apping surface. A
controller provides first and sagi nals to the first and
second actuators, respect S—tHeretFy—Trpe a plurality of
forces on t he bar. TEbef opreseate Jsml-mttmlnt olmdlades a aleslapping

profile of 8¢ bappaRdhd QAL SrdPehdedifbsblel dakrdy aRlikle LRPI NG

surface across the pro
seven different H@PRARGr Processgre IRedPne pmbodimendvenascpavice cfmtrol

points for lQﬁﬁﬂh@g f b&i’:‘e vﬂﬂrch carries a plurdlify [EEC%PE% OF
THE DRAW NGS IS a perspective view of

25
carrying bar of TREIYIEE ﬁsgargﬁ FﬁEuBF@§eﬁfiaPﬁ@§ntti°oﬁ’°uple to the bar
Figure 2 is a &mdhttmednpa:ﬂermtﬂxr@h Etgirfu”ﬂdlflable fordd | T PEdpERé | €6

having two pctuate n oi nt ure 3
is a sinpl |?6eda%c€lpg%’ éé | agra Figpal dnd s%"r dzﬁct?hiaaT‘ﬁ &dﬁﬁ'ﬁ‘ﬁgg? hr ee
actuated control ccp@phesto the b@mjanvlo:.rhpaetl a ecand ponttollable filfrce

98/ 19828 in response to second contro C%/ #gg/ZO%B arm of the

- 5- gure -|s rPred tic diagra

showi ng a carri e‘?eth%c&ﬂu@&ﬁ@e Wt ﬁhéné)ae?mEHFﬁBﬁh dthe aCtu@ﬁ@rﬁr exedht

i nventi on. applies a fagpmgS floxca gﬁep&hﬁwﬁaagadﬁi | gghliBtf Olfhé he
5 carrier o{ F| re 3_and the car er of Eig 19 re
6Ais a froh FPRIRY, S Eﬁ%Ur gntro r prov:l.des first and seco

control signals to the first and second actuators,
respectively, to thereby impart a plurality of forces on
the bar. The forces are selected to obtain a desired
profile of the bar and to obtain a desired distribution
20 of the lapping surface across the profile of the bar.

' In one embodiment, seven different actuators
are used to provide seven separate control points for
bendlng of the bar. -

BRIEF DESCRIPTION OF THE DRAWINGS
25 ' Figure 1 is .a perspective view of a head
‘carrying bar of the type used in the present invention.

Figure 2 is a simplified schematic diagram of
a prior art carrier having two actuated points and a
fixed point.
30 Figure 3 is a simplified schematic diagram of
a prior art carrier having three actuated control points
and two fixed control points.



IS a top perspective view, respectively, of a carrier in accor dance
w th one enbodi nent of the invention having nine control points. 10

Fi*gur e 73*,59371%?% showi ng defl ection versus. . posi ti ﬂﬁsﬁnﬁ@z{sri er
i n accordance wth the present i nvention having a single control

poi nt actuat ed. Figure 8 is a sinplified diagramof a

| appi ng systemin accordance with the present invention. 15 .
Figure 9 is a front plan view of a carrier-3+ accordance w th anot her
enbodi ment havi ng seven adj acent . actuated control points and fixed
control points on eifimprend ofs aaprsimplibied hschgmatdc diagram
Figure 10 is a félﬁ%ir&f?é‘ Y42 OF $nCabbbelahte M A CHL MRS thénBNGE her
enmbodi ment . TAl LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS

The present invéls RFSTERF ARVERELPRod and apparatus for accurately

I ag}oi ng a 3arzgar lr3 yLEg_ af Figur@!siria iat grabhhefndwinbf tdegleypaonsEdritharite
and/ or rea ack inforoation from.t surface o neti ¢ storage
disc. Figuré@ 1 icsareppee’?s?)gc TYREG é\/\)a'f}fi ng 8- of' ﬁTJI?Qq’P?:\?#éS a
plurality of heads 12. TheFiweaséAnisoh leadt plan h2iew e ghigurenéBand
It has been kno 0 e : s p : ai h LLe

di nensi ons. As W%Ota gggcpléggaelcﬁ_ 1#’%2%%&%9?%%?%%53&&,(13& oq:.l %pff"%gil%_g“
control | ed mat edqgordansel withcene epbedimgng WSt Khe invengiomehavipar 10

is pressed agai ffiined JBYERASL SHiARskVe surface to thereby sel ectively
and control |l ably renove . materjal frombar, 10, This_| apgi, ng i s
per f or med 35, ng VWO oBkg¢reg? is a graph showing deflection versus

PCT{]_USQG\/NE]QOESS pc;sidtion of a car:lrier_ in accordar@cf:e with thd ap:@d}@@nah_ o
machi ne ichin . an .ar a_| appi urface and a carrier ic
coupl es bar 10 tlgn%%{?]a% Having ?’h?gggﬂgpﬁ?@’gggﬁt i?eoltfgt? %%é‘i‘?\%?dt he

| appi ng surface to thegeby Ealseansimplbfied dbagranved &rbappanglo.
S5 It dif el KDOUBr§antBewRE KO 1 r?rte%é‘rg:.ntirrwention. the
profile of the carrier. This control 1s used to nore accurately

control  tife material FigweeaP is a frapecplaravigy af | Fastiaredlby
Figure 1, bar lQddordance witdl QRGARG ehBEBIimaMt BAVIRY Beddnosdfavent

deformi ties. actuated control points and fixed control points on

either end of a profile of the carrier.
Figure 10 is a front plan view of a carrier in

20 ‘accordance with another embodiment .
leTAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention provides a method and
apparatus for accurately lapping a bar carrying a
plurality of heads of the type used to write and/or read
25 back information from the surface of a magnetic storage
disc. Figure 1 is a perspective view of bar 10 which
carries a plurality of heads 12. The dimensions of head
12 are significant and it has been known to use a
lapping process to obtain the desired dimensions. As
30 described in the Background section, lapping is a
controlled material removal process in which a work
surface of bar 10 is pressed against a moving, abrasive
surface to thereby selectively and controllably remove
material from bar 10. This lapping is performed using



10 By controlling the profile of carrier used to hold bar 10 during

| apping, it is possible to conpensate for t hese: bends or ,

def or mat i\@B%g/10828 Figure 2 is a sinplified schelgpfalt ram of
a prior art carrier 14 having proflle 16. In Figure 2, ,Pcr&b
represents a fixed portion of carrier 14 and bi - di recti onal arroms 20
and 22 represent actuators at either end of profile 16. Profile 16
is adapted to coupl e to a bar, such ¥ bar 10. Figure 2 is simlar to

the carrier described i.n Patent No.. 4, 457 114, 20 i ssued. July 3,
1984. Thus, carti gﬁpﬁ?&nﬁr JAcRine; which includes 3R &My ofi | LABBIRIICh
that variations surfimre Hndan carriebewhfgheasapleds bad QU & tike darm.

sinmplified sche of _angt her rogrt _carrier_30. rrier
30 has " SCaccd faym predudd St bab"RydRhel £he Joil dinttre B
poi nts or ful cr FLRPY\MAGE amitaciait bosbehiremovedt fadom bar m:x uat ed
control poimgs represented by KHde q&*&g‘glln the {538 ¢ %Ajtz

nc i on

One aspect of the presept.invention i e recogm
there are two p WELpi ef whe caoriew. cofhis |eentoelndsl amsdhdo

These par arretersmcm‘ee accux*éﬁﬁi 0 Hordthoar gHeof | i radich ol ancdiiy o . t he

force appl of the har refers to

ifieeie e LhiStRE
adj usting the p éﬁq Wi BF tHinstrarednbypEigure 1,hRaghes0 rif A% vel y
strai ght (or is edidigatiest eshamenic awhich ma%%d%ﬁfihave deformities.

bl anci ug_ 190 By controlling the profjle of cagrif¥ meed FoHGIEHAE o

across the bar %rd@RMI dapping, i htt He ppossibile desi gompenBager e
bal ancing is thegie A& Q.yefgﬁmg@igﬁgve positions of fulcrunms 34 and

5 36. The actuators represented by arrows 38, 40 and 42 are used
to control the shape of tt?é-%%ﬁer?réfﬁ Gesimplified schematipidiagrapef of

the present inventirdor art carglikdes 4 MavierPPHdH ok Il the pigusd 2,
00 o 35, NG A, S LR SR e

i nvention i ncl udds digresrtionsl carmwshmnamﬁezz represém:oraidmiatmrsntét

needed to achi e\é%.tq'xé;:eséﬁcﬁfdoéeq{:%ﬁe 16. Profile 16 is adapted to

couple to a bar, such as bar 10. Figure 2 is similar to

the carrier described in U.S.. Patent No. 4,457,114,

20 issued July 3, 1984. Thus, carrier 14 provides limited

control of profile 16 such that variations in bar 10 can

be compensated. Figure 3 is a sgimplified schematic

diagram of another prior art carrier 30. Carrier 30 has

a carrier profile 32 which is coupled to fixed control

25 points or fulcrums 34 and 36 and actuators which control

actuated control points represented by bi-directional

arrows 38, 40 and 42.

One aspect of the present invention 1ncludes

the recognition that there are two parameters which must

30 be controlled during lapping. These parameters are

bending of the bar profile and balancing of the force

applied to the bar. Bending of the bar refers to

adjusting the profile of the bar such that the bar

becomes relatively straight (or is otherwise shaped as



cdntrol for a bar having a desired | ength. For exanple, gi ven a bar
profile for- | bars defined by J data pints, 15 x[err], y[err] where i =

1: 2, . .wobsnetty | =1, 2, . . . J. A pol ynom al cup@pnisbéndoggiCt i on
is formed using a | east squares fit analysis: [err] =
f(a[ferr], a[err] ..., a[err], x[err]) Egq. 1 where k
equals 2, 3, . . . and is the order of the curve 20 and a, aferr], . .
are the coefficients of the curve. NeXt, the root mean square (RVB)
o ol Ul S 40 redpysy SoBH1KnBiRgs ™ SH LAY 26EREY "Hab TN Obha N9

25 Using EquatidhsBribheionnbér presstnie Glequgittthe (Mdr. For esgmpled to
achi eve the desiggd unt.. C rol .can be . _determ ..assyni ng
that a (k- 1)[er]£§r er _c%%\%g)frcagg%e Aesclgn SgntF%?‘fué'th ! gjrtl%elgaer{)%’irﬂi E&%]Bk
to the desired nieceumined by theinelanive pbsibiapngr ofi Fulcommsc 34 ahdn

calculate 30 sghe @'ﬁ%eiéﬂh&t?:&%efregret&%@\@Wr%%é‘j{%sg%‘?i Choaka@ 42

WO 98/ 19828 20088
- 8- povi d8¥et ReeAufBeroBtTedntths shwinn Lf Adre Sawrpprotfide. RVBK
is less than 1 [err]inch EauatheR 2 asperd Vask WigHe K ;I)resen_ﬁquihvehfeioiao-
This analysis hasl aeen 1_}/erlfled . e|>_r<£er| nt a Ig us ng éal’l’,l er
having five cont FBFLPSFRt Lhe srecggpition At gﬁ’& biPeaRf f REGLIES |
points over a 1 controilnpbihtsgohaa. carfhierstandbedusedi abi proefidehaoze nch
| ong bar wasn2.3 k.ac ] e_standard devi gtion_ of he I nch
| ong bar V\B.ZOO. 7§E?é§:r ?qgﬁﬁg¥°$hﬁg€ ?esoa%f% R 2 iap lg&arl?sqeosné’t hz}%‘eni ne
control points ipregehtciianentdon) inadndem detewrminabionfofetbet hambexr
[err]inch in thegki Bbab2dl points needed to achieve a desired degree of
control for a bar having a desired length. For example,
given a bar profile for I bars defined by J data pints,
15 X;5, Yy where i =1, 2, ., . . I, and j =1, 2, . . . d.
A polynomial curve fit function is formed using a least
squares fit analysis:

37.1:_7'=f(a1’ az- . "ak'X.ij) Eq- 1
where k equals 2, 3, . . . and is the order of the curve
20 and a, a,, . . . are the coefficients of the curve.

Next, the root mean square (RMS) of the residuals for

each k are calculated according to the following
formula:

1 —
RMSk"\J _IJ_li’jE (vi;-¥i5)? . Eq. 2

25 Using Equation 2, the number of control points (k)
required to achieve the desired amount of control can be
determined by assuming that a (k-1)* order curve can be
bent straight and setting RMS, to the desired minimum
variation in the bar profile. One can then calculate

30 the necessary order of the RMS curve fit which also



bar profile for a standard 2 inch long bar. Table 1 shows t hat

between 9 and 10 control points are needed to - achi eve control to

wi-thin 1 r hina?2inch bar. 15 Curve Fit

bet ween ‘Rlslsk}éb%\gler SThneasure ' i ndi VI du {:T}ﬂ"g?%&@nd

curve on each bar

15x24 =1. 67 Paranmeter # nean nedi an 75% 90% points -

[err]inch 20 2 39.32 33.44-80.28 72.85 46.67 46. 64
19.67 13.59 27.57 46.91 25.-13 25. 07 4 8.96

63 7.5
6 5.35
21

1RO WU OoW

54 10.96 1&@9eidesghe number 9§ control points.5 FerOexamples if. 54

%Sx is/-ss than 1 flnch ?%u‘atg.%n 3. f’sq sélx;gd ﬁl@ﬁ k

equalg ty 530. ') Jfhis ganalywis has gheen varafied

2.09 2.02 expétiméntOBlly usﬁ'@-%arrlerslhéalng five control $B8intsb9
.62 2.01_2.78 TA
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accordance w t himoie dobgdbaent dfhe hstandardpdesélattmves"ﬁlme Ealiht:hr 50
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and 1. Contr
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wrl)aci uated a 40, di stance of UfLerr] control  polnt

poi nt A |s sho
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di st ance
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di stance U err]

Thus, thens

20

25

30

35

40

Jpoi nt H and are-coupl e

tain g Mfaarign brgss t;hﬂrhtl pinchs insbgc £inished
baAb PB6EIB@8for a standard 2 inch long bar. Table 1

ieff nEBOl

S

cont r ol

shox%? utgtaet b@t&eﬁ& 8 EJPgr?'? control c%‘?l’tl?ttﬁ aB:'(ﬁ ﬁ{eee{ér%dst €hown

point E is showna
actuated a di staghiews e¢<pr}t;r@bntoo¢uth1n 1ppmnthl—l1nsaslaomnchcbaat.ed a

al point 1 is shown actuated a distance U7.
RMS of residuals between RMS over STDmeasure
individual point and curve on .
each bar .
15x24 =1.67
"Parameter # | mean median - 75% 90% | points #inch
2 39.32 33.44 60.28 72.8% 46.67 46.64
3 19.87 13.59 27.57 46 .21 25.13 25.07
4 8.96 6.54 |-10.96 18.78 - 11.4 11.28
S 6.06 4.48 6.54 9.63 ' 7.5 7.31
6 4.67 3.39 5.77 8.63 5.6 5.35
7 3.21 2.57 3.82 7.26 3.62 3.21
8 2.56 2.23 2.97 4.66 : 2.82 2.27
9 2.09 2.02 2.61 2.98 2.19 1.42
10| 1.63 1.62| 2.01] 2.78 1.74 0.49

TABLE 1

Figure 4 is a simplified schematlc diagram of
a carrier 50 in accordance with one embodiment of the
present lnventlon. Carrier 50 is shown with profile 52
having. control points A,. B, ¢, D, E, F, G, H and I.
Control points A, B, b, E, F, H and I are coupled to
actuators (not shown in Figure 4) while control points
C and G are stationary fulcrums 54 and 56, respectively.
In Figure 4, control point A is shown actuated a
distance of U,, control point B is shown actuated
distance U,, control point D is shown actuated distance



5 are nine separate control points shown in Figure 4 of whi ch

seven are i.ndividually actuated and two are fi xed. Thi s provi des
ei-ght different segnents to profile 52 whi ch can be ,
segnents WOB1W2E "cp DE E F, -G GH and m.l’eﬂﬁg'&s"k@sge
[err] of a |ine passing 10 t hrough control points C and G can be used
to control bal ance of carrier 50 and the distribution of the

| appi ng force across profile 52. During opa-ation, the actuators
whi ch couple to points A, B, Db E, F, H and I are preferably

control |l ed suchUhatcpnofol e gefinits & id5 shoubskatuaseldy distagae [Uine.
Fig.ure5isacq,_1§q,ﬁ{' f ;&cti ug} fsPhhOE @It trol

t hree- poi nt, ben |.ngfc(?:g[br(§1enrtdgjlclz'% ggggﬁo%elgﬁteé ad F? ure 3 aﬁgnaro
seven- poi nt bendaipkalr iier shewnascimaked a distangegWe and Fegirels s

a graph show ng gdigh@Vver 88€shosl HdRIRCF AfsveRBeaulel OTHAE, Cahelrer
shape and a bar , bow at various positiaons alqng the | ngéh of t%e
bar . 8i né%® Hin¢ FeRarfkee CRHLRL L Hodnds a%b‘gtlu?n’enG igureq i ©

a fseven- po: nt camiaﬁ .soclaveThar@r ﬁghliﬁﬁ.dﬁhgwyeaﬁtwaﬁed and twalaxmd fieedusi ng
a finite el ement_netho E nm I Ng. .22 . techni . i
Figure 5, the tlﬁ:}é’es-pgfﬂ§’lggg elg‘j’etha‘?}lﬁf%ﬂ:?%ﬁ/ss éa?%%t ita? Aéﬁ??gpllgor?at o]
the profile, whichaan bel achyrbdfledonsepgments poBntBaCi Uatlr PH.. &-,

bet ween 34 and 31.8’ aFngeEJ\_%e%?@ %Dg 42 ﬁﬂ?‘éﬁﬁ.bﬁe':'eg.‘gfe a line %ya)ssin%o
Figure 6A is a friont pfan view an i gure 6 IS a top perspective
vi ew of carkQ er Borowghceentrptepoints Chiamsd dhecarbbai HERE 5P OR@EFRdsent

invention. Carrigdflance ofo0chReliddessiBighd0gne’0ghavinBudebantsE 72Heor med
therein and pr esle‘_?t |{1 C cEl[(_l:eer‘_iéarroosfSlI er°5f2i.lePr502f.| I %ySrQin ope %98/ 13%%8
PCT/ US96/ 20088 1appiig P - Pring opengiQite
control points /Adtudteesosnichl colipbs tfd,pdints A, B/D, &), B2H &hd 36, 88
Fespect; vely. | X5t PapraraBly, Conera11 8% 3RRK R BLoBTIB 56 hs & o
strength 35in sebstantyalflyfstneighy tineuts 92, 94, 96, 98, 100,
102, 104 106, 108 and 119i%eru§tﬁ§ra c§h§5§i§3hj6& deflectdlcusihl?,
114 and 116 are positioned parallel to an ) ,
a prior art three-point bending carrier such as shown in
Figure 3 and a seven-point bending carrier such as shown
in Figure 4. 'Figure 5 is a graph showing the average
20 difference between a deformed carrier shape and a bar
bow at various positions along the length of the bar.
Line 60 is for a three-point carrier and line 62 is for
a seven-point carrier. The graph of Figure 5 was
calculated using a finite element method (FEM) modeling
25 technique. As shown in. Figure 5, the three-point
bending allows substantial variation to the profile,
particularly between the end point actuators (i.e.,
between 34 and 38 and between 36 and 42 shown in Figure
3.) '
30 Figure 6A is a front plan view and Figure 6B
is a top perspective view of carrier 50 in accordance
with one embodiment of the present invention. Carrier
50 includes main body 70 having detents 72 formed

therein and presenting carrier profile 52. Profile 52



oﬁposite profile 52. Actuator couplings 120, 122, 124, 126, 128, 130
and 132 are positioned within control 10 areas 74, ‘76, 80, 82, 84,. 88 and

resp Mai r body 70 may al so optionally code
RER'sHfbets g er 50 1 n P gur cECERSaeE

| nf or mat 140. The design of carrier 50 in Figure

sel ected based upon the design goal of balancing - structure
bendi ng stiffness while achieving the desired 15 bar bow correction
requi renents based upon avail abl e bdfci ng capacity (load and travel)
of the actuators. In operatlon actuators (not shown in

Fi gur es 6ANSAYIES) canEradapeiats AthupNdneocaetyalorreagp?ngss

120-132 to contnel, Bbg g2pfsd ¢ &2, w8 Q@ﬁ! bedare EJét-ﬁHGd 28 matAb6@y P ea 74
as an exanpl e, eéaouts 92 and 94 all vertical novenent which js

transferred to fFERty Rt Tol Poﬁcntlsur%ﬁﬁr MEEEPESHYRNY ar eLMEERht rol s
control point areasC74fhe auteodefited Qiysr%%ﬂ.b}:& hﬁ/&éﬂtﬁ@%ﬁﬁél@ﬁl@d to

reduce the goupki.ng._t c ontr are er area
78 is nore %I osé‘hyglgé'glp Qg@ gr& (Sio Y7 G4 outs L?4E' (2)?56 h§€ %‘g ng

bet ween paral | eD-ngril@‘lca-t()@ut 3108 andl121iénd 1Fmrtﬁms |plateo spnmsjor
control area 86 yyltbl&t 112, " eghat t 4 gﬂg?ilgag,

areas 78 gn SprOV|dgigtg%?oﬁﬁngfgnﬁbé%t ol n u#cr 30
and 56, respectPP@P§1t§hBKﬁfF%eF5§ureAqtuaﬁﬁﬁTﬁﬁuEéf%ﬁﬁ 120: 122, tlﬂ#

present inventionei,s 14, vesbi Galg Oiiﬁehréetp(@ﬂtloned adicRa 8Nt et Bt Or
coupl i ngs g( 0 and 122 fo,;sex npl e offset all ows ihe act uat or

coupl i ngs be2hEPE 74 tl %el@z'sp?éceéat ﬁﬂa %Provﬁges‘aw? Bnal M2t r ol
poi nts WOo€lg/ 790888y also optionally carry bar code information

PCT/US96/ 20088 140, The MLALRCLE 016 0ieaLy G0Nl Sk Nola G4 41, OF

and 104 are_stagge urt ner %prl ng
cutouts 112, 11Bedgeteds baseddeupop| atke spiesmign goabarqflebalmdmmsm

whi ch yi el ds mé&rhlc'&ﬁ%é Béﬂéhﬂg Qelffﬁeggewmieﬁwﬁééyﬁg % %

di spl acerreng du pping fqQrce or a cen ngl or ce.
Cut out s 1 Qr Maﬂ‘arﬁ%t%eau@@wm based, stppﬁg 3} kpble

whi ch coul d be bEpdﬁ.hgdcb.paﬂriny! l(@dad dnd ttaahvied )l itk actuaterse of the
lapping surface as it is QRYOpegag RtogéLgators (not shown in Figures
_6A and 6B) are adapted to couple to actuator couplings
120-132 to control the profile 52 as desired. Using
20 control area 74 as an example, cutouts 92 and 94 allow
vertical movement which is transferred to control point
A. Furthermore, control area 78 controls control point
C. The cutout portions 92-110 have a shape selected to
reduce the coupling to adjacent control areas. However,
25 control area 78 is more closely coupled to main body 70
because of the spacing between parallel spring cutouts
112 and 114. This is also true for control area 86 with
respect to cutouts 114 and 116. Thus, control areas 78
and 86 provide stationary control points or fulcrums 54
30 and 56, respectively, shown in Figure 4. Another aspect
of the present invention is the vertical offset between
adjacent actuator couplings 120 and 122, for example.
This offset allows the actuator couplings to be more
closely spaced thus allowing additional control points



10 52. Anot her aspect of the present invention
I ncl udes the use non-uniform spaci ng between control points in order
te |rrprov | or nore evenly di stribute control
referring l?a’%k‘%z% 15 Figure 5, the deflection between thepwgﬁéﬂgﬁag%pnts
in graph 62 indicates that the maxi num variati on occurs bet ween
points-A and B and points Hand |I. Therefore, rather than unifornly
di stributing the control points, t heextesi gn of Figures 6A and 6B has
reduced spacing 20 between si de control points (i.e., sections A-B, B-C
G H and Hng thanefaze greaherncdultarodont Fulrthemt s:qhousts 96 and
sections C D D fosFalreétduddrea ThES APAULS ThyrBle s ﬁai%ustgq

or esired

appropriate to achieve eit her a uni d| S r| but i
di stribution. [BPEARY gutouts Jd2,,ddd tand| bk pEPVide eopilatﬁhépaﬁamm

thef I app; ng zﬁﬁame& meBﬁﬁhitslirﬂEwgﬁrtl'rﬁ%é% md2e PLOMEHS ﬁehafmge%e
surrace or n e a
od| Ph %a e\é}‘ﬁ?%sfﬂﬁﬁegg nd FHlSP%xﬁrﬁq‘Eenf"ZPdE?rEBthe

preferred e
ceram c which allappifgr fezep o0 amwil eaaiiter berddtnyaforede léutomtsbe
used to track caLr,l 500|ate b £ on file
52 during the rrac11’||2h| 13s %oiglsfg%géuge amo dt gép %Sﬁﬁgﬁhg‘%ﬁg’%m
i nvention i ncl udelich COuZ;ﬂalP%otmalzthg tdn@mf:lersz clues (Hss ¢dpee Aappdag

ggl_} 3%9:5?20088 fo¥@e9§flﬁ§@81app1ng surface as it 1125_ moved past Eroflle
process. Fib@lre F2is a graph based upon FEM model | ng V\/m ch shows the

response of profile 52 wheRnother R@igdctD iSfactinat egréBeaugh iackndtion
coupling 124. s a raph of deflecti,on \Soer sus bar Iengtlh

ipRLpaeHe She
5 Figure 7 shows PRAEEERe § \}?ﬂué’l ofPRGNg between,co
cl osely coupl ed pogstherin n drwepr es:enﬁ.mprove conepdil ornor Nodeerd hetvdntllys is

in contrast to t&..e.sE’H.B{n:e cont@é des%ggs 'n Eg%&.@.g_{%a% B

whi ch the poin paced further a ar ontrol
point 10 1$s s%{sawﬁeeé byhs Fetdedonn &ewm therht;mo gndt peints in

present inventi ographe eVEi@IEalsa tHaI En&OMakAmum variation occurs
between points A and B and points H and I. Therefore,
rather than uniformly distributing the control points,
the design of Figures 6A and 6B has reduced spacing
20 between side control points (i.e., sections A-B, B-C, G-
H and H-I) than that of the middle control points (i.e,
sections C-D, D-E}'E-F and F-G). This spacing may be
adjusted as appropriate to achieve either a uniform
distribution or any desired distribution. Detents 72
25 are used to clamp carrier 50 to the arm of the lapping
device. Registration sections 142 provide a reference
surface for the 1apping arm during the lapping process.
In one preferred embodiment, carrier 50 is formed of
white TZP 2Zirconia ceramic which allows for easy
30 maintenance. The bar code 140 can be used to track
carrier 50 and/or an associated bar carried on profile

52 during the machining process.
One aspect of the present invention includes
characterizing the carrier for subsequent use during the



point significantly alters the entire profile of the carrier.

Therefore, in order to actively control the - "bendi ng of the bat
during th ' process, an 15 accurate transfer fungt] st be
determ ne%"%ﬁﬁ?@h{p describes'the carrier response to d?%#’g’g%%"?%adi ng
situations. This transfer function nmay be defined as a mat ri x.
Assune that: F=[Fl F2, ...F7] is the applied bending forces on

t he 20 carrier 50 at each cont@d&- point, and [err] =
[Ul, U2,...Ur7] is_the resulting displacenent of profile 52

for each of the ctWPPERIpBFAESSA-|, Figure 7 is a grapbpbesedelypon FEM A
sensitivity matrinod€lihgCaRibh FHWRIA! €He AGLPINE LOEt Beoride s OFRMhA:

Egq. 3 wher e; . WO 98/ 1982 )

PCT/ US96/ 20088 point D 1s actuated through . ggtuator coupling 3}34.
k12 k13 Figure 7 is kdl7graph of deflectidn W¥eZsus bar length.
k27 . [efrl.= N A k7 .

k77 The5 sen%’i%‘?%let ;e/r H%P?Vf [tek%aﬁ &éhfel négdﬁﬁéd%‘&}avﬁspd&flgpr%??T‘EOl 10

52 in response t(PCPi:Jmt—bf_és aqspl Céasaﬂ-yeacdmpledhd:muaenr in thecoppésent
DL Loy PSR ftn ] oAGES) cRREVRREH 3o g AU ccent Byihe
of f - di agonal conmpdfleriesigns shqwn diy Figawes 2e anfe 3cdnpWhaghethecpobrEfeen
oLt gy B e, Eumchor apase Lo e destbimisisd phiger
iﬁdiexs}i 3ua||;i‘gpp|>_/5r%dsﬁﬁﬁaﬁgﬁén}f¥fn§g f%’r’é% .C?Fﬁtﬁqm %’2‘1‘5-. Thb'é‘rr? o"rnrheﬁhe
ei t her t hr ough presental inventdonyentheé nidiremests ubEnent simglesi aontEdl
model i ng teChm(mﬁéinthﬁbﬂgficantly alters the entire profile of the
carrier. Therefore, in order to actively control the
bending of the bar during the lapping process, an
1s accurate transfer function must be determined which
describes the carrier response to different loading
situations. This transfer function may be defined as a
matrix. Assume that:

F = [F1, F2,...F7] is the applied bending forces on the
20 carrier 50 at each control point, and
U = (U1, U2,...U7] is the resulting displacement of

profile 52 for each of the control points A-I,
respectively.

A sensitivity matrix K can be generated according to the
25 formula:

RF-T | Eq. 3

where:



t he | appi ng process, the equation is solved in reverse. First, the

normal i zed -bar bow profile is fornmed using ELG f eedback infornmation.
The profi bar is | evel ed using bal anci ng of !

control pgﬁ)ngg?&ﬁ% The carrier deflection required to ben%étﬂﬁgbﬁgrqss
strai ght is calculated in accordance with the equati on:

[err] =[U1, W2,... U7] Eq. 5 Where Ul- U7
represent a flat profile. Next, equation S.3- is solved for [err]: 30
[err] = [F1, F2, ...F7] Eq. 6 Wiere Fl= are the
forces which nust be appl i el bQ"e?acH<13 actuator to achi evéﬂ{ﬁe desired
profile described by U. k21 “k22 Figure 8 is a si n‘plifik@(? di agr am
showi ng a I—cl apping s Tem 98 in accordance with the pr esent WO
98/ 19828 T PCT} US96/ 20088

-14- i nvention. appi ng system 198 i ncl udes armature 200

havi ng cl anps 202 which are adapted to clanp to carrier 50 jat detents
72. Armature 200 is carrilggd;on lg}é)ngat ed arm 204 whi ch gougles to
fulcrum 206. Armature 20 posi tioned whereby bar 10 whi~eh~couples to

carrier 50 is The seasidvity wathix Kadefinesthadelmosior pimueii 100
carriers agpuat gns ia20espdhselidd: £SRBes 2481 P88 #LZ3IL of the HHGIhEHUP! €s

to couplings 220-232 through actuator armat ures 240, 242, 244, 246,
248, 250 and 25F°YPr¢-"d rpéglﬁk‘?ﬁilx?é’l‘PzAct-E&%@J?Eodéggqnééeiwm%ﬁ
signal s t Houghdesoribe Itheesd 263 eefFebEOBLC O O s SHppATedd dat

Armature 200 al s Qupi e 0 _bal anci ng  actuat or 4 .. ichis

posi ti oned oppog‘lgtde;];vcladruralslelt'begtfﬁ’r@ ﬁql\%:st’o Bhe O%gﬁfld‘?ﬁrﬂnfgg.compﬁﬁ%tt%r
264 al so coupl edint X cdescoibe 18he cpupdimc2f et ceebwe&nc threctawiows6 i s
provi ded frgm inte ectronic | apping guides (ELGs) carried on bar 10.

o :
Control system 5621 el udes a user_input 270, such as a keypad, a
user output 272, such as ane EBrdidpvary matrix K can be established by

gquantifying the carrier displacement response to
individually applied known bending forces. This may be
performed either through actual experimental

20 measurements or using FEM modeling techniques. During
the lapping process, the equat'ion is solved in reverse.
First, the normalized bar bow profile is formed using
ELG feedback information. The profile of the bar is
leveled using balancing of the fixed control points.

25 The carrier deflection required to bend the bar straight
is calculated in accordance with the equation:

U= [(U,U02,...07] - Eg. 5

Where Ul-U7 represent a flat profile. Next, equation 3
is solved for F:

30 F - [F1,F2,...F7] Eq. 6

Where F1-F7 are the forces which must be applied by each
actuator to achieve the desired profile described by U.

Figure 8 is a simplified diagram showing a
lapping syvstem 98 in accordance with the ovresent



rrérmry 274, ELG input 276 a controller 278, such as a 20 m croprocessor,

and an act uat or driver. In operation, the |apping
process controlled by control system 262. Controller 278
retri evesW%%sl”r”ﬁ%ﬁ i ons and paranmeters from nenory 274. PCTAR9629088 | e,
the matrix of Equation 4 may be stored in 25 nenory 274. |Instructions
and information are received fromuser input 270 and the status of

t he | appi ng process may be di spl ayedipon display 272. Additionally,

| appi ng system 198 may i nclude a bar code reader (not shown) to read

bar code inforrrﬁjziv@mt]i&forr..a@pihg Sfstem 0098 0lineludes. armerhack200

regarding the p | appi_ng er at.i i Y ugh
ELG i nput 276 arr%q;l%? g’ 3e0 P’é‘lggﬁﬁr& P@BPE?Q € E%ﬁf“ﬁ gg)i%gé]gol ves
Equation 3 for [B&r @k dﬁdteméﬁpdﬁsi vaimatuxer @09 ast carvied on elonpgabled and

264 using driven,g8Gos WHiME cAGI LB, 20 982 t 200
PCT/ US96/ 20088 ctfleqipléiito fulc 9%561 #rma ature; 200 38,

exanpl e, a BranPogtigianed whenahy baitng0awhich me%ﬁ%@ﬁlﬁé%ﬁga%% t he

actuators. Actugkoréorddbet with232 Patsba?:% SBY £ HEe ARV 82 PP DA Al e aghoat or
which is rlﬁpabl . _of providin control |l ed myvenent sug

h_as
hydr aul i ¢ syst ef®F WFHT&EHRate p?t?@Jrra?t%?c 2tuatsl, 28 3B| @Eg %?%Ctl’l c
system thernal wh:imgnetoupasém atd> Veouplldngs 220h232 adhridm | acthatart

will recognize r vnt| i

particul ar actua atﬁ_{}%& it Uat 02r422'64%ei1 s%%e %%c%)\?id %’anc Zbnt r ol
to 10 bal&nce@%%ﬁam @Cthatbusm@mzmqanbalcom:rol sigpalsators
220-232 are useqpagfp! p?ﬁ@foimi'l\ﬂe@aéso f,i.&aC%sneEo\ieqrygtér@rﬁkz The

total amount of forcé ap on bar 40 mag le contr ol by a WEI ght
A

or anot her Amarars 00t adifsnpourdeshdish Palanging @chuakinthg26

system 198 proviigsin £h0gReiltddhdd w??alalt;ae S Plr 50 reflrafﬁwéwetgLG
sensors are use(% a3 feedgggk byAcgntro 278 to, control ors

e
220-232 and 264. HAtRTe Sk RehFo oRPYPLES & &34
rotating ditsc. systeml262.app figesimickmcohnkicgdon 86651psrproduedeé.sfaum

ol oyed with | SuS Rr I cRebbihgl alfed 1RERE) BERIAT BV 10.
d%ntrol system 262 1nc1udes a user input 270, such as a

keypad, a user output 272, such as an LED display,
memory 274, ELG input 276 a controller 278, such as a
20 microprocessor, and an actuator driver.
In operation, the 1lapping process is
controlled by control system 262. Controller 278
retrieves instructions and parameters from memory 274.
For example, the matrix of Equation 4 may be stored in
25 memory 274. Instructions and information are received
from user input 270 and the status of the lapping
process may be displayed on display 272. Additionally,
lapping system 198 may include a bar code reader (not
shown) to read bar code information 140 for use by
30 controller 278. Feedback regarding the progress of the
lapping operation is received through ELG input 276 and
provided to. controller 278. Controller 278 solves
Equation 3 for F and responsively controls actuators
220-232 and 264 using driver 280. = Driver 280 may



Figure 9 is a plan view of a carrier 300 in accordance wth another
enbodi nent.- Carrier 300 + provides control points 302, 304, 306, 308,
310, 312, wabsnosssl4, 316 and 318 along profile 320. Carri epcpeSodspom)
exanple of a carrier in accordance with the present i nvention in which
end points 302 and 318 are fixed whil e control points 304-316 are all

I ndi vi dual |y actuated. Note that this also uses a single cutout 322

30 to provide the parallel spring necharikmm It will be
under st ood t hat a% argo &r I ate orientation of cutoyts or Qqther
mechani sns to aff QF‘aFWE‘PH'ﬁveH‘eFIFaBPlFHQrcSﬁFFHF-thFFPP’%d11§QV\Pt hi n

th;a scope pbwere qmt@fmttd Reanid . tHe ga,usméﬂoﬁ@owszwtﬁhaars 220-WD
98/ 19828 SO6

216 vi ew?3R 2%, 264, maY0Re, AV | RPREPPALBESARSERALOT WhiEh if]ue
for selecting tnepgllvépe Qﬁf puovidingn at hwontrolled r neveedy. stiwh casoats in
carrier 340car enhg e l.gct LO (o ofile
due to 5 5I ap;l;llgﬁg:l pr g'g:s l??g t:ermoéar%'r %§%§4§B§§éoﬁpﬁngﬁgé{a? ﬁl gE:Elu%EOEI 5
contouring the Bé&foeleRErigisatenddihammedl . yagpﬁ§orestnuqt@mﬁ;sg 6f

carrier 340 canm@seﬂgk&a.aea in thetder w111 ﬂe@ﬂi@?ﬂ.éé‘l&@ﬂa@th@dﬁﬁégent
def |l ecti on. s_ent venti on provi, es a lap

syst em havi ng aleé{'retqtépr\/\kﬁ%hnagl obRd2B¥nIRAFtigular apEga Qﬁdl ng
of a bar duri ngaztharpmpgr otesased ‘Eh;e providé eaebialiameentéont okl wdes
nunmer ous featur [ u a sed. nunber actyators_a

cl oser spaglan %ﬁla@x?et d&{e‘%% o %rrls 3:3'{ e#onf% 383@'?‘5% L{-too ?T‘oﬁgart 15
desi gns, in theAgtaaders n?éﬂt?ba aare atueesl at:e @rrkd the adfdavéduadne

anot her wit hout gaR-ddil JERAAR fgxedrhe to Eyré@eforb? gﬁglﬁgasent
i nvention, the actuator mechani smis fﬁ;. on the armo appl ng
machi ne suPR tiPa¥ fRe BAEHRRI AT b¥ 7 avedgbk «chapakhero
Attﬁchrrent of tb@tlw:dzo (rhec Céliéivﬁli rramé)esﬁdswuslhl #Fure applmagaﬁhgte |
t echni que n one ar be slid.into a slot carrle
on the pro?‘#l e EVSt Jr‘g?s EEEFF:& loop,gn anH’LFal?o‘?E BREPRRe
pr esent from the ELG sensors are used as feedback by controller
278 to control actuators 220-232 and 264. Lapping

surface 208 may comprise, for example, a rotating disc.
The lapping system of Figure 8 is provided as an example
20 only and the carrier of the present invention may be
employed with lapping systems of any appropriate design.

Figure 9 is a plan view of a carrier 300 in
accordance with another embodiment. Carrier 300
provides control points 302, 304, 306, 308, 310, 312,

25 314, 316 and 318 along profile 320. Carrier 300 is an
example of a carrier in accordance with the present
invention in which end points 302 and 318 are fixed
while control points 304-316 are all individually
actuated. Note that this also uses a single cutout 322

30 to provide the parallel spring mechanism.

It will be understood that any appropriate
orientation of cutouts or other mechanisms to allow
relative movement of the control points is within the
scope of the present invention. Figure 10 shows a plan



iriventi.on may be used to either push or pull the bar and 25 t her eby
allow deformations in either direction. - Preferably, bending. of the

bar is ¢ round the normal profile of the bar. | s_reduces
o R P

any extra ndi ng stress placed on the bar during |ap

preferred enbodi nent, the lapping of a 2 inch Iong bar 30 I's control |l ed
to within a standard deviation of less - than 1 [err]inch using a

m ni rum of ni ne separate control poimgs, seven for bending and two for
bal anci ng the | appi ng force. This nunber may be increased or
decreased as appiewriafe dasearvpen tBRe0| enhibhof itlastratesWOaddthed?8
PCT/ US96/ 20088 : . -17- and

desired m ni nun?es?%rrll](ﬁ?% g‘e)\zl.i a%ef]ben(.:tlng tElearr‘splﬁlla ge o?ft k?eutcogﬁsl ei“nn;s‘%oe

t hrough any appFd¥p¥ierebody. tTBa@ntyteutadinscavrikeirnBtddare Qesigmed fic
clanps ~  desgsi bRy eade1ECEIBRT of h‘é‘gé“é@éﬂé’r MRY-o24 16°UBhEd £o © 10
the carrier_using ofher techniques. As used herein, . the term "control
poi nt" may De etTPRING RYSERIX®t FarTrier 34paaeoprhbfhessthis gealdyi n t he

Zlchﬁmat ihc gr aw &gsto@Fing theanﬁafatEu&t%eggﬁ%ﬁ&htpgigad_itionafny, the

t hough the present inventi on_has be scribed with reference to
preferred enbod?ﬁﬁh%lf%?ss 8k WO ReSE si‘??l@ﬁni ﬁ’et NP 28 ItPegﬁ'&r’ﬁ t hat
changes mayedecentizpping oindacddddéflecwibhout departing from t he
spirit and scope of the i nt. | r .qﬁg e, a . unber, _of_.contr ol
points, fornmed by any app?%%riﬂarf%i{@t echn qule?ni :P%é)ryylc%ey%erggf 1€g’|prl|% ,
actuat ed ok f i x@ysEsm havinghy gaznmierayhbchiabliowsuinproved montyml off

| apping may  thdepdagingaE theparm 4 N5 8GEGh W 18 Car i -

The control points could gl so, be forme ir{%éggral %Ibthg ﬁ t{%s bar

i tself. Thi PTEFGRE 1PERTIQN 2RE1vdeRarudereyfinfeprryres; dnclading

an increased number of actuators and closer spacing
between actuators. Further, in contrast to prior art
15 designs, in the present invention actuators are placed
adjacent one another without an intermediate fixed
region. Further, in the present invention, the actuator
mechanism is placed on the arm of the lapping machine
such that the mechanism need not be placed on each bar.
20 Attachment of the bar to the carrier may be throué;h any
appropriate techniqﬁe. In one embodiment, the bar may
be slid into a slot carried on the profile of the
carrier. Further, the actuators of the present
invention may be used to either push or pull the bar and
25 thereby allow deformations in either direction.
Preferably, bending of the bar is centered around the
normal profile of the bar. This reduces any extra
bending stress placed on the bar during lapp'ing. In one
preferred embodiment, the lapping of a 2 inch long bar
300 is controlled to within a standard deviation of less
than 1 pinch using a minimum of nine separate control
points,' seven for bending and two for balancing the
lapping force. This number may be increased or
decreased as appropriaté based upon the length of the



-1 WHAT |'S CLAIMED | S: 1, A device for lapping a bar

carrying a -plurality of sliders, conprising: a first

act uat or yeuhoghgt 0 couple to the bar 5 anglet/oBsydoods f i1 st
controllable force in response to first contro S|gnal

a second actuator adapted to couple to the bar and

I npart a second controllable force in response to a
second control 10 signal"17‘ a | appi ng surface;

an arm coupl rs and egond actuators
whi ch provi des apﬁpﬁg ﬁ%?%e desfféa °Rifltum stradard dgyarhirnt he

| appi ng surfaceClaping of the carriaidmay be throughaaﬁynhpptFﬁtlateh
sjgnal s.to_the

di the f d. |
POV GG 1 T4 8B S o, Lymited o fO A SLAE FAbEPLS
plurality of fodee@srihedhkebainselRurte?) the actuators may beobbapied

desired pr0§I|et8ftBQec§f£1er using ﬁth?r tlng ?ng Obhglﬁsg dﬁéké?ﬂre of

di stribution of | € across e pro
the bar, wherei WhBeR8FRg EQB§€@1b?Qﬂﬂ§" may be either a fixedtcentuaﬂor

interferes wi t hpbenti (ghddn as a fulcrum 1nC€HéchB¥mEE§csGEQQQnQQQUékor
and the rol.l er detern1nes the control signal

for the first ahgd §EEBﬁEeQCFBQ¥5F§ upon the
desired profile of the Cohﬂthbugh the present ﬂ@V@hSlﬁﬁd has been

t | at h d trol
boi nts. 1671 aBsBELBBEY hihS eeterence | to, RFEERTERE CoRPPOLPERES, ¢
i ncl udes nenDryWQhkéﬁSc§hﬁélnd anséma1annt@ul&ureaognlzdethatbchgnges

relationship bepypepet RRAJNUS! r£bAh! QAGNHRta1l without departing from
the spirit and scope of the invention. For example, any
number of control points, formed by any appropriate
15 technique, in any type of carrier, actuated or fixed by
any means may be used. Further, any type of lapping may
be used, and the arm can be integral with the carrier.
The control points could also be formed integral with
the bar itself. This might require additional
20 connections to the bar.



-2 - bet ween fﬁE‘TTT?ﬂ‘Tmnd—seeend actuators and the control

sensitivity matri Xx.

557 1 gt dov MM o 2o o .

r~and including ans
first actuator and a second

actuat or. 10 4.

| east two fixe antIroI Qints
apply a bal ancti e bar. 15 5.

claima4 mherela the carrirer devicé ncfsglesiappliihgd eonbael el
athird e foourth control ,point coupled to a second
143 J’ttﬁle]%f é(eeﬁstoﬂ?'%rlgb?ﬁts are 20 separated by at

actuat or and eéréin

control point co
control poi nt coupled to the second

The device of claim 3 including a bal anci ng
actuator coupled to the controller and wh&Bein the carrier includes at
coupl ed to the bal ancing actuator to

he

The devi ce of
IrttyiGRppleed to

| east two control pointsa flrst agtuator ddepitsditte ajuplaitw Zhddrat n t he

carrier I ncludes a first £ty r“% eg l(}rstcgﬁq_*d%f Q%J%%ét.

actuator and transferring force to

|rs cont

control area defined by a regixffrgnse tOrédUéﬁdcgntﬁmétHugmaﬂnacarrler

7. The device of clai gééomea@t%ate&» Céz‘&éb@éd to to\gp1deso? dif rd
control point and a spacing between any_ 3 air ad acen contrql_ points
i's non-uniform 8. 3 GO cémPFE ?arﬁﬂ‘-’rﬂ&l acomgroldaldg ng a

plurality of sliders conprisirmfprce in responsdntdl M second control

2.

signal;

a lapping surface;
an arm coupled to the first and second

actuators which provides a lapping force
to the bar against the lapping surface;
and

a controller providing the first and second

control signals to the first and second
actuators, respectively, to impart a
plurality of forces on the bar selected
to obtain a desired profile of the bar
and to obtain a desired distribution of
the lapping force across the profile of
the bar, wherein bending caused by the
first actuator intefferes with bending
caused by the second actuator and the
control signal is selected as a function
of the interference.

The device of claim 1 wherein the controller

includes memory which contains a sensitivity matrix

describing a relationship between the interference
between the first and second actuators and the control

signal is

selected as a further £function of the

sensitivity matrix.
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- 3- a | apping surface;, ————__ a first actuator

coupled to-the arm ' I" t yuat or coupled to the arm
a-carri erpwiePshpogs Ng: S m,rm {4&@ rface adappegnisossgegd! € to
t he bar ahd qressShy against

the | appi.ng surface; a first control poi nt on the work
surface coupled to the first actuator 10 and positioned to
apply a first force to ~%%e bar; and a
second control point dj he
first control p:gl nt &‘Hg V&)e‘nce of %lp%‘& L l?ﬁfH&tL?% n‘% Jc%%?l II

and 15 coupl:.ngpdshm amed to aqipfbybarseandd incleding a flrSt

the bar; control 1nt"$k§'x?§1@dtif@ did 1A mf%}fc{ ¥ second
points are p03|t|one relfative ose proximty

such that di spl@eBk¥EAL pPeint coupled do thyg seeendfiaekeatedntrol point

causes 4. TﬁégﬂéVﬂEH“oﬂ'éPéﬂﬁeﬁemhdﬂhdiﬁgSﬁcbadanc1ng
control point. ce of cl ag€%8 i ncludi,n con roIIer

25 coupled to ?‘HE“?FP& %?RP%%%-orﬁPa at SPREBPIIEG AP wh Ii‘olt
signals to the &éarsieandischodss acitualeastastwo flxefdmciarmrmif points

sensitivity mat lich.d r of

the first zlctu ééépﬁg p'o EE% ?‘%g%lntaqlrﬁ? novglr’am%né]?qfsg %%Bfgcong con Pc;{g,l@t

poi nt. 30 force to the be¢1ce of claim8 wherein he carrier

further comprises first apflesesapdoli e &gamou PghEfEin thdhicai ey Mo
to

bal anci ng of the bar relatlve pi ng surface.
includes a third control p01nt coupled to a third

actuator and a fourth control point coupled to a second
actuator and wherein the two fixed control points are
separated by at least two control points.
6. The device of claim 3 wherein the carrier
includes a first control area for coupling to the first
actuator and transferring force to the first control
point, the first'control area defined by a region of
reduced strength in the carrier.
7. The device of claim 3 wherein the carrier
includes a third control point and spacing between any
pair of adjacent control points is non-uniform.
8. A device for 1apbing a bar carrying a
plurality of sliders comprising:
an arm;
a lapping surfacé;
a first actuator coupled to the arm;
a second actuator coupled to the arm;
a carrier comprising:
a work surface adapted to couple to the
bar and press the bar against the
. lapping surface;
a first control point on the work
surface coupled to the first

—_—
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_4- 11. The dev+ee-oi_gL_|n110 mhereln the carrier further
I ncludes third and fourth cortrol p0|nts on wor k surface and

wherein t i xed contro separated by at | east two
cont r ol @%ns{s@?sé l! ﬂmﬂ“lmﬁiﬁﬁ claim8 wher SIGTUSE20088 1 of

I ncludes a first control area coupllng td the first _ actuat or and
transferring novenent to the first control point, the first control
area defined by a region of 10 reduced st20ength in the carrier. 13.
The device of claim8 wherein the carrier includes a third control
point and a spacing between any = adfaatayt ang mesitiensd dio mPPLY s
non-uni form 15 14. A devifgegtl Forder Y the baPAlangar I'yi ng a
plurality of sliders, conpr|5|ng an a

| appi ng surface; 20 a E§FPREr ESHBFP§|n€°1nL on the work a
wor k surface adapted to couple to t Barface adjacent the first hedntwrsh press

t he bar against the . | apping s rface' and
first, second, third and fourth adj RE3R¢ 25cou%&eﬁ to' *th SeIMd of
poi nts coupled to the arm actuator and pasﬁtianedmtawnﬂpbpréace;

coupled to a
boint is coupled

wherein the first control point is

_ second force
first actuator, the c?conetroar

to 30 a Ybesedn a‘éhaatﬁﬂrrst @md safend control
control point is coupled to a thirdpoints are positioned #&&tHat@iz@and
the fourth control _ oi nt coupled to a fourth

dlsplacé%ent o? the first control
point causes displacement of the
second control point.
9. The device of claim 8 including a controller
coupled to the first and second actuators providing
-control signals to the first and second actuators as a
function of a sensitivity matrix which describes a
relationship between movement of the first actuator and
a resulting movement of the second control point.
10. " The device of claim 8 wherein the carrier
further comprises first and second fixed control points
which control balancing of the bar relative to the
lapping surface.
11. The device of claim 10 wherein the carrier
further includes third and fourth control points on the
work surface and wherein the two fixed control points
are separated by at least two control points.
12. The device of claim 8 wherein the carrier
includes a first control area coupling to the first
actuator and transferring movement to the first control
' point, the first control area defined by a region of
reduced strength in the carrier.
13. The device of claim 8 wherein the carrier
includes a third control point and spacing between any
pair of adjacent control points is non-uniform.
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aétgator. ' _ _ -5- _ 15. The
dovi e, °f ;@1;;4m“2$;?;"tthze 1f||r||mﬂ Iu umrm Conrof seareisumens (i xed

control points and are separdted by thesseoon and third control 5
poi nts. - 16. The device of claim 14 including a first contro
area adapted to transfer novenent to the fjirst control point, the first

control area defined by a 10 region of rediced strength in the carrier.
rath uat ed Igﬁt ?g I;gl gIscgﬁdm?% gfeédf élg]rer?rﬁﬁ’éf{r}?%o nt gﬁéf' eéak%‘kﬂges !
plurality of sliders, comprising:
an arm;
a lapping surface;
a carrier comprising:

a work surface adapted to couple to the
bar and press the bar against the
lapping surface; and

first, second and third adjacent control
points coupled to the arm and to
the work surface;

wherein spacing between the first and
second control point is different
than spacing between the second and
third control points.

15. The device of claim 14, the carrier further
comprises a fourth control poiﬁt and wherein the first.
and fourth control points are fixed control points and
are separated by the second and third control points.
16. The device of claim 14 including a first
control area adapted to transfer movement to the first
control point, the first control area defined by a
region of reduced strength in the carrier.
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